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Cell membranes have been widely used to create biomimetic nanoparticles 

for targeted drug delivery and detoxification. However, intracellular organelle 

membranes have not been used for biomimetic nanoparticle coating thus far. In this 

study, outer mitochondrial membranes (OMM) were used to coat PLGA cores to 

create OMM-coated nanoparticles (OMM-NPs). The B-cell lymphoma-2 (Bcl-2) 

receptors specific to the OMM enabled targeted detoxification of ABT-263, an anti-

cancer Bcl-2 inhibitor. The OMM-NPs successfully decreased cell death in vitro 

and decreased ABT-263 induced-thrombocytopenia in vivo. OMM membranes
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 were also used to coat the surface of Field Effect Transistors (FETs) to make 

OMM-FETs. These devices were successfully able to distinguish between different 

concentrations of compounds with Bcl-2 affinity. This study demonstrates that 

organelle membranes can help extend the functionality of nanomaterials and their 

unique surface receptors make them useful in targeted drug detoxification and 

detection. 
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1. Introduction 

 Nanomaterials have unique properties such as small size, high surface area to mass ratio, 

and high reactivity.1 They are also highly tunable and their circulation time in the blood, 

immunogenicity, and drug release profiles can be modified easily.1 The field of nanomedicine 

involves harnessing the advantages of nanomaterials to use them in disease detection, treatment, 

and prevention.2  

 Although nanomaterials are a powerful tool, introducing them into a physiological 

setting can be challenging.3 Since the human body is designed to recognize and defend against 

foreign objects, synthetically-made nanomaterials can trigger the immune system and result in 

rapid clearance.4 Surface modifications such as PEGylation on the nanomaterial surface have 

been used to reduce cellular uptake and increase half-life. However, the anti-PEG immune 

response to some PEGylated nanomaterials has inspired alternative approaches to nanomaterial 

functionalization.5 Another form of surface modification involves coating nanomaterials with 

surface proteins, such as CD47 found on Red Blood Cells (RBCs), to create biomimetic 

nanoparticles capable of evading macrophage clearance. Although successful, replicating a 

natural cell's entire protein corona has proven challenging. To overcome this, cell membranes 

themselves have been used to coat nanoparticles, thus creating cell membrane-coated 

nanoparticles. The cell membrane camouflages the nanoparticles by retaining the natural 

surface characteristics of the cells from which the membrane was derived. This strategy avoids 

the need to artificially recreate the cell membrane surface while allowing evasion of the host 

immune system. 
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 Previous studies have shown that cell-membrane coated nanoparticles can be used as 

“nanosponges”.6,7 Nanosponges can bind to toxic molecules and sequester them to prevent 

binding to target cells. Cell membrane-coated nanomaterials have also been able to detect the 

binding of toxic molecules to their surface, allowing for quantitative detection.8 Given these 

advantages, membranes from RBCs, cancer cells, epithelial cells, platelets, and macrophages 

have been used to coat nanomaterials for drug detoxification, vaccination, drug delivery, and 

toxin detection.6–11 Until now, cell-membrane coating technology has primarily used plasma 

membranes from cells, and organelle membranes have not been utilized. Intracellular organelle 

membranes contain proteins that give them organelle-specific functions. This research involved 

the creation of the first organelle membrane-coated nanomaterials.  

 

2. Results & Discussion 

2.1. Fabrication and characterization of OMM-NPs 

 OMM-coated nanoparticles (OMM-NPs) were prepared using three main steps. First, 

the OMM was isolated from mouse mitochondria. Livers were collected from mice and the 

mitochondria were isolated using sucrose density ultracentrifugation.12 The OMM and IMM 

were separated from each other using osmotic shock and the OMM was isolated using 

ultracentrifugation.13 The purity of the OMM was confirmed by analyzing cytochrome c, DNA, 

and Bcl-2 content in the purified sample.  

Second, PLGA nanoparticle cores were prepared using a pre-established 

nanoprecipitation method.14  

Third, the OMM and PLGA cores were mixed at a 1:1 protein weight ratio and sonicated 

to form OMM-NPs. 
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2.1.2. Size and zeta potential measurements 

To verify that the PLGA cores had been successfully coated with the OMM, the size of 

the particles was measured by Dynamic Light Scattering (DLS) and zeta potential using the 

Zetasizer instrument. The size and zeta potential of nanoparticles are important characteristics 

since they influence cellular uptake.15 DLS can be used to determine the size of nanoparticles 

by measuring the extent of incident light scattering due to Brownian motion.16 The PLGA cores 

were 103 ± 9.4 nm in size before coating (Figure 1). After coating, the OMM-NPs (i.e., coated 

PLGA cores) were 128 ± 9.4 nm, which gave an average size difference of 9 ± 1.6 nm after 

coating (Figure 1). This value aligns with the ~7 nm OMM thickness that has been reported in 

previous studies where mitochondrial membrane thickness was measured using electron 

tomography.17 The surface zeta potential of the PLGA cores was -42.2 ± 1.3 mV and that of the 

OMM-NPs was -25.0 ± 3.4 mV (Figure 1). The zeta potential of a particle indicates its surface 

charge which is an important parameter in determining nanoparticle stability in solutions.18 The 

likelihood of particles to aggregate, and therefore induce toxicity, largely depends on zeta 

potential.  
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Figure 1. Hydrodynamic size (diameter, nm) and zeta potential (ζ, mV) measurements of 
particles before (blue) and after (red) coating using Dynamic Light Scattering (n=3, mean + 
standard deviation). 

 

2.1.3. Visualization of OMM-NP structure 

The structure of OMM-NPs were visualized by Transmission Electron Microscopy 

(TEM) (Figure 2).   

 

Figure 2. Transmission Electron Microscope image of OMM-NPs negatively stained using 
uranyl acetate. Scale bar represents 100 nm. 
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2.1.4. Characterizing surface proteins 

To confirm that the OMM-NPs retained surface markers expressed by the OMM, sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and antibody staining were 

used. The OMM-NPs and the OMM lysate were loaded onto an SDS-PAGE gel and the 

resulting patterns were compared. As shown by the gel in Figure 3, the OMM-NP and OMM 

lysate protein profiles matched closely. This indicates that the surface markers present on the 

OMM were retained on the membrane after the coating process.  

 

Figure 3. SDS-PAGE comparing OMM and OMM-NPs. Equal concentrations of both samples 
were used. Staining was done using Coomassie Blue. 

 

Bcl-2 proteins, which are involved in the regulation of cell apoptosis, are localized to the 

OMM and the Endoplasmic Reticulum (ER).19 The Bcl-2 content of the Mitochondria (MT), 

OMM, and OMM-NPs were analyzed by Western blot as shown in Figure 4. MT showed some 
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Bcl-2 signal but it was significantly enriched in the OMM and OMM-NPs indicating that Bcl-

2 was retained on the OMM-NP surface.  

 

Figure 4. Comparing Bcl-2 content in whole mitochondria (MT), OMM, and OMM-NP by 
Western Blot.  

 

2.1.4. Membrane sidedness verification 

Since the phospholipid bilayer of cells or organelles contains two sides, a cytoplasm-

facing side, and an extracellular environment-facing side, it was necessary to determine which 

side of the OMM had bound to the nanoparticle surface and therefore which side was outward-

facing. To replicate the functionality of the OMM, the OMM-NP would have to retain the same 

orientation of the natural membrane such that surface receptors of the OMM are also surface 

receptors in the OMM-NP. To determine membrane orientation, OMM and OMM-NPs were 

incubated with anti-Bcl-2 antibodies. The free antibodies were removed, and the fluorescence 

intensity of the samples was measured as shown in Figure 5. Both samples showed similar 

fluorescence intensity indicating that the surface expression of Bcl-2 was comparable across 

the two. If the membrane had been coated in the “wrong-side-out” configuration, the extent of 

antibody staining would likely be lower than the “right-side-out” case. The comparable 
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fluorescence intensity of the OMM and the OMM-NP indicates that the OMM-NP had been 

coated in a right-side-out configuration. 

 

Figure 5. Comparing fluorescence intensity of whole MT and OMM-NP after staining with 
Alexa Fluor 647 labeled anti-Bcl-2 antibodies. 
 

2.1.5. Nanoparticle stability 

 To determine the stability of the nanoparticle coating, the OMM-NP size was monitored 

in water, 1X Phosphate Buffered Saline (PBS), and 50% serum over 48 hours (Figure 6). PBS 

was used to simulate biological environments since the osmolarity and ion concentrations are 

comparable to those in the human body.20 When nanoparticles are introduced in vivo they 

encounter serum proteins present in the blood.21 The extent of nanoparticle aggregation and 

therefore their macrophage uptake and cellular toxicity are influenced by protein-nanomaterial 

interactions. Thus, the stability of the nanoparticles in 50% serum was observed to ensure that 

the OMM-NPs did not aggregate when they encountered serum proteins. 



8 

 

Figure 6. Stability of OMM-NPs in water, 1X PBS, and 50% serum using hydrodynamic size 
as measured using Dynamic Light Scattering over 48 hours (n=3, mean + standard deviation). 
 

2.2. In vitro detoxification of ABT-263, a Bcl-2 inhibitor 

 Once the OMM-NPs were fabricated and verified to have optimal stability, 

mitochondria surface marker retention, and appropriate membrane sidedness they were tested 

in an in vitro model of drug detoxification. We used ABT-263, a Bcl-2 inhibitor that is used as 

an anti-cancer therapy due to its effect on cell apoptotic pathways, as a model drug.22  

Apoptosis, also known as programmed cell death, is an essential cellular process that 

helps get rid of old and damaged cells. This helps maintain tissue homeostasis, ensures proper 

development of tissues, and maintains immune systems.23 Dysregulated apoptotic pathways are 

often involved in cancer, autoimmune disorders, and neurodegenerative diseases. In cancer 

specifically, damaged apoptotic pathways allow tumorigenic cells to be more resistant to 

otherwise death-inducing conditions such as hypoxia, genetic damage, and insufficient matrix 

attachment.22 
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The Bcl-2 family of proteins contains both pro-apoptotic and anti-apoptotic proteins that 

help regulate cell apoptosis. Bcl-2 and Bcl-xL are two anti-apoptotic proteins that are often 

overexpressed in tumor cells to help enhance their survival.24 Dysregulation of Bcl-2 pathways 

is involved in B-cell lymphoma and acute lymphoid leukemia.25 ABT-263, commercially 

known as Navitoclax, is a Bcl-2/Bcl-xL inhibitor that has been shown to effectively target small 

cell lung cancer and T and B cell lymphomas. Since Bcl-2 proteins are localized to the OMM, 

we used ABT-263 as a model drug to determine if the OMM-NPs could successfully bind to 

and sequester the drug and prevent them from binding to other cells in the environment.19 

 

2.2.1. Quantification of ABT-263 binding 

 To determine if the ABT-263 binding capacity of the OMM-NPs was concentration-

dependent, different amounts of OMM-NPs were added to three different fixed amounts of 

ABT-263. The drug and OMM-NPs were incubated, and the remaining drug was quantified 

using high-performance liquid chromatography (HPLC). The amount of drug sequestered by 

the OMM-NPs was determined by subtracting the leftover drug detected by HPLC from the 

input drug. A sigmoid pattern was observed when the concentration of nanoparticles on a log 

scale was plotted against the amount of ABT-263 absorbed (Figure 7). 
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Figure 7. Three fixed concentrations of ABT-263, 0.3 µM, 1 µM, 3 µM, were used in the 
OMM-NP binding study. The OMM-NP concentration was varied from 0.13 to 2 mg/mL. 
 

2.2.2. Cell viability in response to ABT-263 treatment 

Once the HPLC quantification studies showed that ABT-263 successfully binds to the 

OMM-NPs, the OMM-NPs were used in an in vitro model of drug detoxification. HL60 cells, 

derived from an acute myeloid leukemia patient, were used in this study since ABT-263 has 

traditionally been used to treat lymphomas.25,26 Varying concentrations of ABT-263 were 

mixed with HL-60 cells and incubated for 48 hours. After the incubation period, the amount of 

ATP in each of the wells was assessed by the ATPlite kit. The ATPlite assay (Perkin Elmer) 

involves luminescence-based detection of ATP using the luciferin-luciferase reaction. The 

amount of luminescence is directly proportional to the concentration of ATP which can then be 

related to the rate of proliferation. Necrotic and apoptotic cells show a drastically reduced 

amount of ATP in their environment. The relationship between cell viability (as quantified by 

the ATPlite assay) and ABT-263 concentration is shown in Figure 8. From this curve, the EC50, 

the effective concentration at which 50% of the cells lose viability, of ABT-263 was calculated 

to be 2 µM. This concentration was used in the neutralization assay. 
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Figure 8. Viability of HL-60 cells in response to treatment with varying concentrations of ABT-
263 measured using the ATPlite assay. 
 

2.2.3. In vitro ABT-263 neutralization assay 

 To validate the ability of the OMM-NPs to bind to ABT-263 and prevent it from killing 

surrounding HL-60 cells, a neutralization study was carried out. Varying concentrations of 

OMM-NPs ranging from 0.03 - 2 mg/mL were incubated with 2 µM of ABT-263. The mixture 

was added to HL-60 cells to observe cell death in response to the free ABT-263 drug in the 

mixture. ABT-263 has been known to induce caspase-3 mediated apoptosis in cells.27 The 

Caspase-Glo 3/7 assay (Promega) was used to quantify caspase activity in the cells. This assay 

involves a substrate that is cleaved and results in a luminescence signal dependent on the 

caspase-3 or caspase-7 concentration. This luminescence is proportional to the number of 

apoptotic cells in the well. As shown in Figure 9, the viability of cells increased with increasing 

concentration of the OMM-NPs. The OMM-NP IC50 and IC100 concentrations, i.e., the 

amount of OMM-NP required to inhibit 50% and 100% of cell death were 0.65 ± 0.08 mg/ mL 

and 1.2 ± 0.10 mg/mL, respectively. 
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Figure 9. Viability of HL-60 cells in response to co-treatment of 2 µM of ABT-263 with 
varying concentrations of OMM-NPs measured using the ATPlite assay. 

 

2.3. In vivo detoxification of ABT-263 

Once the neutralization capability of the OMM-NP formulation was validated in vitro, 

its efficacy was tested in vivo. One of the in vivo effects of ABT-263 is thrombocytopenia, i.e. 

an abnormally low platelet count in the blood.28,29 The extent of in vivo detoxification was 

measured by quantifying platelet counts in response to ABT-236 alone vs. ABT-263 and OMM-

NP together. As outlined in Figure 10, mice were treated by oral gavage and either given 1 

µmol/kg of ABT-263 alone or 1 µmol/kg of ABT-263 immediately followed by 800 mg/kg of 

OMM-NPs. Blood was collected from the tail vein of each mouse at 5 min, 6 hours, and 24 

hours post drug treatment. 

 

2.3.1. Quantifying platelet and apoptotic cell populations 

The blood samples were stained using anti-mouse CD41-Alexa Fluor 647 and Annexin 

V. CD41 is a platelet-specific marker while Annexin V is commonly used to detect apoptotic 

cells.30,31 As shown in Figure 10, the mice treated with ABT-263 alone showed a gradual 
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decrease in platelet count over time while those treated with ABT-263 and OMM-NPs showed 

a constant platelet count. Annexin V staining on blood samples from these two groups showed 

that ABT-263 alone increased apoptotic cell populations over time while mice treated with 

ABT-263 and OMM-NPs showed a constant apoptotic cell population. These results show that 

OMM-NPs can successfully reduce ABT-263-induced thrombocytopenia and cell apoptosis in 

vivo.  

 

Figure 10. Platelet counts and apoptotic platelet populations after treatment with ABT-263 
alone (1 µmol/kg) or ABT-263 (1 µmol/kg) and OMM-NPs (800 mg/kg) based on flow 
cytometry.  
 

2.4. Preparation and characterization of OMM-FETs 

Once the in vitro and in vivo experiments showed that OMM coated nanoparticles could 

bind to and sequester mitochondria-targeting drugs, the OMM was used to create a molecular 

detection platform. Nanomaterials have been used increasingly to improve the sensitivity, cost 

efficiency, and reproducibility of detection methods for biomolecules such as protein and 
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nucleic acids.32 In this study, the detection platform consisted of OMM vesicles fused onto a p-

type carbon nanotube-based field-effect transistor (FET). FETs have become a popular 

biodetection method due to their ability to directly sense the interaction of a biomolecule with 

the FET surface and giving an electrical signal read-out.33  

 

2.4.1. Preparing OMM vesicle fused FETs 

 To prepare OMM-FETs, OMM vesicles were isolated from mouse livers as mentioned 

earlier. The OMM vesicles were labeled with DiD (1,1′-dioctadecyl-3,3,3′,3′- 

tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt) which is a lipophilic 

fluorescent dye with an excitation wavelength of 644 nm and emission wavelength of 665 nm. 

Dye-labeled vesicles were added to the FET surface and allowed to incubate at room 

temperature to allow vesicle-FET fusion. After the incubation period, the FETs were washed to 

remove free vesicles. OMM-NPs also underwent a similar procedure to act as a non-fusogenic 

control. OMM-NPs were labeled with DiD, allowed to incubate on an FET surface, and the 

FET was washed. Since the OMM had bound to the NP core, it would not be able to fuse to the 

FET surface. FETs coated with OMM vesicles and OMM-NPs were imaged using fluorescence 

microscopy. As shown in Figure 11, the FET treated with OMM vesicles (fusogenic) showed 

strong DiD fluorescence while the one treated with OMM-NPs did not show any fluorescence. 
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Figure 11. Verification of OMM vesicle fusion to the FET surface using DiD labeled OMM 
membranes. Imaging was performed using a fluorescence microscope. 
 

The ability of membrane vesicles to fuse onto the FET surface was further validated by 

using protein encapsulating vesicles. The vesicle membrane was labeled with DiD and had 

Bovine Serum Albumin (BSA) labeled with Fluorescein in the interior aqueous compartment. 

When a similar membrane fusion experiment was conducted, FETs only retained the DiD signal 

from the membrane and did not show any Fluorescein signal (Figure 12). This indicates that 

the vesicles did not retain their structure after the fusion process and only the membrane was 

able to fuse with the FET surface.  

 

Figure 12. Verification of OMM vesicle fusion to the FET surface using DiD labeled OMM 
membranes encapsulating FITC-labelled BSA. Analysis was performed using a plate reader. 
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2.4.2. Characterizing electrical properties of OMM-FETs 

 The electrical properties of the uncoated FET and OMM-FET were compared to ensure 

that the semi-conductive properties were retained. When the source-drain voltage was kept 

fixed, the source-drain current decreased with decreasing gate voltage for both types of FETs 

indicating that semi-conductive properties were retained (Figure 13).  

 

 

Figure 13. Comparison of electrical properties of coated and uncoated FETs. 
 
  
2.5. Detection of OMM-binding antibodies and drugs using OMM-FETs 

 Once the electrical properties had been verified, the ability of the OMM-FET to detect 

molecular binding on the surface was tested. Anti-Bcl-2 IgG antibodies were used as a test 
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compound before Bcl-2 targeted drugs. When denatured anti-Bcl-2 antibodies were added in 

regular intervals to the FET surface there was no change in channel conductance (Figure 14). 

However, when non-denatured antibodies were added at regular intervals there was a stepwise 

change in drain-source current. A decrease in channel conductance occurs due to antibody 

molecules repelling holes in the p-type OMM-FETs. We found a linear correlation between 

antibody concentration and resulting drain-source current. This graph also showed a difference 

in slope when the denatured and non-denatured antibodies were compared, indicating that the 

OMM-FET can distinguish between compounds with different Bcl-2 affinity. 

 

Figure 14. Detection of Anti-Bcl-2 antibodies using an OMM-FET. Left: Graph 
representing drain-source current vs. time. Right: drain-source current relative to 
baseline current. 
 
 Once the previous study had shown that molecules with Bcl-2 antibodies can bind 

detectably to the OMM-FET we tested two drugs that target Bcl-2. We tested ABT-263 and 

HA14-1 which is also a Bcl-2 antagonist but with lower binding affinity. Like the antibody 

binding study, when both drugs were added to the OMM-FET the drain-source current 

decreased in a stepwise fashion (Figure 15). There was also a linear relationship between drug 

concentration and relative change in current (Figure 15). ABT-263 had a steeper slope 
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compared to the HA14-1, again indicating that the OMM-FET can distinguish between drugs 

with differing Bcl-2 affinity. 

 

Figure 15. Detection of small molecule inhibitors of Bcl-2 using an OMM-FET. Left: Graph 
representing drain-source current vs. time. Right: drain-source current relative to baseline 
current. 
  

3. Conclusion 

 In summary, we have shown that outer mitochondrial membranes can be used to coat 

the surfaces of nanoparticles to create OMM-NPs and on field-effect transitions to create 

OMM-FETs. Our studies showed that OMM-NPs can competitively bind to a Bcl-2 targeting 

drug and successfully reduce its in vitro and in vivo toxicity. The OMM-FET can sensitively 

detect binding events between Bcl-2 targeting molecules and the OMM on the surface. These 

platforms can be powerful tools in drug detoxification and detection and can be modified to 

include specialized membranes from other organelles. 
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4. Materials and methods34 

4.1. Animal Use 

 All animal experiments were conducted per the National Institute of Health (NIH) 

guidelines and approved by the Institutional Animal Care and Use Committee (IACUC) of the 

University of California, San Diego. 

 

4.2. Collection of mitochondria from mouse livers 

 Twelve-week-old CD1 mice (male and female, Envigo) were fasted overnight before 

they were sacrificed. Livers were harvested from each mouse and rinsed with 1X PBS that had 

been cooled down on ice. The rinsing procedure was repeated thrice to ensure the removal of 

residual blood. The livers were placed into Petri dishes and minced using a scalpel. Using a 

transfer pipette, the small pieces of tissue were transferred to a 50 mL conical containing 20 

mL of chilled homogenization buffer (210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl pH 

7.5, 1mM EDTA pH 7.5). The tissue in the tube, while on ice, was homogenized for 15 strokes 

using a Kinematic Polytron PT-2000 homogenizer at power setting 7. The homogenate was 

spun down at 2000 x g for 10 min at 4℃. The supernatant was put aside, and the pellet was 

homogenized again. The supernatants from both homogenization steps were pooled and spun 

down again at 7000 x g for 10 min at 4℃. The pellet which contained crude mitochondria was 

further purified using sucrose density ultracentrifugation. 15 mL of 1 M sucrose solution and 

15 mL of 1.5 M sucrose solution were added to the tube containing the pellet. The sample was 

centrifuged at 60,000 x g for 20 min at 4℃ (Beckman Coulter Optima XPN-80 Ultracentrifuge 

with an SW32Ti rotor). After centrifugation, the layer between the two sucrose layers which 

contained the mitochondria was collected. The mitochondria were washed twice using the 
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homogenization buffer and centrifugation at 7000 x g for 10 min at 4℃. The purified 

mitochondria were stored in homogenization buffer on ice before moving on to the next step. 

The mitochondria were quantified using the Bicinchoninic acid assay or BCA (Thermo Fisher 

Scientific). 

4.3. Derivation of outer mitochondrial membrane (OMM) 

 The purified mitochondria from the isolation step were spun down at 7000 x g for 10 

min at 4℃. The supernatant was discarded, and the pellet was resuspended to a concentration 

of 5 mg/mL using UltraPure DNase/RNase-Free Distilled Water (Invitrogen). The solution was 

stirred for 20 minutes on ice. After stirring, an equal volume of 1.4 M sucrose solution was 

added, and the mixture was stirred on ice for 5 minutes. The mixture, while on ice, was 

homogenized for 30 strokes using a Kinematic Polytron PT-2000 homogenizer at power setting 

7. The homogenized sample was spun at 12,000 x g for 10 min at 4℃. The supernatant was 

collected and spun down at 100,000 x g for 30 min at 4℃. The resulting pellet consisted of two 

different layers, the off-white layer containing the OMM was collected. The OMM was 

quantified using the BCA assay and stored at -80℃ for future studies. For these studies, 5.3 ± 

0.73 mg of OMM was isolated from 100 mg of whole mitochondria (5.3% yield). 

 

4.4. Characterization of outer mitochondrial membrane 

 To determine the purity of the outer mitochondrial membrane, the cytochrome c content 

was measured. The absorbance at 415 nm was measured for 1 mg/mL of the whole 

mitochondria and outer mitochondrial membrane samples.  

 The DNA content was quantified using the Pico488 dsDNA quantification reagent 

(Luminprobe) as per the manufacturer’s protocol.  



21 

 Western Blotting was performed using anti-mouse anti-Bcl-2 antibodies (Santa Cruz 

Biotechnology) and the corresponding horseradish peroxidase (HRP) conjugated Donkey anti-

mouse secondary antibodies. The films were developed using ECL western blotting substrate 

(Thermo Fisher Scientific) on a Mini-Medical/90 developer (ImageWorks).  

To quantify the Bcl-2 expression, 100 µL of the whole mitochondria and OMM at 0.1 

mg/mL were blocked with Bovine Serum Albumin (BSA, Millipore Sigma) for 30 min at room 

temperature. After the incubation, the samples were stained with Alexa Fluor 647 labeled anti-

Bcl-2 antibodies (1:100, Santa Cruz Biotechnology) for 2 hours at room temperature. After 

staining, the whole mitochondria were washed thrice using ultracentrifugation at 7,000 x g for 

10 min to remove excess antibodies. The OMM was washed using Amicon Ultra Centrifugal 

Units with a 100kDa cutoff (Millipore Sigma). The fluorescence of the samples was measured 

using a plate reader (BioTek). 

 

4.5. Formulation and characterization of OMM-NPs 

 The nanoparticles cores made of Poly (lactic-co-glycolic acid) (PLGA, 0.67 dL/g, 50:50 

monomer ratio, Absorbable Polymers) were prepared using an established nanoprecipitation 

method.5 In a glass vial, 1 mL of 10 mg/mL PLGA in acetone was added dropwise to 4 mL of 

deionized water. The solution was stirred in a chemical fume hood to allow the acetone to 

evaporate. The final volume of the solution was adjusted to 4 mL for a 2.5 mg/mL solution of 

PLGA nanoparticle cores.  

 To coat the mitochondrial membrane onto the PLGA core surface, the cores and 

membrane were mixed at a 1:1 weight ratio in a glass vial. The mixture was sonicated for 2 min 
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using a bath sonicator (Fisher Scientific FS30D). The size of the particles was measured using 

dynamic light scattering (DLS, ZEN 3600 Zetasizer, Malvern).  

OMM-NP morphology was visualized using transmission electron microscopy (TEM). 

The OMM-NPs were placed onto a 400-mesh copper grid (Electron Microscopy Science). The 

particles were allowed to incubate on the mesh for 5 minutes, after which the grid was rinsed 

with 10 drops of DI water. The grid was stained with 1wt% of uranyl acetate (Electron 

Microscopy Science). The grid was dried and visualized using an FEI 200kV Sphera 

microscope. 

The colloidal stability of the nanoparticles was measured by monitoring the size of the 

nanoparticles in 1X PBS and DI water at 0, 12, 24, 36, and 48 hour time points. Dynamic Light 

Scattering was used to measure nanoparticle size at each time point.  

 Antibodies were used to determine the sidedness of the membrane coating on 

the nanoparticles. 100 µL of whole mitochondria and OMM-NPs with an equivalent amount of 

membrane protein were blocked with 4% BSA at room temperature for 30 minutes. Alexa Fluor 

647 anti-Bcl-2 antibodies (1:100, Santa Cruz Biotechnology) were added to the samples and 

incubated at room temperature for 2 hours. After the incubation, the samples were washed by 

resuspending in PBS and centrifuging three times to remove unbound antibodies. The samples 

were resuspended in 200 µL of DI water in a 96 well plate and the fluorescent intensity was 

measured using a plate reader.  

 

4.6. Measuring ABT-263 binding capacity of OMM-NPs 

 Various concentrations of OMM-NPs (0.15, 0.3, 0.6, 1.2 and 2.4 mg/mL) were mixed 

with three different concentrations of ABT-263, 0.3, 1, and 3 µM, and incubated at 37℃ for 30 
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minutes. The mixtures were centrifuged at 16,000 x g for 10 minutes to create a pellet of 

nanoparticles and a supernatant containing the unbound drug. The concentration of ABT-263 

in the supernatant was measured using high-performance liquid chromatography (HPLC, 

Agilent Technologies 1220 Infinity II LC). Mobile phase A consisted of 10mM ammonium 

bicarbonate in water at pH 9.5 and mobile phase B was a mixture of acetonitrile (ACN) and 

methanol at an 85:15 volume ratio. The mobile phase was kept at 15% A and 85% B with a 

flow rate of 0.3 mL/minute. ABT-263 was detected at 290 nm. The amount of ABT-263 bound 

to the OMM-NPs was calculated by subtracting the amount in the supernatant from the input 

amount. The IC50 and IC100 values were determined using the Sigmoidal dose-response 

(variable slope) model in GraphPad Prism.  

 

4.7. OMM-NP mediated in vitro neutralization of ABT-263  

 HL-60 cells were purchased from ATCC (American Type Culture Collection) and 

maintained at 37°C with 5% CO2. The cells were plated on 96-well tissue culture plates at a 

seeding density of 1x104 cells/well. ABT-263 was then added to the wells at varying 

concentrations and incubated for 48 hours. Cell viability was measured using the ATPlite 1step 

(PerkinElmer) ATP detection assay.  

For the caspase detection assay, cells were plated at a density of 5x104 cells/well in 12-

well plates. The Caspase-Glo 3/7 assay (Promega) was used to detect caspase activity. To each 

well, ABT-263 was then added at 3 µM and OMM-NPs were added at 2.4 mg/mL. Untreated 

cells and cells only treated with ABT-263 were used as controls. After allowing the plate to 

incubate for 48 hours the supernatant was aspirated and the cells were resuspended in 1X PBS. 

The Caspase-Glo reagent was added to the cells and the plate was allowed to incubate at room 
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temperature for 30 minutes. The luminescence of each sample was read using a plate reader. 

The data was analyzed using the Sigmoidal dose-response (variable slope) model in GraphPad 

Prism.  

 

4.8. OMM-NP mediated in vivo neutralization of ABT-263 

 Six-week-old female C57BL/6 mice (Charles River Laboratory) were used to assess the 

in vivo efficacy of OMM-NPs to neutralize ABT-263. ABT-263 and OMM-NPs were mixed at 

a final concentration of 25 µM and 20 mg/mL, respectively, and 800 µl of the mixture was 

immediately administered to the mice by oral gavage. Mice administered with ABT-263 alone 

were used as controls. At 5 minutes, 6 hours, and 24 hours post-administration, blood was 

collected from each mouse by tail vein bleed. The blood samples were diluted at a 1:1000 

volume ratio in Annexin V binding buffer (Biolegend). 100 µL of the diluted blood was mixed 

with FITC labeled Annexin V (1:100, Thermo Fisher Scientific) and Alexa Fluor 647 labeled 

anti-mouse CD41 (1:100, Biolegend). The cells were incubated at room temperature for 15 

minutes and washed twice by centrifugation at 500 x g for 3 minutes. The samples were 

analyzed by flow cytometry using the BD FACS Canto II. The platelet and apoptotic cell 

population percentages were calculated using FlowJo software. 

 

4.9. Fabrication and characterization of OMM-FETs 

 A p-type single-walled carbon nanotube FET was prepared as described previously.8 To 

coat the FET, the isolated OMM were first labeled with DiD dye (Thermo Fisher Scientific, 

excitation/emission = 647/667 nm) at a 1:1,000 DiD: protein weight ratio. The labeled OMM 

was resuspended in 1X PBS at 1 mg/ml. The suspension was mixed with FITC-labelled BSA 
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and sonicated using a bath sonicator (100W, FS30D, Fisher Scientific) to create OMM vesicles 

that encapsulate labeled BSA. The vesicles were purified using Amicon Ultra Centrifugal Filter 

Units (100 kDa molecular weight cutoff, Millipore Sigma). 50 µL of the vesicle suspension was 

added to the FET surface and allowed to incubate at 37°C for 1 hour. After the incubation 

period, the excess liquid was removed by pipette aspiration and the FET surface was washed 

with 1X PBS. The FET was imaged using a fluorescence microscope (Invitrogen, EVOS).  

  
4.10. Detection of Bcl-2 antibodies, ABT-263, and HA14-1 using OMM-FETs 

BSA was added onto the OMM-FET to block nonspecific binding sites before adding 

the test compounds. To detect anti-Bcl-2 antibodies, 10-fold serial dilutions were made from 

the stock solution using 1X PBS. For each measurement, 1.2 μL of each antibody solution was 

added to the OMM-FET starting from the lowest concentration and progressing to the highest 

concentration. Heat denatured (100ºC for 10 min) anti-Bcl-2 antibodies were used as a control.  

To detect ABT-263 and HA14-1, 3-fold serial dilutions of the stock solutions were 

made. ABT-263 solutions at 0.1, 0.3, 0.9, and 2.7 fM were added 1.2 μL at a time onto the FET 

surface. HA14-1 solutions at 8.1, 24.3, 72.9, and 218.7 fM were added 1.2 μL at a time onto 

the same device. The current between the drain and the source (Ids) was measured as a function 

of time. The ΔIds/I0 (%) was calculated as (Ids − I0)/I0 × 100% (I0 is the initial Ids) and plotted 

against the drug concentrations. 

 

This thesis is material as it appears in "Nanomaterial biointerfacing via mitochondrial 

membrane coating for targeted detoxification and molecular detection", Nano Letters 2021, 

Gong, Hua; Zhang, Qiangzhe; Komarla, Anvita; Wang, Shuyan; Duan, Yaou; Zhou, Zhidong; 
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