
Nanoparticle-Mediated Co-Delivery of Notch-1 Antibodies and 
ABT-737 as a Potent Treatment Strategy for Triple-Negative 
Breast Cancer

Danielle M. Valcourt, Megan N. Dang, Mackenzie A. Scully
Department of Biomedical Engineering, University of Delaware, Newark, Delaware 19716, United 
States

Emily S. Day
Department of Biomedical Engineering and Department of Materials Science and Engineering, 
University of Delaware, Newark, Delaware 19716, United States; Helen F. Graham Cancer Center 
and Research Institute, Newark, Delaware 19713, United States

Abstract

Triple-negative breast cancer (TNBC) accounts for nearly one-quarter of all breast cancer cases, 

but effective targeted therapies for this disease remain elusive because TNBC cells lack expression 

of the three most common receptors seen on other subtypes of breast cancer. Here, we exploit 

TNBC cells’ overexpression of Notch-1 receptors and Bcl-2 anti-apoptotic proteins to provide an 

effective targeted therapy. Prior studies have shown that the small molecule drug ABT-737, which 

inhibits Bcl-2 to reinstate apoptotic signaling, is a promising candidate for TNBC therapy. 

However, ABT-737 is poorly soluble in aqueous conditions, and its orally bioavailable derivative 

causes severe thrombocytopenia. To enable targeted delivery of ABT-737 to TNBC and enhance 

its therapeutic efficacy, we encapsulated the drug in poly (lactic-co-glycolic acid) nanoparticles 

(NPs) that were functionalized with Notch-1 antibodies to produce N1-ABT-NPs. The antibodies 

in this NP platform enable both TNBC cell-specific binding and suppression of Notch signaling 

within TNBC cells by locking the Notch-1 receptors in a ligand unresponsive state. This Notch 

inhibition potentiates the effect of ABT-737 by up-regulating Noxa, resulting in effective killing of 

TNBC cells. We present the results of in vitro studies that demonstrate N1-ABT-NPs can 

preferentially bind TNBC cells versus noncancerous breast epithelial cells to effectively regulate 

Bcl-2 and Notch signaling to induce cell death. Further, we show that N1-ABT-NPs can 

accumulate in subcutaneous TNBC xenograft tumors in mice following systemic administration to 

reduce tumor burden and extend animal survival. Together, these findings demonstrate that NP-
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mediated co-delivery of Notch-1 antibodies and ABT-737 is a potent treatment strategy for TNBC 

that may improve patient outcomes with further development and implementation.
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Triple-negative breast cancer (TNBC) is an aggressive disease that accounts for 15–25% of 

all breast cancer cases, yet it lacks effective treatment strategies.1,2 As its name implies, 

TNBC does not express the three most common receptors found on other subtypes of breast 

cancer: estrogen receptor, progesterone receptor, and human epidermal growth factor 

receptor 2. This characteristic lack of expression leaves TNBC unsusceptible to current 

targeted or hormonal therapies, thus resulting in high mortality and recurrence rates.1–3 Here 

we exploited TNBC cells’ overexpression of Bcl-2 anti-apoptotic proteins and Notch-1 

receptors to develop an effective targeted therapy.4–8

The p53 apoptotic pathway is activated in healthy cells when they experience external stress 

or DNA damage.2 Upon activation, acetylated p53 migrates to the mitochondria where it 

induces Bax-mediated release of cytochrome c. Cytochrome c then stimulates a series of 

caspase activations that ultimately promote apoptosis in the cell.9 In TNBC, however, the 

pro-survival protein Bcl-2 is overexpressed, and this amplification is associated with poor 

prognosis.10,11 Bcl-2 binds to Bax, suppressing cytochrome c release from the mitochondria 

to prevent initiation of apoptosis9,12 (Scheme 1a). Thus, inhibiting Bcl-2 to promote 

apoptosis is a promising alternative strategy to combat TNBC.6

Several methods to inhibit Bcl-2 are in development, and some of these use Bcl-2 homology 

3 (BH3) mimetics to bind Bcl-2 directly.13–15 One such BH3 mimetic, ABT-737, has been 

shown to potently induce apoptosis in cancer cells characterized by dysregulated p53 

signaling by reinstating Bax-mediated release of cytochrome c.13–17 However, ABT-737 has 

poor aqueous solubility and has therefore only been delivered orally in the clinic. 

Unfortunately, orally delivered ABT-737 has poor bioavailability, so it has not been explored 

further in clinical trials.18 An orally bioavailable derivative of ABT-737, Navitoclax 

(ABT-263), has also been explored in the clinic, but it causes severe thrombocytopenia.19–21 

Effective strategies for ABT-737 delivery to targeted tumors are needed to allow this drug to 

realize its clinical potential.

To improve the solubility and bioavailability of ABT-737, two different research teams have 

encapsulated the drug in nanoparticles (NPs).16,22 Schmid et al. showed that encapsulating 

ABT-737 in PEGylated polymeric NPs could reduce the thrombocytopenia associated with 
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delivery of the free drug.16 They also coencapsulated a topoisomerase I inhibitor, 

camptothecin, to achieve synergistic apoptosis in in vitro and in vivo colorectal cancer 

models.16 Jin and colleagues similarly coencapsulated ABT-737 and an IRAK1/4 inhibitor 

in PEG-modified poly(lactic-co-glycolic acid) (PLGA) NPs to synergistically treat T cell 

acute lymphoblastic leukemia (T-ALL).22 They demonstrated that IRAK/ABT-NPs could 

effectively induce an apoptotic T-ALL fraction at a concentration 2-fold lower than the free 

drug combination in vitro and significantly restore white blood cell numbers in the 

peripheral blood of a T-ALL mouse model.22 The demonstration that these two NP 

formulations could effectively mitigate the side effects of ABT-737 while maintaining its 

potency prompted us to develop a NP platform for targeted delivery of ABT-737 to TNBC. 

In designing this platform, we desired not only to provide targeted delivery of ABT-737 to 

TNBC cells but also to combat resistance to ABT-737 that is present in TNBC cells and 

driven by Notch signaling.

Recent studies in a variety of cancers have shown that aberrant activation of Notch signaling 

contributes to cellular resistance to ABT-737.15,17,23 In brief, the Notch signaling pathway is 

activated in cancer cells when Jagged/Delta ligands on signal sending cells interact with 

Notch receptors on signal receiving cells. This leads to a sequence of two cleavages of the 

Notch transmembrane receptor by ADAM 10/17 and the γ-secretase complex, with the 

Notch intracellular domain (NICD) ultimately translocating to the nucleus where it promotes 

the expression of several downstream oncogenes (Scheme 1a).24 Gamma secretase inhibitors 

are a class of drugs that prevent the second of the Notch receptor cleavage events, thus 

inhibiting downstream activity in the Notch signaling pathway.17 When Notch signaling is 

suppressed, a protein called Noxa that is associated with overcoming resistance to ABT-737 

is upregulated. Noxa displaces the Bcl family proteins Bcl-B, Bfl-1, and Mcl-1 from Bax, 

thus reinstating downstream apoptotic signaling. Accordingly, by combining Notch 

inhibitors with ABT-737, apoptosis induction is enhanced.13,17,23 Given that Notch signaling 

is elevated in TNBC8,25 and that combining Notch inhibitors with Bcl-2 inhibitors has 

shown promise in other cancers, we aimed to develop NPs that could enable targeted 

treatment of TNBC while simultaneously exploiting this dual therapeutic strategy.

In this work, we coated ABT-737-loaded PLGA NPs with Notch-1 antibodies to produce 

N1-ABT-NPs that enable TNBC cell-specific drug delivery and simultaneous inhibition of 

Notch signaling (Scheme 1b). Notch-1 receptors are overexpressed on the surface of TNBC 

cells8,25 and thus provide a handle for NP attachment that helps retain the NPs in the tumor 

microenvironment.26 Further, upon binding TNBC cells, the N1-ABT-NPs can block 

Notch-1 receptor interactions with Jagged/Delta ligands on neighboring cells to suppress 

Notch signaling. Notably, our group and others have shown that antibody-coated NPs exhibit 

multivalent binding that leads to enhanced signal cascade interference relative to freely 

delivered antibodies.27,28 Thus, by functionalizing our NP formulation with Notch-1 

antibodies, we can enable Notch signaling inhibition to potentiate the effect of ABT-737 

while simultaneously providing targeted drug delivery. Here, we demonstrate that N1-ABT-

NPs regulate Bcl-2 and Notch signaling to enhance cell death in vitro and reduce tumor 

burden in vivo, warranting their further investigation for treatment of TNBC and other 

cancers that are characterized by aberrant Bcl-2 and Notch signaling.
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RESULTS AND DISCUSSION

Characterization of Antibody and Drug Loading in N1-ABT-NPs.

N1-ABT-NPs synthesized as depicted in Figure 1a and described in the Methods were 

characterized using dynamic light scattering (DLS), ζ potential, absorbance, and enzyme-

linked immunosorbent assay (ELISA) measurements, which demonstrated that antibodies 

were successfully conjugated to the surface of ABT-737-loaded NPs. Before antibody 

conjugation, ABT-737-loaded NPs had a hydrodynamic diameter of 52.8 ± 0.9 nm and a 

surface charge of −41.3 ± 5.6 mV, with 48 μg ABT-737 encapsulated per 1 mg of PLGA 

(Figure 1b,c). To put this in perspective, empty NPs have a size and ζ potential of 48.4 ± 4.5 

nm and −14.4 ± 1.2 mV, respectively. Upon conjugation of IgG or Notch-1 antibodies, the 

ABT-737-loaded NPs’ hydrodynamic diameter increased by approximately 20 nm and the ζ 
potential approached neutral, indicating successful antibody attachment (Figure 1b). During 

antibody conjugation, about 50% of the encapsulated ABT-737 is lost, leaving 23–26 μg 

drug encapsulated per mg PLGA (Figure 1c). This suggests some of the drug may have been 

adsorbed to the surface of the NPs rather than encapsulated. We further evaluated the release 

of ABT-737 from the NPs in storage (4 °C in water) and physiological conditions (37 °C in 

phosphate buffered saline (PBS)) over a 3 day period using absorbance values of the 

lyophilized drug no longer encapsulated in the NPs. After 72 h in storage conditions, <15% 

of the ABT-737 was released from N1-ABT-NPs. At 37 °C in PBS, however, up to 55% was 

released within the same 72 h time period (Figure 1d).

We also examined the stability of N1-ABT-NPs in 0%, 10%, 50%, and 100% fetal bovine 

serum (FBS) over a 24 h period. The hydrodynamic diameter (Figure S1a) and ζ potential 

(Figure S1b) of these NPs remained relatively stable at serum concentrations up to 50%. 

When incubated in 50% and 100% FBS over 24 h, the size and surface charge of these NPs 

notably increased, indicating a substantial protein corona accumulates on the particles at 

these higher serum concentrations. Altogether, these data demonstrate ABT-737 can be 

successfully loaded inside antibody-functionalized NPs that are stable in serum and will 

release the therapeutic cargo upon exposure to physiological conditions.

Notch-1 Antibody Functionalization Enables Preferential NP Interaction with TNBC Cells.

Next, we evaluated how Notch-1 and IgG antibody-functionalized NPs interacted with 

MDA-MB-231 TNBC cells that overexpress the Notch-1 receptor (Figure S2a) and with 

healthy MCF-10A mammary epithelial cells that have low Notch-1 receptor expression 

(Figure S2a). For these studies, the NPs were loaded with DiD fluorophores to enable their 

detection by fluorescence microscopy and flow cytometry. We treated cells with IgG-DiD-

NPs or N1-DiD-NPs at 80 nM DiD for 4 h, after which DiD was only detected in MDA-

MB-231 TNBC cells by fluorescence microscopy when delivered via Notch-1 functionalized 

NPs (Figure 2a). IgG-DiD-NPs showed minimal interaction with either MDA-MB-231 cells 

(Figure 2a) or MCF-10A cells (Figure S2b), and N1-DiD-NPs demonstrated low levels of 

interaction with MCF-10A cells that lack Notch-1 receptor overexpression (Figure S2b). We 

further analyzed NP interaction with both cell types using flow cytometry after treating cells 

for 1, 4, 8, 12, 16, or 24 h. At each time point, N1-DiD-NPs showed enhanced interaction 

with MDA-MB-231 TNBC cells relative to IgG-DiD-NPs, and this interaction was time 
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dependent (Figure 2b,c). After 24 h, MDA-MB-231 cells treated with N1-DiD-NPs 

exhibited a 3-fold higher median fluorescence intensity than cells treated with IgG-DiD-

NPs. The fluorescence intensity of MCF-10A cells treated with N1-DiD-NPs was similar to 

the background levels observed for MDA-MB-231 cells treated with IgG-DiD-NPs, 

indicating minimal interaction between N1-DiD-NPs and MCF-10A cells (Figure 2c). 

Overall, these data indicate that Notch-1 antibody functionalization provides enhanced and 

specific NP interaction with MDA-MB-231 TNBC cells.

N1-ABT-NPs Induce TNBC Cell Death and Reduce Proliferation in Vitro.

To determine if Notch-1 antibody-functionalized NPs can potentiate the effect of ABT-737 

against TNBC cells, we examined the relative metabolic activity of MDA-MB-231 cells 

treated with free ABT-737 and IgG or Notch-1 antibodies or with nanocarriers of the drug 

and antibodies. After a 72 h treatment period, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assays showed that, when freely delivered in 

combination with either IgG antibodies or Notch-1 antibodies, the IC50 of ABT-737 is 

approximately 2.6 μM (Figure 3a). When encapsulated in IgG-functionalized NPs, the IC50 

remains in the same range as the freely delivered components, at a value of 3.2 μM. By 

comparison, when delivered via N1-ABT-NPs, the IC50 drops notably to 1.6 μM (Figure 3a). 

This demonstrates that using a nanocarrier to co-deliver Notch-1 antibodies and ABT-737 to 

TNBC cells is advantageous versus delivering the molecules freely in solution. Further, it 

supports the conclusions of prior studies that show Notch inhibitors can potentiate the effects 

of ABT-737.

We further evaluated the impact of N1-ABT-NPs on TNBC cell function using an EdU 

proliferation assay. We treated cells with NPs at a dose corresponding to 3 μM ABT-737 and 

0.9 μg/mL antibodies for 72 h. The EdU assay results demonstrate that IgG-ABT-NPs cause 

a mild reduction in cell proliferation, but N1-ABT-NPs significantly reduce the percentage 

of proliferative cells by 46% (Figure 3b, representative histograms in Figure 3c). This 

corroborates the MTT data that indicate that Notch-1 functionalized, ABT-737-loaded NPs 

can potently suppress TNBC cell viability and proliferation.

N1-ABT-NPs Regulate Bcl-2 and Notch Signaling in TNBC Cells.

To determine whether the enhanced therapeutic effect seen with N1-ABT-NPs is simply due 

to increased drug delivery or also a result of Notch signaling interference mediated by the 

antibodies (Figure 4a), we evaluated the expression of Bcl-2 and Notch signaling targets in 

TNBC cells treated with N1-ABT-NPs or IgG-ABT-NPs using qRT-PCR and Western 

blotting. qRT-PCR shows that IgG-ABT-NPs reduce Bcl-2 mRNA expression by 59%, but 

have no significant effect on the expression of Noxa, Hes5, or HeyL, which are regulated by 

Notch signaling. This indicates that ABT-737 is successfully released from IgG-ABT-NPs to 

reduce Bcl-2 mRNA expression. N1-ABT-NPs expectedly knocked down Bcl-2 expression 

by 61%, but also reduced Hes5 expression by 42% and HeyL expression by 38%, and 

increased Noxa expression 2.4-fold (Figure 4b). Western blot analysis revealed similar 

results, as N1-ABT-NPs suppressed Bcl-2 (17%) and Hes1 (72%) protein expression, while 

IgG-ABT-NPs did not suppress these proteins (Figure 4c, representative bands in Figure 4d). 

We also probed for cleaved Notch-1, but did not observe a significant change in the 
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expression of this protein. Altogether, the qRT-PCR and Western blot data confirm that N1-

ABT-NPs can both inhibit Bcl-2 and effectively regulate the Notch signaling pathway.

Notch-1 Functionalization Enhances NP Tumor Accumulation and Retention in Vivo.

After validating N1-ABT-NPs could inhibit TNBC cell viability through the expected 

molecular mechanisms in vitro, we next evaluated their ability to reduce tumor burden in 
vivo using a subcutaneous murine xenograft model. First, we investigated the tumor 

accumulation and retention of DiD-loaded NPs after intravenous injection into female nude 

mice bearing subcutaneous MDA-MB-231 tumors. This preliminary study, which monitored 

DiD signal in the mice with an IVIS system over a period of 24 h following tail vein 

injection of the treatments, demonstrates that N1-DiD-NPs show a greater overall 

fluorescence intensity within tumors than IgG-DiD-NPs at all time points (Figure 5a). In 

addition, the peak intensity in the tumor occurred at 6 h for IgG-DiD-NPs, but at 12 h for 

N1-DiD-NPs (Figure 5a, representative IVIS images in Figure 5b). These data indicate that 

Notch-1 antibody functionalization increases both tumor accumulation and retention of NPs 

following intravenous administration. It should be noted that fluorescence signal was also 

observed outside the region of interest (ROI) of the tumor, which is likely due to NP 

accumulation in the liver. However, there is still a distinct signal in the ROI that is greater for 

the N1-DiD-NP group than for the IgG-DiD-NP group, suggesting the Notch-1 antibodies 

improve tumor delivery.

N1-ABT-NPs Reduce Tumor Burden and Extend Survival in Vivo.

We then evaluated whether N1-ABT-NPs could reduce tumor volume in a subcutaneous 

xenograft model. In a preliminary study to investigate the dosing regimen, 18 mice were 

divided into three groups of six that were treated with saline, IgG-ABT-NPs, or N1-ABT-

NPs. The mice were injected with saline or an equivalent volume of NPs at a dose of 10 mg 

ABT-737/kg once per week for 3 weeks, beginning when tumors were 5 mm in diameter. 

Tumor volume was measured three times per week, and the average percent change in tumor 

volume within each treatment group over 1 and 3 weeks is shown in Figure 5c. Tumors in 

mice treated with N1-ABT-NPs shrank by 37% within 1 week, and after 3 weeks, this 

reduction in tumor volume was maintained at 44%. By comparison, tumor volume in mice 

treated with IgG-ABT-NPs and saline increased by 16% and 36%, respectively, within 1 

week. By 3 weeks, the mean tumor volumes in the IgG-ABT-NP and saline treatment groups 

had grown by 65% and 58%, respectively (Figure 5c). These data prompted us to perform a 

larger follow-up study in which treatments were administered twice per week.

In the subsequent therapeutic study, 24 tumor-bearing mice were divided into three groups 

of eight that were treated with saline, IgG-ABT-NPs, or N1-ABT-NPs. Over a 55 day 

treatment period, the mice received intravenous injections of the treatments at a dose of 10 

mg of ABT-737/kg twice per week (days indicated by black arrows in Figure 5d), and tumor 

diameter was measured three times per week (Figure S3). Mice were euthanized when 

tumors reached 10 mm in diameter, when body weight decreased by more than 20%, or 

when the study ended at day 55 (whichever came first). The Kaplan–Meier survival curves 

and average tumor diameter for each group during the treatment period are shown in Figure 

5d and Figure S3, respectively. At the end of the study, N1-ABT-NP treated mice exhibited 
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an 88.9% survival rate, which was substantially improved over the 46.9% and 44.4% 

survival in the IgG-ABT-NP and saline treated groups, respectively (Figure 5d). We also 

evaluated the impact of each treatment on mouse weight throughout the therapeutic study 

(Figure S4a) and on the morphology of major organs at the conclusion of the study using 

H&E staining (Figure S4b). Mice treated with N1-ABT-NPs did not experience any 

significant change in body weight or any notable changes in tissue morphology compared to 

saline treated mice. In contrast, two mice treated with IgG-ABT-NPs demonstrated adverse 

effects and were euthanized due to severe weight loss or a distended abdomen caused by an 

enlarged liver and spleen. These data demonstrate that providing targeted delivery of 

ABT-737 to TNBC tumors, such as via Notch-1 antibody functionalized NPs, is important to 

minimize its adverse effects. Overall, our in vivo studies indicate that N1-ABT-NPs are 

exciting tools for targeted inhibition of Bcl-2 and Notch signaling in TNBC cells that can 

effectively reduce tumor burden in mice with minimal side effects.

CONCLUSIONS

In this work, we present ABT-737-loaded, Notch-1 antibody functionalized PLGA NPs as 

potent regulators of Bcl-2 and Notch signaling that can effectively treat TNBC. These N1-

ABT-NPs preferentially interact with TNBC cells that overexpress Notch-1 receptors in 
vitro, reducing cell viability and proliferation by molecular mechanisms including inhibition 

of Bcl-2, suppression of Hes5, HeyL, and Hes1, and amplification of Noxa. In vivo, N1-

ABT-NPs exhibit enhanced accumulation in subcutaneous TNBC tumors versus non-

targeted NPs and yield improved tumor growth inhibition and extended animal survival 

while minimizing adverse effects. With additional development, these N1-ABT-NPs may be 

a promising arsenal in the fight against TNBC.

Future studies that build on this work should first optimize the NP formulation. While the 

initial encapsulation efficiency of ABT-737 in unfunctionalized NPs is high (over 95%), 

there is significant loss of the drug during antibody conjugation. This may be due to drug 

that is adsorbed onto the surface of the particles rather than physically encapsulated within 

them. In the future, this loss should be minimized to maximize drug loading and thereby 

efficacy of the NPs. Additionally, the density of antibodies on the surface of the NPs should 

be adjusted to yield the loading that provides the greatest specificity and preferential uptake 

in TNBC cells as well as the greatest inhibition of Notch signaling targets. Finally, for better 

translation of these NPs into preclinical and clinical tests, the synthesis procedure should be 

altered to facilitate NP lyophilization and sterilization in powder form prior to 

administration. Overall, by increasing drug and antibody loading within the NPs, it is 

expected that tumor inhibition will be enhanced.

Future work that evaluates N1-ABT-NPs should also more extensively examine these NPs’ 

biodistribution, biocompatibility, and efficacy, particularly in mice with an intact immune 

system. In this study, we used human MDA-MB-231 cells to induce subcutaneous tumors in 

nude mice, but other TNBC models may more accurately reflect the potential impact of 

these NPs in humans. It will be important to consider, however, that alternate TNBC models, 

like murine 4T1 cells, may have varying expression levels of Notch-1 receptors and ligands 

that will impact the NP-cell interactions and effects.29 Besides examining different TNBC 
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cell lines, researchers should also study the effectiveness of N1-ABT-NPs when tumors are 

positioned orthotopically rather than subcutaneously, as tumor location in the body may 

impact NP accumulation and retention. When evaluating the biodistribution of these NPs, 

further steps should also be taken to examine tumors and other major organs ex vivo. In this 

work, live animal imaging revealed fluorescence in an area that was larger than the tumor 

ROI, likely due to NPs located in the liver. While there is still a distinct signal in the ROI 

that preliminarily indicates there is enhanced tumor accumulation and retention with 

Notch-1 functionalized NPs versus IgG functionalized NPs, this should be corroborated in 

future studies by examining tissues ex vivo to remove interference from other organs.

While there is evidence showing that Notch-1 is widely overexpressed across human TNBC 

and correlates with poor prognosis,30,31 it is classically considered to play the largest role in 

early stages of tumor development and in cancer stem cells.32,33 Sethi and Kang have 

expanded upon this role and demonstrated that Notch signaling facilitates bone metastasis in 

later stages of tumor progression,33 but its role in the primary tumor at these later stages has 

not been extensively explored. In this work, we evaluated the impact of N1-ABT-NPs on 

tumors in a relatively early stage, about 5 mm in diameter. Future studies should examine the 

expression of the Notch-1 receptor in tumors of various sizes and determine the 

biodistribution and therapeutic efficacy of these NPs when treatment is initiated at later 

stages. Further, the dosing regimen (e.g., NP concentration, number and timing of injections) 

should be optimized for the treatment of both early and late stage tumors to maximize tumor 

regression and survival time and realize the full potential of N1-ABT-NPs as anti-TNBC 

therapeutics.

Besides optimizing the dosing regimen, future studies should directly compare N1-ABT-NPs 

to freely delivered components in vivo. For this work, we did not administer free ABT-737 

due to its poor bioavailability and subsequent lack of efficacy.20,22,36 However, this 

comparison should be made in future work to confirm that encapsulation in this delivery 

system is advantageous. It should be noted that, due to ABT-737’s lack of solubility, it 

would need to be delivered orally or intraperitoneally, whereas Notch-1 antibodies would 

need to be delivered intravenously. As the NPs deliver both agents intravenously, the 

biodistribution of each agent is likely to be different for free delivery versus NP delivery.

In addition to demonstrating the value of N1-ABT-NPs in targeting and regulating the Notch 

signaling pathway in TNBC, we have also shown that this platform can effectively regulate 

Bcl-2 through the delivery of ABT-737. Bcl-2 is a promising therapeutic target for many 

cancers,34,35 thus extending the potential applicability of this NP formulation. The platform 

we have developed can be easily adapted to target other cancer types by exchanging the 

targeting antibody on the surface of the NPs. It is important to consider, however, that not all 

antibodies are antagonistic. Thus, targeting alternate receptors by exchanging the antibody 

will not automatically confer the same increase in therapeutic efficacy as was shown here.

Overall, we have demonstrated that ABT-737-loaded, Notch-1 antibody functionalized 

PLGA NPs can target TNBC cells and effectively regulate Bcl-2 and Notch signaling to 

induce cell death in vitro. In addition, we have shown that these NPs can accumulate in 

tumors and reduce tumor burden to extend survival in a murine model. These dual antibody/
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drug nanocarriers are thus a promising alternative treatment strategy for aggressive cancers 

like TNBC that are driven by overactive Bcl-2 and Notch signaling. With additional 

development and implementation, these NPs may substantially improve patient outcomes.

METHODS

Synthesis of N1-ABT-NPs and IgG-ABT-NPs.

ABT-737-loaded PLGA NPs were synthesized using the well-established single emulsion 

solvent evaporation method.37 Briefly, PLGA (Lactel, 50:50 carboxylic acid terminated, 

39.5 kDa) was dissolved in acetone (VWR) at 1 mg/mL. ABT-737 (Selleckchem, stored in 

dimethyl sulfoxide (DMSO) at 50 mg/mL) was added to the PLGA in acetone solution at a 

concentration of 0.05 mg/mL, and this mixture was subsequently added dropwise to distilled 

water in a 1:3 volume ratio while stirring at 600 rpm. This emulsion continued to stir for 2 h, 

letting the acetone evaporate. The NPs were then purified using centrifugal filtration 

(Millipore, 10k MWCO, 4200 g, 30 min) to remove unencapsulated ABT-737 and excess 

solvent. Rabbit anti-human IgG or Notch-1 antibodies were then conjugated to the surface of 

the NPs using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) chemistry.37,38 

Briefly, after centrifugal filtration, ABT-737-loaded NPs were suspended in 4 mM EDC and 

4 mM n-hydroxysulfosuccinimide sodium salt (sulfo-NHS) and incubated on a rocker (50 

rpm) at 4 °C. IgG or Notch-1 antibodies were then added to the solution for further 

incubation at 4 °C. To remove free antibodies from solution after conjugation, the NPs were 

purified using trans-flow filtration (Spectrum, 300 kDa MWCO). NPs were freshly prepared 

and used immediately for experiments. Prior to in vivo injections, NPs were washed and 

suspended in sterile saline.

Characterization of Antibody and Drug Loading in N1-ABT-NPs and Release of ABT-737.

Purified NPs were characterized by DLS and ζ potential measurements on a Litesizer500 

instrument (AntonPaar) before and after antibody conjugation, and the reported intensity-

based hydrodynamic diameter is the average of three measurements. ABT-737 encapsulation 

and release were quantified by measuring the absorbance at 300 nm on a Synergy H1 plate 

reader (BioTek). During NP synthesis, all filtrate containing unencapsulated ABT-737 was 

collected and lyophilized, then suspended in water, and the absorbance readings were 

compared to a standard curve of known ABT-737 concentration. To evaluate the release of 

ABT-737 in storage (water at 4 °C) and physiological (PBS at 37 °C) conditions, NPs were 

suspended in their respective solvents after antibody conjugation, incubated on an orbital 

shaker (100 rpm, 37 °C) or rocker (50 rpm, 4 °C), and subsequently centrifuge filtered (4200 

rpm, 30 min) at 4, 8, 24, 48, and 72 h to remove released ABT-737. All filtrates were 

lyophilized, and ABT-737 concentration quantified as described above. To further evaluate 

the serum stability of N1-ABT-NPs, the NPs were suspended in 0%, 10%, 50%, or 100% 

FBS diluted in PBS for 2, 6, 12, or 24 h at 37 °C with gentle shaking (100 rpm). DLS and ζ 
potential measurements were taken at each time point, and the reported hydrodynamic 

diameter and surface charge are the average of three measurements.

Antibody loading on the NPs was quantified using a solution-based ELISA modified from a 

previously published protocol.39 IgG-ABT-NPs, N1-ABT-NPs, or ABT-NPs were incubated 
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with 10 μg/mL horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibodies for 1 h 

at room temperature. Unbound secondary antibodies were removed through centrifugation 

and the samples were suspended in 3% bovine serum albumin in PBS. The samples were 

then developed in 3,3’,5,5’-tetramethylbenzidine solution (TMB, Sigma-Aldrich) for 10 min 

before the reaction was stopped with 2 mM sulfuric acid. The absorbance was then 

measured at 450 nm on a Synergy H1 plate reader and compared to a standard curve of 

known HRP concentration to calculate the quantity of IgG or Notch-1 antibodies conjugated 

on 1 mg of PLGA.

Cell Culture.

MDA-MB-231 TNBC cells (American Type Culture Collection, ATCC) were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, VWR) supplemented with 10% FBS 

(Gemini Bio Products) and 1% penicillin-streptomycin (pen-strep; VWR). MCF-10A cells 

(ATCC) were cultured in DMEM supplemented with 1% pen-strep, 5% FBS, 50 μg/mL 

bovine pituitary extract (Sigma), 0.5 μg/mL hydrocortisone (Sigma), 20 ng/mL human 

epidermal growth factor (StemCell Tech), 10 μg/mL insulin (ThermoFisher), and 100 ng/mL 

cholera toxin (Sigma). The cultures were maintained at 37 °C in a 5% CO2 humidified 

environment. When cells reached 80–90% confluency in T75 cell culture flasks, they were 

passaged or plated by detaching the cells from the flask using Trypsin-EDTA (Thermo-

Fisher) and then counting cells with a hemocytometer.

Evaluating Notch-1 Expression in MDA-MB-231 and MCF-10A Cells.

Notch-1 receptor expression in MDA-MB-231 TNBC cells and MCF-10A breast epithelial 

cells was analyzed using immunocytochemistry staining. Cells were plated at 2.5 × 104 cells 

per well (MDA-MB-231 cells) or 1.0 × 104 cells per well (MCF-10A cells) in a 24-well 

plate and incubated for approximately 48 h. The cells were then fixed in 4% formaldehyde 

prior to quenching peroxidase reactions with 3% peroxide. The samples were then rinsed 

with PBS and blocked with 3% bovine serum albumin in PBS for 1 h. After blocking, the 

cells were then rinsed and incubated in primary anti-human Notch-1 antibody (Santa Cruz; 1 

μg/mL) for 1 h at room temperature. The samples were subsequently rinsed three times in 

PBS and incubated in secondary HRP-conjugated goat anti-rabbit IgG antibody (Pierce; 0.8 

μg/mL) for 40 min at room temperature. The cells were rinsed three times in PBS and 

developed in 3-amino-9-ethylcarbazole (AEC) for 15 min. Finally, the cells were rinsed in 

PBS and imaged on a Zeiss Axioobserver Z1 Inverted Fluorescence Microscope.

Cellular Binding and Uptake of DiD-Loaded NPs.

To analyze cellular binding and uptake of antibody-functionalized particles, PLGA NPs 

were loaded with DiD fluorophores (Fisher Scientific; excitation 644 nm/emission 665 nm) 

instead of ABT-737 and functionalized as described above to create IgG-DiD-NPs and N1-

DiD-NPs. For image-based analysis, cells were plated at 6 × 104 cells per well (MDA-

MB-231 cells) or 2.5 × 104 cells per well (MCF-10A cells) in an 8-well Lab-Tek II chamber 

slide and incubated overnight. Cells were then treated with IgG-DiD-NPs and N1-DiD-NPs 

at 80 nM DiD or were left untreated and incubated for 4 h. After 4 h, the cells were rinsed 

with PBS to remove unbound NPs, fixed in 4% formaldehyde, and permeabilized with 0.5% 

Triton X-100 in PBS with 5% bovine serum albumin. The cells were then counterstained 
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with DyLight 554-Phalloidin (Cell Signaling Technology) overnight at 4 °C. The slides were 

mounted in ProLong Gold Antifade with DAPI (Vectashield) and imaged on an 

Axioobserver Z1 Inverted Fluorescence Microscope (Zeiss).

For flow cytometric analysis of cellular binding and uptake, cells were plated at 3 × 104 cells 

per well (MDA-MB-231 cells) or 2 × 104 cells per well (MCF-10A cells) in a 24-well plate 

and incubated overnight. Cells were then treated with IgG-DiD-NPs and N1-DiD-NPs at 50 

nM DiD or were left untreated and incubated for 0, 1, 4, 8, 12, 16, or 24 h prior to rinsing 

with PBS. The cells were then lifted off the plate with Trypsin-EDTA and resuspended in 

PBS to yield a cell suspension. All cell suspensions were analyzed using an Acea Novocyte 

2060 flow cytometer with the APC (excitation, 640 nm; emission, 675/30 nm) channel. 

Density plots showing forward and side scatter data were used to create a primary gate for 

cells, excluding debris, prior to analyzing DiD content. Flow cytometric analysis was 

performed in triplicate.

Effect of Free Components and NPs on Metabolic Activity.

To evaluate the toxicity of freely delivered ABT-737 and IgG or Notch-1 antibodies versus 
nanocarriers (i.e., IgG-ABT-NPs and N1-ABT-NPs) using a MTT assay, MDA-MB-231 

cells were plated at 5 × 103 cells per well in a 96-well plate and incubated overnight. Cells 

were treated with 0, 1, 2, 3, 4, or 5 μM ABT-737 and 0, 0.3, 0.6, 0.9,1.2, or 1.5 μg/mL IgG 

or Notch-1 antibody, either freely in solution or in NP form for 72 h. After 72 h, the 

treatments were removed, and the cells were incubated in MTT solution per the 

manufacturer’s instructions (ThermoFisher). After 3 h, the MTT solution was replaced with 

DMSO, and the absorbance at 540 nm was read on a Synergy H1 plate reader (BioTek). To 

analyze the data, background (DMSO in wells without cells) was subtracted from the 

absorbance reading in each well. Triplicate well signals were averaged and then normalized 

to untreated cells. These experiments were performed in triplicate, and data were analyzed 

by one-way ANOVA with post hoc Tukey.

Analyzing the Effect of N1-ABT-NPs or IgG-ABT-NPs on Cell Proliferation.

To analyze the effect of IgG-ABT-NPs and N1-ABT-NPs on cellular proliferation via an 

EdU assay, cells were seeded at 1.0 × 105 cells per well in a 12-well plate and incubated 

overnight. Cells were then treated with IgG-ABT-NPs or N1-ABT-NPs at 3 μM ABT-737 for 

72 h. Sixteen hours prior to the end of the treatment period, cells were spiked with EdU at 

10 μM. Cells were then prepared per the manufacturer’s instructions modified for a single 

cell suspension. Briefly, cells were fixed in 4% formaldehyde and permeabilized with0.5% 

Triton X-100. They were subsequently incubated in the Click-iT reaction cocktail, washed in 

PBS, and examined on an Acea Novocyte 2060 flow cytometer with the FITC (excitation, 

488 nm; emission, 530/30 nm) channel. Density plots showing forward and side scatter data 

were used to create a primary gate for cells, excluding debris, prior to analyzing EdU-

labeling azide content. Flow cytometric analysis was performed in quadruplicate, and 

statistical analysis was performed using a one-way ANOVA with post hoc Tukey.
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Evaluating Changes in Gene Expression Induced by N1-ABT-NPs.

To determine the effects of IgG-ABT-NPs and N1-ABT-NPs on gene expression in TNBC 

cells by quantitative real-time polymerase chain reaction (qRT-PCR), MDA-MB-231 cells 

were seeded at 1.5 × 105 cells per well in a 6-well plate and incubated overnight. Cells were 

then treated with IgG-ABT-NPs or N1-ABT-NPs at 3 μM ABT-737 for 72 h. At the 

conclusion of the treatment period, cells were rinsed with PBS, and mRNA was extracted 

using a Bioline Isolate II RNA Mini Kit. qRT-PCR was then performed using SensiFAST 

SYBR One-Step Master Mix on a LightCycler 96 (Roche). and gene expression was 

normalized to that of RPLPO. These experiments were performed in triplicate and analyzed 

using a one-way ANOVA with post hoc Tukey. Primer sequences are listed in Table S1.

Investigating Changes in Protein Expression Induced by N1-ABT-NPs.

To further evaluate the effects of N1-ABT-NPs on Bcl-2 and Notch signaling targets by 

Western blotting, MDA-MB-231 cells were plated at 1.5 × 105 cells per well in a 6-well 

plate and incubated overnight. Cells were then treated as described for qRT-PCR. After 72 h 

of treatment with IgG-ABT-NPs or N1-ABT-NPs, the cells were rinsed with PBS and lysed 

in RIPA buffer supplemented with Halt Protease Inhibitor in a 1:50 volume ratio. After 

removing membrane debris through centrifugation, the extracted protein was quantified 

using a DC Protein Assay (BioRad), and 10 μg of protein was separated on 4–12% bis-tris 

gels at 135 V for 60 min. Then, the protein was transferred to a 0.2 μm nitrocellulose 

membrane for 10 min using a Power Blotter System (Invitrogen). The membrane was 

subsequently blocked for 60 min in 5% milk in tris buffered saline with 0.1% Tween-20 

(TBS-T) and then incubated with rabbit anti-human Bcl-2 (ProteinTech; 1:1000), cleaved 

Notch-1 (Cell Signaling Technology; 1:250), and Hes1 antibodies (Cell Signaling 

Technology; 1:500) in 5% milk in TBS-T overnight at 4 °C. Mouse anti-human β-actin 

antibody (Cell Signaling Technology; 1:20,000) was used as the normalization control. After 

incubation in primary antibodies, membranes were washed 3× in TBS-T and incubated with 

HRP-anti-rabbit or mouse IgG antibody (VWR; 1:25,000) in 5% milk in TBS-T for 1 h at 

room temperature. Membranes were then washed 2× in TBS-T and 2× in TBS (without 

Tween-20), and protein bands were visualized using a Pierce enhanced chemiluminescence 

detection solution (ECL, Thermo Scientific). Band densities were quantified in ImageJ, and 

Bcl-2, cleaved Notch-1, and Hes1 densities were normalized to that of β-actin prior to 

further normalizing treatment groups to the control untreated group. The data shown 

represent the average band density across three trials and were analyzed using a one-way 

ANOVA with post hoc Tukey.

In Vivo Tumor Model.

Female nude mice around 5 weeks old were purchased from Charles River Laboratories. The 

Institutional Animal Care and Use Committee (IACUC) of the University of Delaware 

approved all procedures. MDA-MB-231 cells in matrigel (1 × 106 cells per 100 μL) were 

administered subcutaneously into the right flank of the mice, and tumor growth was 

monitored at least 3× per week afterward with Vernier calipers. Treatments for three separate 

studies were administered intravenously when tumors reached 5 mm in diameter. A 

preliminary biodistribution study utilized 6 mice per treatment group (saline, IgG-DiD-NPs, 
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N1-DiD-NPs), a dose optimization study utilized 6 mice per treatment group (saline, IgG-

ABT-NPs, N1-ABT-NPs), and a larger therapeutic study utilized 8 mice per treatment group 

(saline, IgG-ABT-NPs, N1-ABT-NPs). Details of these studies are provided in the following 

sections.

Assessment of NP Biodistribution in Vivo Following Tail Vein Administration.

To reveal the time of maximum NP accumulation within tumors following intravenous 

administration, mice were injected with 100 μL saline or with IgG-DiD-NPs or N1-DiD-NPs 

at a concentration of 50 μM DiD. These mice were imaged under isoflurane anesthesia with 

an IVIS Lumina Imaging System (PerkinElmer) immediately, 6, 12, and 24 h after injection 

to monitor DiD signal in the tumors versus time using the Cy5.5 (excitation, 678 nm; 

emission, 694 nm) channel. The fluorescence intensity within the tumors at each time point 

was measured in ImageJ software after drawing a ROI around the tumor, and the mean 

intensity at each time point was calculated.

Evaluating the Effect of N1-ABT-NPs on Tumor Growth in Vivo.

Mice were injected with saline or with IgG-ABT-NPs or N1-ABT-NPs at doses of 10 mg 

ABT-737/kg when tumors reached 5 mm in diameter (day 0) for a dose optimization and full 

study, as described above. For the dose optimization study, mice received two subsequent 

injections on days 7 and 14 for a total of three treatments. The tumor length and width in 

each mouse were measured with Vernier calipers 3× per week until day 21, and tumor 

volume was calculated as (tumor length) × (tumor width)2/2. These data were used to 

calculate the mean tumor volume in each group and the relative tumor volume compared to 

day 0. On day 21, the mice were euthanized. Statistical analysis was performed on the 

average percent change in tumor volume using a one-way ANOVA with post hoc Tukey.

For the full therapeutic study in which treatment was performed twice per week, mice were 

injected as stated above on day 0 and received seven subsequent injections on days 4, 7, 11, 

14, 18, 21, and 25 for a total of eight treatments. The tumor length and width in each mouse 

were measured with Vernier calipers 3× per week until day 55, and tumor volume was 

calculated as above. Mice were euthanized upon >20% loss in weight, when tumors reached 

10 mm in diameter, or on day 55, whichever came first. These data were used to create the 

presented Kaplan–Meier survival curves, and statistical significance was examined using a 

log-rank test.

Upon euthanasia, the major organs (spleen, liver, kidneys, heart, GI tract, lungs, and brain) 

of the mice used in the full therapeutic study were excised for histological analysis by 

hematoxylin and eosin (H&E) staining. The excised tissues were placed into embedding 

cassettes, rinsed once in 1× PBS, and then fixed in 4% paraformaldehyde at 4 °C for 72 h. 

The tissues were then rinsed 3 times in 70% ethanol for 10 min each and stored in 70% 

ethanol until processing. The fixed tissues were processed and embedded with paraffin. 

Embedded tissues were cut into 5 μm slices and stained with H&E to enable visualization of 

tissue structure. Briefly, the tissues were deparaffinized with xylene and rehydrated prior to 

hematoxylin staining and subsequent counterstaining with eosin. After staining, the tissues 

were dehydrated and mounted for imaging with a xylene-based mounting medium. H&E 
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stained tissues were imaged on an Axioobserver Z1 Inverted Fluorescence Microscope 

(Zeiss).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis and characterization of N1-ABT-NPs. (a) Scheme depicting N1-ABT-NP 

synthesis. (b) Hydrodynamic diameter and ζ potential of ABT-737-loaded NPs before and 

after conjugation with IgG or Notch-1 antibodies. (c) Loading of ABT-737 and antibodies 

before and after antibody conjugation. (d) ABT-737 release from N1-ABT-NPs in storage (4 

°C, water) and physiological (37 °C, PBS) conditions. Portions of this figure were produced 

with permission using Servier Medical ART templates, which are licensed under a Creative 

Commons Attribution 3.0 Unported License from Servier Medical Art; https://

smart.servier.com.
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Figure 2. 
Analysis of N1-DiD-NPs interaction with TNBC cells versus healthy breast epithelial cells. 

(a) Fluorescence microscopy images showing MDA-MB-231 TNBC cells treated with no 

NPs, IgG-DiD-NPs, or N1-DiD-NPs. Cell nuclei are blue (DAPI), actin is green 

(Phalloidin), and NPs are red (DiD). Scale bars = 50 μm. (b) Representative flow cytometry 

histograms of MDA-MB-231 TNBC cells exposed to IgG-DiD-NPs or N1-DiD-NPs. (c) 

Median DiD fluorescence intensity of MDA-MB-231 TNBC cells and healthy MCF-10A 

mammary cells treated with N1-DiD-NPs or IgG-DiD-NPs as measured by flow cytometry 

(n = 3).
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Figure 3. 
Analysis of the impact of N1-ABT-NPs on TNBC cell metabolic activity and proliferation. 

(a) Relative metabolic activity of MDA-MB-231 cells treated with different doses of freely 

delivered IgG or Notch-1 (N1) antibodies and ABT-737 or with nanocarriers (IgG-ABT-NPs 

or N1-ABT-NPs) as measured by an MTT assay (n = 3). Horizontal dotted line indicates 

50% reduction in metabolic activity. (b) Percent proliferation of MDA-MB-231 TNBC cells 

that were untreated or exposed to IgG-ABT-NPs or N1-ABT-NPs (n = 4). *p < 0.05 by one-

way ANOVA with post hoc Tukey. (c) Representative flow cytometry histograms for EdU 

proliferation assay.
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Figure 4. 
Examination of the effects of N1-ABT-NPs on Notch signaling and Bcl-2 expression in 

TNBC cells. (a) Scheme of proposed NP interaction with MDA-MB-231 TNBC cells. Upon 

cellular binding, N1-ABT-NPs suppress Notch signaling through antibody-mediated signal 

cascade interference and also release ABT-737 to inhibit Bcl-2 and activate apoptosis. (b) 

qRT-PCR analysis of relative Bcl-2, Noxa, Hes5, and HeyL mRNA expression after 

treatment with IgG- or N1-ABT-NPs compared to control (untreated) cells (n = 3). RPLPO 

was used as a control and relative mRNA expression in NP treated groups is normalized to 

that of untreated cells. *p < 0.05, ##p = 0.06, #p = 0.07 (c) Quazi-quantitative analysis of 

Western blotting for normalized Bcl-2, cleaved Notch-1, and Hes1 protein expression (n = 

3). β-actin was used as a control, and expression in NP-treated samples was normalized to 

expression in untreated cells. **p < 0.01. (d) Representative Western blot bands for Bcl-2, 

cleaved Notch-1, Hes1, and β-actin protein levels. Portions of this figure were produced with 

permission using Servier Medical ART templates, which are licensed under a Creative 

Commons Attribution 3.0 Unported License from Servier Medical Art; https://

smart.servier.com.
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Figure 5. 
In vivo evaluation of N1-ABT-NPs as a treatment for TNBC. (a) Relative mean fluorescence 

intensity of DiD in subcutaneous MDA-MB-231 tumors in mice 0, 6, 12, and 24 h post-

intravenous injection of IgG-DiD-NPs or N1-DiD-NPs (n = 6). (b) Representative 

fluorescence images of a mouse treated with N1-DiD-NPs at 0, 12, and 24 h after injection. 

Circles indicate the region of interest (ROI) where fluorescence intensity was measured. (c) 

Average percent change in tumor volume (n = 6 mice/group) after 1 and 3 weeks of 

treatment with saline, IgG-ABT-NPs, or N1-ABT-NPs at 10 mg ABT-737/kg once per week. 

#p < 0.1, *p < 0.05 by one-way ANOVA with post hoc Tukey. (d) Kaplan–Meier survival 

curves for mice bearing subcutaneous MDA-MB-231 TNBC tumors that were treated 

intravenously with saline, IgG-ABT-NPs, or N1-ABT-NPs at 10 mg ABT-737/kg twice per 

week for 4 weeks. Black arrows on the x-axis indicate days of treatment; n = 8 mice/group. 

#p = 0.10 by log-rank test. Portions of this figure were produced with permission using 

Servier Medical ART templates, which are licensed under a Creative Commons Attribution 

3.0 Unported License from Servier Medical Art; https://smart.servier.com.
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Scheme 1. Depiction of How Notch Signaling and Bcl-2 Contribute to TNBC Progression and 
How N1-ABT-NPs Could Be Utilized to Inhibit These Pathways and Slow Tumor Growtha

a(a) Notch signaling is activated in TNBC cells when overexpressed Notch-1 receptors 

interact with Jagged or Delta ligands on neighboring cells. This leads to cleavage of the 

NICD, which translocates to the nucleus to activate signaling that supports TNBC cell 

survival, proliferation, and apoptosis suppression. Bcl-2 is an anti-apoptotic protein that is 

also overexpressed in TNBC and contributes to poor clinical outcomes. (b) Scheme 

depicting the posited effects of N1-ABT-NPs on TNBC cells. N1-ABT-NPs can bind 

Notch-1 receptors on TNBC cells to lock them in a ligand unresponsive state, thereby 

turning off Notch signaling. Simultaneously, these NPs can release the Bcl-2 inhibitor 

ABT-737. Together, these effects promote apoptosis and reduce cellular proliferation. This 

figure was produced with permission using Servier Medical ART templates, which are 

licensed under a Creative Commons Attribution 3.0 Unported License from Servier Medical 

Art; https://smart.servier.com.
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