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Abstract

We present a chemical approach to profile fatty acid uptake in single cells. We use azide-modified 

analogs to probe the fatty acid influx and surface-immobilized dendrimers with 

dibenzocyclooctyne (DBCO) groups for detection. A competition between the fatty acid probes 

and BHQ2-azide quencher molecules generates fluorescence signals in a concentration-dependent 

manner. By integrating this method onto a microfluidics-based multiplex protein analysis 

platform, we resolved the relationships between fatty acid influx, oncogenic signaling activities, 

and cell proliferation in single glioblastoma cells. We found that p70S6K and 4EBP1 differentially 

correlated with fatty acid uptake. We validated that co-targeting p70S6K and fatty acid metabolism 

synergistically inhibited cell proliferation. Our work provided the first example of studying fatty 

acid metabolism in the context of protein signaling at single-cell resolution and generated new 

insights into cancer biology.
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INTRODUCTION

Similar to glucose and amino acids, fatty acids are a major energy source required for 

sustaining cellular growth and proliferation.1 Abnormal fatty acid metabolism is frequently 

observed in cancer, but its regulatory mechanisms and therapeutic implications are unclear. 

Compared with the well-studied glucose and amino acid metabolic patterns in cancer 

cells2-3, altered fatty acid metabolism received less attention, and current research primarily 

focuses on the de novo fatty acid synthesis pathway4. However, increasing evidence has 

demonstrated that cancer cells' survival and metastatic spreading often require exogenous 

fatty acid uptake and consumption, even in cells exhibiting high lipogenic activities5-10. In 

addition, fatty acid metabolism in tumor cells exhibits significant plasticity - even the same 

set of cells can alter their fatty acid dependence in response to drug or environmental stress.
9, 11 These studies highlight the relevance and complexity of fatty acid metabolism in cancer 

and necessitate more comprehensive research.

The study of cancer cell metabolism can be confounded by prominent cellular heterogeneity. 

The causes of this heterogeneity include genetic diversity, signaling and metabolic pathway 

redundancy, and local microenvironment variations. Such heterogeneity enables metabolic 

flexibility and promotes tumor progression. On the other hand, these metabolic 

abnormalities also render tumor cells more vulnerable to metabolic perturbations, which 

may be exploited therapeutically9, 12-13. Therefore, deciphering cancer cell metabolism, 

especially in the context of oncogenic signaling heterogeneity, promises the rational design 

of combinatory therapies for synergistic intervention. Such a task calls for a multiplex 

single-cell analytical assay that can simultaneously profile metabolic activity and protein 

levels.

To address this need, we have previously implemented the single-cell barcode chip (SCBC) 

technology to perform simultaneous analysis of glycolysis, glutamine metabolism, and 

oncogenic signaling activities at single-cell resolution.14-16 Nevertheless, a single-cell 

method to study fatty acid influx on the SCBC platform remains elusive. The technological 

challenge is the lack of an appropriate fatty acid surrogate that can faithfully report the fatty 

acid influx while being easy to detect at low concentrations. Fluorescently labeled fatty acid 

analogs, such as the BODIPY-fatty acids,17 are widely used and straightforward to detect. 
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However, they may not faithfully resemble the natural fatty acids in complex biological 

systems. Isotope-labeled fatty acid surrogates, such as 18F-fluoro-pivalic acid, can perfectly 

mimic natural fatty acids18, but their single-cell implementation is challenging. Herein, we 

choose azide-modified fatty acids (FA-N3) as surrogates and demonstrate a surface-based 

chemical method for detecting fatty acid uptake at single-cell resolution. The azide group is 

chemically inert, and its small size promises a better mimicry to natural fatty acids. We 

further adapt this method to the SCBC platform to achieve the multiplex analysis of fatty 

acid uptake with critical signaling proteins from the same single cancer cells.

RESULTS AND DISCUSSION

Design and synthesis of the DBCO dendrimer.

Our fatty acid uptake analysis design is shown in Figure 1. Cells take up the FA-N3 and then 

release them upon lysis. The released analogs can then be quantified through a surface-based 

competition assay. To implement such a design, the azide-bearing analogs must be 

efficiently captured on the surface. A straightforward method for detecting these azide-

bearing analogs is to use the azide-alkyne click chemistry. Because we aimed to multiplex 

the fatty acid uptake analysis with protein profiling, we cannot use Cu to catalyze the click 

reaction due to its incompatibility with our immunofluorescence-based SCBC platform. 

Consequently, we must resort to Cu-free click chemistry, i.e., strain-promoted azide-alkyne 

cycloaddition (SPAAC). However, azide-based SPAAC chemistry is limited by its low 

reaction rate. Even with the best reactant – dibenzocyclooctyne (DBCO), the rate constant is 

only 0.31 M−1 S−1.19 Such a reaction rate is not suitable for detecting the low amount of 

azide-modified fatty acids in single cells. For instance, 50 μM azide-fatty acid and 10 μM 

DBCO-COOH lead to negligible reactions after 3 hours of incubation, which is already 

considered long for a bioassay (Figure S1).

In order to improve the SPAAC reaction rate, we proposed to increase the local DBCO 

concentration. We hypothesized that a dendritic structure terminated with densely packed 

DBCO groups could effectively capture the azide-modified fatty acids on the surface (Figure 

1b). Nevertheless, closely packed DBCO groups will exhibit prominent hydrophobicity, 

which also makes it challenging to implement this detection in an aqueous environment.

To overcome the hydrophobicity problem, we proposed to conjugate the dendrimer to a 

single-strand DNA oligomer (ssDNA). This conjugation also helps to make the SPAAC-

based detection compatible with the SCBC platform. We first synthesized G-3 and G-4 

dendrimer scaffolds using lysine as building blocks and appended azido-lysine and 

polyethylene glycol [Lys(N3)-PEG] linkers (Figure 2a, Figure S2-9). We then conjugated the 

dendrimers to an ssDNA oligomer through an SPAAC reaction (Figure 2b, Figure S10-12). 

Lastly, we installed DBCO groups on the dendrimer and obtained the dendrimer-DNA 

conjugate (Figure 2c, Figure S13, S14). It is worth pointing out that it was critical not to 

introduce DBCO groups until the very last step, or the strong hydrophobicity of the DBCO 

groups would prevent the subsequent DNA conjugation (Figure S15-17).
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Validation of the proposed competition assay mechanism.

In our proposed detection scheme (Figure 1), the dendrimer-ssDNA conjugate has an 

embedded Cy3 moiety that provides a fluorescence signal. This signal can be quenched later 

by a BHQ2-N3 molecule through the Föster resonance energy transfer (FRET) mechanism. 

This BHQ2-N3 molecule can be synthesized through the SPPS process (Figure S18, S19). 

As the number of FA-N3 molecules increases, more DBCO sites are occupied and the 

chance of having a BHQ2-N3 molecule on the dendrimer decreases. Therefore, FA-N3 

molecules can help retain the Cy3 fluorescence. The more FA-N3 molecules there are, the 

higher the fluorescence intensity is. In this manner, the amount of FA-N3 correlates with the 

retained fluorescence.

To validate our design, we prepared a mini well surface assay device (Figure 3a). This 

device has two parts: a polydimethylsiloxane (PDMS) elastomer slab with mini wells and a 

glass slide with ssDNA patterned on the surface. Because of the complementary sequences, 

this surface-patterned ssDNA enables the immobilization of the DBCO-ssDNA conjugate. 

With this fully assembled assay device, we could test our proposed reactions by assessing 

the Cy3 fluorescence on the surface.

We first tested if the DBCO dendrimer could successfully capture the BHQ2-N3 molecule. 

As shown in Figure 3b, the surface fluorescence signals decreased significantly after BHQ2-

N3 incubation, which proved that BHQ2-N3 successfully reacted with the DBCO moieties 

on the dendrimer and quenched the Cy3 fluorescence. This result supported our hypothesis 

that the dendrimer structure could increase the local DBCO concentration and capture azide-

bearing molecules efficiently. It is also worth noting that the G-4 dendrimer led to a slightly 

stronger quenching result, which was expected due to its higher DBCO concentration. 

Nevertheless, considering that the G-4 dendrimer was more difficult to synthesize than the 

G-3 one and that the difference in the quenching efficiency was not prominent, we decided 

to use the G-3 dendrimer for the subsequent studies. To prove that the dendrimer structure 

was necessary, we also performed a similar experiment using a Cy3-ssDNA presenting only 

one DBCO group. In this case, the fluorescence was not effectively quenched (Figure S20).

Because FA-N3 and BHQ2-N3 are expected to compete for the DBCO sites, the resulted 

fluorescence readout in response to the FA-N3 amount should be adjustable by changing the 

BHQ-N3 concentrations. To identify an optimal quencher concentration, we evaluated how 

different concentrations of BHQ-N3 competed with 100 μM of FA-N3 (azidopentanoic acid, 

Figure 3c). We chose 0.5 μM as the best BHQ-N3 concentration because it led to significant, 

but not complete, quenching of the Cy3 signal, which would allow the detection of lower 

FA-N3 concentrations. Using this quencher concentration, we generated a fluorescence 

response curve by varying the concentrations of the FA-N3 (Figure 3d). We confirmed that 

this method could detect FA-N3 at the μM-level, which was expected to be suitable for the 

single-cell profiling of fatty acid uptake.20

In vitro implementation of the fatty acid uptake assay.

We tested our detection scheme using U87VIII cells as our model system. These are human 

glioblastoma cells that exhibit constitutively amplified oncogenic signaling activities and 
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harbor prominent metabolic plasticity. We first incubated these cells with varying 

concentrations of the azidopentanoic acid probe and confirmed that the probe was well-

tolerated by the cells (Figure 3e). To identify a suitable FA-N3 concentration that would 

generate signals within the assay dynamic range, we used our dendrimer-DNA conjugate / 

BHQ2-N3 system to evaluate the surrogate uptake at the bulk level. The results (Figure 3f) 

showed that the cells took up the FA-N3 probe in a concentration-dependent manner, and the 

signal leveled off above 10 mM of FA-N3. This saturation pattern supported the active 

transportation of the FA-N3 probe, which was consistent with the pentanoic acid uptake 

mechanism. Taken together, these results indicated that incubating the cells with 5 mM FA-

N3 was optimal for this assay.

Because of their hydrophobic tails, fatty acids may insert into the cell membrane. This 

partition is not an active transportation process and may confound our analysis. On the other 

hand, we expected that the inserted probe molecules would remain in the membrane 

fragments upon cell lysis and not be detected by our assay. To assess this potential 

interference, we incubated the cells with the FA-N3 probe at 4 °C and used our platform to 

quantify the FA-N3 in the cells. At such a low temperature, the cells would stop the active 

transportation of the probe, and any observed signal would originate from the nonspecific 

insertion into the cell membrane. As expected, the resulted signal was indistinguishable from 

the control (Figure 3g). To rule out the possibility that the low-temperature treatment 

dampened the rate of the nonspecific insertion, we performed another experiment where we 

fixed the cells and then incubated them with the FA-N3 probe at 37 °C. Again, the resulted 

signal was not different from the lysate control (Figure 3g). Collectively, these results proved 

that our assay was specifically reporting the FA-N3 probes that were actively taken up by the 

cells.

Single-cell implementation of the fatty acid uptake assay.

We then moved on to incorporate the fatty acid uptake assay onto the SCBC platform.14 The 

SCBC has two parts, a two-layer PDMS microfluidic device and a glass slide with patterned 

ssDNA barcode stripes. The device has 416 programmable microchambers that can trap and 

segregate single cells. These chambers allow on-chip cell lysis, and they are coupled with 

the DNA barcode stripes that enable multiplex fluorescence measurements (Figure 4a, 

Figure S21, S22). Here, the dendrimer-ssDNA conjugate was introduced to the microfluidics 

chambers and immobilized onto the surface through DNA hybridization, similar to the mini 

well assay described above. Using the SCBC device, we first confirmed that the nonspecific 

interaction between the FA-N3 probe and the PDMS device was negligible (Figure S23). We 

then generated a fluorescence response curve by varying the FA-N3 concentration (Figure 

4b). The result demonstrated improved sensitivity compared with the mini well assay, 

consistent with our prior observations on the SCBC platform. The contributing factors 

include the high-efficiency flow-based washing that decreased the background and the 

confined chambers that promoted surface binding. Using the 3SD/slope method, we 

estimated the limit of detection to be 2 nM.

The dendrimer-ssDNA conjugate can be mixed with a cocktail of antibody-ssDNA 

conjugates to enable multiplex quantitation. As a proof of concept, we quantified the 
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azidopentanoic acid uptake, critical signaling protein levels, and cell proliferation marker 

(Ki67) in U87VIII single cells. As shown in Figure 4c, fatty acid uptake abilities varied 

significantly among cells. Using the standard curve described above, we were able to 

calculate the fatty acid concentrations in the chambers, which ranged from high nM to low 

μM. Considering that the chamber volume was 2 nL, we calculated that each cell took up 

low fmol-level FA-N3 molecules, reaching a high μM to low mM intracellular concentration 

(Figure S24). We further investigated if the FA-N3 uptake was dictated by the cell volume. 

As shown in Figure 4d, there was no obvious correlation between them (Spearman 

correlation r = 0.17, p = 0.06; Pearson correlation r = 0.03, p = 0.72). This result was 

expected because we have proven above that our assay only detected the probe molecules 

that resulted from active transportation, whose rate was not necessarily linked to the cell 

size.

Analysis of the multiplex single-cell dataset.

In order to better compare the heterogeneity among analytes, we standardized the raw data 

(Figure 4c) to generate a Z-score violin plot (Figure 4e), which provided a direct 

visualization of the analyte distribution. We found that the fatty acid uptake heterogeneity 

was different from those associated with signaling proteins. Most notably, fatty acid uptake 

had no outliers (∣Z∣ > 2), while all the protein levels showed outliers, many of which even 

extended beyond Z = 4. The distribution of fatty acid uptake also exhibited two 

subpopulations corresponding to low (Z < −1) and high (Z > 0) uptake activities. Such a 

clear subpopulation separation was not observed in the protein levels. Moreover, this fatty 

acid uptake distribution was different from the glucose and glutamine uptake results in our 

previous studies on the same cell line.14-15

To further investigate the subpopulations, we performed agglomerative hierarchical 

clustering analysis (Figure 5a). Based on the clusters' analyte levels (Figure 5a,b), we found 

that cells with high fatty acid uptake exhibited low oncogenic signaling activities (p-EGFR, 

p-ERK, p-Src and p-Akt). This divergence pointed to a compensatory relationship between 

glycolysis and fatty acid metabolism. We also noticed that the levels of the cell proliferation 

marker, Ki67, did not vary between the two subpopulations. This result indicated that neither 

oncogenic signaling nor fatty acid metabolism was strongly associated with cell 

proliferation. Such an observation was consistent with our previous studies.14-15

In order to better evaluate how each analyte contributed to the global cellular heterogeneity, 

we performed principal component analysis (Figure 5c). We found that PC1 was primarily 

populated by oncogenic phosphoproteins, including p-Akt, p-ERK, p-Src, etc, while fatty 

acid uptake was aligned along PC2 with minimal contribution to PC1. This orthogonality 

between fatty acid uptake and critical oncogenic signaling matched with our clustering 

results as well as previous studies on GBM. GBM is known to be a highly glycolytic 

malignancy driven by its commonly altered protein signaling in EGFR/PI3K/Akt and 

MAPK/ERK pathways.2 Activation of EGFR and downstream PI3K/Akt signaling in many 

GBM cells directly drives cellular glucose uptake and glycolysis by enhancing both the 

transcriptional expression and translocation to the cell surface of glucose transporters 

(GLUTs) as well as activating several enzymes in the glycolytic pathway, including 
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hexokinase and PKM2.21-23 The MAPK/ERK signaling can also promote aerobic glycolysis 

via induction of transcriptional factor c-Myc.24 GBM cells have been reported to be mostly 

relying on glycolysis as the primary source of ATP in standard culture conditions.25 

Therefore, it was not surprising that fatty acid uptake was relatively decoupled from those 

oncogenic signaling that primarily drives glucose metabolism under normal culture 

conditions.25-27 Moreover, we observed a strong divergence between fatty acid uptake and p-

p70S6K, as well as a corporative relationship between fatty acid uptake and p-4EBP1. 

Because p70S6K and 4EBP1 are two main effectors downstream of mTOR,28 these findings 

hinted that fatty acid uptake was regulated by mTOR signaling, possibly differentially 

controlled by the 4EBP1 and S6K axes. These results were consistent with the critical role 

of mTOR signaling in lipid homeostasis and fatty acid metabolism as well as the observation 

that p70S6K and 4E-BP1 are independently regulated and they differentially control cellular 

growth in cancer.29-32 Nevertheless, PC1 and PC2 only collectively captured half of the 

global cellular heterogeneity variance (Figure S25). Therefore, the conclusions drawn from 

analyzing PC1 and PC2 required further support.

We then sought to scrutinize the interactions between analytes. We calculated the pairwise 

Spearman correlation values among all analytes, and the result is shown in Figure 5d. We 

found strong correlations between the signaling proteins, which were indicative of highly 

coordinated oncogenic signaling network activities and consistent with our previous studies 

on U87VIII cells. Notably, fatty acid showed negative correlations with p-p70S6K and p-

EGFR. P70S6K is a downstream target of mTOR Complex 1 (mTORC1) – a critical 

regulator of cell proliferation and protein synthesis. Increasing evidence has revealed that 

tumor cells can uncouple glycolysis from mitochondrial oxidation, allowing the use of 

additional fuel sources, such as amino acids and fatty acids, to meet their heightened 

metabolic needs.2, 33-34 GBM cells are also capable of utilizing fatty acid metabolism to 

generate ATP to maintain their survival under nutrient deprivation or therapeutic stress that 

limits their glucose consumption.25 The anticorrelations between fatty acid uptake and 

EGFR/mTORC1 signaling echo the previously observed bioenergetic reprogramming 

towards fatty acid metabolism upon oncogene inhibition or cytostatic treatment in GBM.
35-36 Based on the strong anticorrelation between fatty acid uptake and p-p70S6K, we 

further hypothesized that co-inhibiting p70S6K and fatty acid metabolism would 

synergistically inhibit cell proliferation.

To test our hypothesis, we treated U87VIII cells with LY2584702 (a p70S6K inhibitor), 

trimetazidine (a fatty acid metabolism inhibitor), and a combination of them (Figure 6a). It 

was evident that the combination synergistically inhibited cell proliferation (Figure 6b, 

Figure S26). To quantitatively evaluate this synergy, we treated the cells with drugs under a 

concentration titration and calculated the synergy score using the BLISS definition of 

independence. As shown in Figure 6c, we observed strong synergy between the two drugs 

across a wide range of concentrations. This result supported our hypothesis that p70S6K 

negatively regulated fatty acid metabolism in U87VIII cells. We further confirmed that such 

a synergistic therapy was also applicable to the parent EGFR wild-type U87 and patient-

derived GBM neurosphere GBM39 cells, suggesting that the observed anticorrelation 

between fatty acid uptake and mTORC1 may also exist in other GBM cells, independent of 

EGFR mutational status (Figure S27).
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CONCLUSION

In conclusion, we established a dendrimer-based detection scheme for profiling fatty acid 

uptake in single cells. When integrated into the multiplex single-cell barcode chip platform, 

we were able to perform simultaneous analysis of fatty acid uptake and critical oncogenic 

signaling proteins in single cells. Using this technology, we identified 4EBP1 and p70S6K 

as potential regulators of fatty acid metabolism. We found that co-targeting p70S6K and 

fatty acid metabolism could synergistically inhibit U87VIII proliferation. The technology 

presented here can be extended to identify other potential regulatory mechanisms of fatty 

acid metabolism by including additional proteins into the panel, given that the appropriate 

antibody pairs are available. In addition, the dendrimer-based platform can be easily adapted 

to detect other azide-modified small molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Detecting fatty acid uptake from single cells. (a) Cells take up the azide-modified fatty acid 

(FA-N3) molecules and subsequently release them upon lysis. (b) Cy3-modified 

dibenzocyclooctyne (DBCO) dendrimers capture the released FA-N3 molecules. The FA-N3 

competes with the BHQ2-N3 quencher to retain the Cy3 fluorescence.
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Figure 2. 
The synthesis of the G-3 DBCO dendrimer conjugated with Cy3-ssDNA. (a) The amine-

bearing G-3 dendritic scaffold was constructed through solid-phase peptide synthesis (SPPS) 

and then cleaved off from the resin. (b) The scaffold was later conjugated with Cy3-modified 

ssDNA via SPAAC. (c) Finally, all of the primary amines on the dendrimer scaffold were 

capped using DBCO-sulfo-NHS ester. G-4 DBCO dendrimer was prepared in a similar 

manner with an additional round of lysine conjugation.
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Figure 3. 
(a) A picture of the mini well assay device. The size of the glass slide is 75 mm by 26 mm. 

The PDMS slab provides assay space, and the glass slide enables surface-based detection. 

The dendrimer-ssDNA conjugate can be immobilized through DNA hybridization. The 

resulted surface fluorescence can be quantified using a microarray scanner. (b) BHQ2-N3 

effectively reacted with the DBCO dendrimer and quenched the Cy3 fluorescence. Both G-3 

and G-4 dendrimers exhibited quenching. (c) Different concentrations of BHQ2-N3 

competing with 100 μM of FA-N3 for the DBCO dendrimer binding sites. The attachment of 

BHQ2-N3 caused quenching of the Cy3 fluorescence. (d) The fluorescence response curve 

generated by varying the concentrations of the FA-N3 probe. (e) FA-N3 (up to 20 mM) was 

well tolerated by U87VIII cells. (f) Incubating U87VIII cells with varying concentrations of 

FA-N3 led to different fluorescence intensities on the dendrimer-based detection platform. 

(g) Low temperature (4 °C) incubation inhibited the FA-N3 uptake, and fixed cells did not 

exhibit uptake either. The cell lysate was used to provide background fluorescence intensity. 

The error bars in all graphs (b-g) show the standard deviation values calculated from four 

individual measurements. Student’s t-test was used to evaluate the statistical significance. 

NS: not significant, p > 0.05. ***: p < 0.001)
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Figure 4. 
(a) A picture of the assembled SCBC device. The PDMS microfluidic device contains 

microchambers that are controlled by the pneumatic valves. The red circle highlights the 

trapped single U87VIII cell in this example. The glass slides at the bottom contained pre-

patterned ssDNA barcode stripes, which enables multiplex immunofluorescence-based 

protein detection. After the assay, the barcode fluorescence intensities are quantified using a 

microarray scanner, and the values are extracted and assigned according to the chamber 

location. A representative fluorescence image of the barcode strips from one single-cell 

chamber is shown here as an example. (b) The fluorescence response curve generated using 

different concentrations of the FA-N3 probe. The error bars show the standard deviation 

values calculated from four individual measurements. The data points were fitted using a 

Hill function. (c) The Multiplex single-cell dataset obtained from U87VIII cells. Each dot 

shows an analyte level obtained from a single cell. The boxes depict the middle two quartiles 

of the analyte level distributions, and the red dots represent the median values. A total of 151 

single cells were assayed using two SCBC devices. (d) The measured fatty acid amount from 

each single cell against the diameter of the cell. No obvious correlation existed between 

these two parameters. (e) The violin plots represent the standardized analyte level 

distributions. The dataset was standardized for each analyte to obtain the Z score of each 

value. The widths of the violin plots represent the observed frequencies.

Guo et al. Page 14

J Am Chem Soc. Author manuscript; available in PMC 2022 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(a) Agglomerative hierarchical clustering of the single-cell dataset. The standardized single-

cell dataset was used as the input. The Euclidean distance values between data points were 

calculated and tabulated as a matrix. This distance matrix was then used to perform 

agglomerative hierarchical clustering using Ward’s method. Each small bar represents one 

single-cell data point, and the color represents the Z score of that data point. This AHC 

analysis identified two distinct clusters, which are denoted by the blue and green branches in 

the dendrogram on the left. (b) Analyte levels of the two cluster centroids. A distinct 

bifurcation was observed for most analytes. (c) The loading plot showing the first two 

principal components (PC1 and PC2) of the single-cell dataset. The vectors are labeled with 

the corresponding analyte names, and the vector positions show the loading of the analytes 

in each PC. (d) The correlation network of the analytes. The Spearman correlation values 

were calculated between each analyte pair. Orange and green lines represent negative and 

positive correlations, respectively. The line thickness corresponds to the correlation level.
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Figure 6. 
(a) Illustration of the experimental procedure. (b) U87VIII cell viabilities as results of 

LY2584702 (p70S6K inhibitor, 10 μM) and trimetazidine (fatty acid metabolism inhibitor, 1 

μM) treatments. The error bars show the standard deviation values calculated from three 

individual samples. (c) Synergy scores calculated from the BLISS method across different 

concentrations of trimetazidine and LY2584702 combinations.
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