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Abstract

Endolysosome entrapment is one of the key barriers to the therapeutic use of biologic drugs that 

act intracellularly. The screening of prospective nanoscale endosome-disrupting delivery 

technologies is currently limited by methods that are indirect and cumbersome. Here, we 

statistically validate Galectin 8 (Gal8) intracellular tracking as a superior approach that is direct, 

quantitative, and predictive of therapeutic cargo intracellular bioactivity through in vitro high-

throughput screening and in vivo validation. Gal8 is a cytosolically dispersed protein that, when 

endosomes are disrupted, redistributes by binding to glycosylation moieties selectively located on 

the inner face of endosomal membranes. The quantitative redistribution of a Gal8 fluorescent 

fusion protein from the cytosol into endosomes is demonstrated as a real-time, livecell assessment 

of endosomal integrity that does not require labeling or modification of either the carrier or the 

biologic drug and that allows quantitative distinction between closely related, endosome-disruptive 

drug carriers. Through screening two families of siRNA polymeric carrier compositions at varying 

dosages, we show that Gal8 endosomal recruitment correlates strongly (r = 0.95 and p < 10−4) 

with intracellular siRNA bioactivity. Through this screen, we gathered insights into how 

composition and molecular weight affect endosome disruption activity of poly[(ethylene glycol)-

b-[(2-(dimethylamino)ethyl methacrylate)-co-(butyl methacrylate)]] [PEG-(DMAEMA-co-BMA)] 

siRNA delivery systems. Additional studies showed that Gal8 recruitment predicts intracellular 

bioactivity better than current standard methods such as Lysotracker colocalization (r = 0.35, not 

significant), pH-dependent hemolysis (not significant), or cellular uptake (r = 0.73 and p < 10−3). 

Importantly, the Gal8 recruitment method is also amenable to fully objective high-throughput 

screening using automated image acquisition and quantitative image analysis, with a robust 

estimated Z′ of 0.6 (whereas assays with Z′ > 0 have high-throughput screening utility). Finally, 

we also provide measurements of in vivo endosomal disruption based on Gal8 visualization (p < 

0.03) of a nanocarrier formulation confirmed to produce significant cytosolic delivery and 
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bioactivity of siRNA within tumors (p < 0.02). In sum, this report establishes the utility of Gal8 

subcellular tracking for the rapid optimization and high-throughput screening of the endosome 

disruption potency of intracellular delivery technologies.
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Intracellular delivery of biomacromolecules, such as proteins, peptides, and nucleic acids 

like mRNA, antisense oligodeoxynucleotides (ASO/ODN), miRNA, and siRNA, has high 

but relatively unrealized therapeutic potential. With the exception of vaccines, there have 

been only six U.S. Food and Drug Administration approved biomacromolecular drugs with 

intracellular mechanisms of action to date: five antisense or splice-modifying ODNs1,2 and 

one siRNA lipid nanoparticle formulation.3 Beyond the systemic pharmacokinetic barriers 

facing biomacromolecular drugs,4 the primary barrier to intracellular bioavailability is 

endolysosomal sequestration and degradation following endocytosis.5,6 Thus, efficient 

endosome-disrupting drug carrier formulations, often leveraging the progressive 

acidification that occurs as endosomes mature, are highly sought as research tools and for 

enabling clinically successful intracellular-acting biomacromolecular therapeutics.7 Most 

work in this field leverages lipids, polymers, viruses, cell-penetrating peptides, or 

photothermal energy to achieve endosome disruption through pH-sensitive conformation and 

solubility changes, counter-ion-induced osmotic swelling, thermally induced endosomal 

disruption, or pH-triggered unmasking of hydrophobic elements that disrupt endosomal lipid 

bilayer membranes.8–13

Despite numerous papers optimizing carrier-mediated drug delivery, methods to directly 

measure endosomal disruption are elusive. Quantitative Galectin-8 (Gal8) tracking in live 

cells overcomes multiple shortcomings of alternate experimental methods. This work 

quantitatively compares the measurement of Gal8 recruitment to other commonly used 

assays and establishes that it is sensitive and high-throughput. Combinatorial polymer and 

lipid chemistry is commonly used to create large libraries, and this assay is amenable to 

adoption as a component of the high-throughput screening pipeline for parallel measurement 

of the endosome disruptive potency of candidate formulations.

Although endosomal escape efficiency is a key characteristic of intracellular carriers, it is a 

relatively rare event14,15 that is difficult to directly measure, especially in a high-throughput 
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capacity. The most commonly used approaches do not measure endosomal membrane 

integrity, instead relying on tracking pH-sensitive fluorophores attached to the biologic cargo 

or imaging colocalization of fluorescently labeled cargo with acidotropic dyes (e.g., 
Lysotracker) that accumulate in endolysosomal compartments.16–20 One limitation of these 

approaches is that sensitivity limitations of microscopy often require supra-therapeutic 

dosing for robust colocalization imaging analyses.21 Moreover, dependency on fluorophores 

(often bulky, hydrophobic organic dyes) is, in general, not ideal because they can alter 

cellular uptake and intracellular trafficking of the cargo,22 are subject to photobleaching, can 

be quenched when densely packed into a carrier system,23 and are susceptible to pH- and 

solvation-dependent fluctuations in quantum efficiency.22,24 Furthermore, many pH-

responsive, endosomolytic carriers purposefully incorporate basic moieties that buffer pH in 

the endolysosomal environments.18,25,26 With these “proton sponge” formulations, carrier-

mediated pH buffering can potentially alter signal from pH-sensitive and acidotropic 

fluorophores independent of whether the endosome has been physically disrupted. The use 

of a fluid-phase tracer (e.g., fluorescent dextrans) can also be used to track endosomal 

disruption; however, the endocytosis and trafficking of these tracer macromolecules may not 

match the biologic drug in question. For instance, it has been noted that there are differences 

between cytosolic release of calcein, a small fluid-phase tracer and fluorescent 

oligonucleotides loaded into polyplexes that traffic to the nucleus.15 Rather than measuring 

lack of colocalization with endosomes, another relevant approach for some classes of cargo 

is to measure colocalization with the ultimately targeted intracellular compartment (for 

example, the nucleus for plasmids or ODNs).27 Furthermore, trafficking studies using 

microscopy are ideally performed on live cells because fixation artifacts for biologic drugs 

such as peptides and nucleic acids can be misleading.28 Additionally, fluorescent 

microscopists are often biased toward choosing exposure and other image settings that detect 

the brightest areas of a cell (endosomes), which may obscure low-level cytosolic 

fluorescence. A pivotal study by Gilleron et al. showed that as little as 2% of siRNA cargo 

escaping endosomes can cause maximal gene silencing; therefore, functionally significant 

escape may be associated with cytosolic concentrations of molecules below the lower limit 

of typical fluorescent microscopic detection, especially under settings optimized for 

visualization of cargo-packed endolysosomal vesicles.14

The two methods that provide robust confirmation of endosomal disruption are transmission 

electron microscopy (TEM) and cellular fractionation, but these methods are not amenable 

to rapid, high-throughput analysis. TEM facilitated by electron dense labels (e.g., gold) 

provides a robust way to assess endosomal membrane integrity and escape, but TEM 

samples preparation is extremely time-consuming, cannot be obtained on live cells, provides 

only a very small field of view per imaging field, and can be difficult to interpret for 

nonexperts.14,29 Cell fractionation can be performed in two formats. In a 

semipermeabilization method, carefully timed weak detergents are applied to lyse the 

plasma membrane but not endolysosomal membranes. Cytosolic components are extracted, 

and the cytosolic drug is compared to the organelle-bound drug.30,31 In the mechanical 

separation method, cells are mechanically homogenized and separated by gradient 

ultracentrifugation, and the drug is quantified in each fraction.32,33 Both types of cell 

fractionation require experimental validation to identify and assess purity of extracted 
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fractions, typically by Western blot, and require modification of the drug with radiolabels or 

fluorophores for quantification purposes. Both TEM and cellular fractionation can provide 

robust readouts but are labor intensive and low-through-put.29,30

To develop a live-cell, high-throughput-amenable endosomal escape screening assay that 

does not require chemical modification of the carrier or cargo, we sought to develop and 

validate Gal8 recruitment for direct visualization of endosomal disruption by drug carriers. 

Gal8 is a β-galactoside carbohydrate-binding protein described by Hadari et al. and 

expressed in a variety of tissues.34 Thurston et al. subsequently discovered the role of Gal8 

in innate immunity, in which it functions to detect disrupted endosomes due to high-affinity 

binding with glycans selectively found on the inner leaflet of endosomal membranes.35 

More recently, groups have used Galectin reporters and high-speed microscopy to track 

adenoviral entry into cells, showing that viral entry to cytosol is preceded by Galectin-3 

redistribution.36 Wittrup et al. reported that the appearance of Gal8 positive spots temporally 

coincides with the cytosolic delivery of fluorescently labeled siRNA from lipid 

nanoparticles,37 and we reported the use of Gal8 recruitment to quantitatively assess kinetics 

of polymer-mediated endosome disruption for intracellular peptide delivery.29

Here, we focused on establishing quantitative correlations between carrier-mediated Gal8 

recruitment levels and intracellular biologic cargo bioavailability and activity. Establishing 

the range and nature of this correlation is vital for verifying whether Gal8 recruitment 

imaging can be utilized to predict intracellular bioavailability of carrier formulations. 

Similar high-throughput and automated microscopy methods are already used in the high-

throughput screening of compounds, genes, RNAi, and CRISPR-mediated gene knockouts.
38–42 Establishing a suitable assay for assessing endosome disruption could become a 

powerful component of the pipeline for screening and understanding the structure-function 

properties among combinatorial chemistry-derived libraries of endosome-disrupting 

polymers and lipids, a highly popular carrier optimization approach.43–46 Herein, we screen 

level of Gal8 recruitment for two series of siRNA formulations (a composition series and a 

molecular weight, MW, series) of rationally designed polymers applied at different doses. 

This small library contains varied formulations with a range from negligible to very 

powerful pH-dependent endosome disruptive activity. This study design allows us to both 

validate the correlation between Gal8 imaging and intracellular cargo bioavailability (based 

on a luciferase knockdown readout) and also provides insights on how composition and 

molecular weight (MW) impact endosome disruption for our library. We also seek to 

compare the predictive power of the Gal8 recruitment imaging as a measure of intracellular 

bioavailability to other standard methods such as pH-dependent hemolysis profiling, 

Lysotracker colocalization analysis, and measurements of total cellular internalization. 

Finally, we also provide a proof of concept study for application of Gal8 recruitment 

imaging to visualize carrier-mediated endosome escape in vivo in an orthotopic breast tumor 

model. Collectively, these experiments and statistical analysis are designed to validate the 

use of Gal8 recruitment as a platform to rapidly screen and optimize intracellular drug 

delivery systems.
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RESULTS AND DISCUSSION

Polymer Library Synthesis and Chemical Characterization.

To validate Gal8 recruitment as a predictor of intracellular bioavailability, we synthesized 

two series of polymers of varied composition and molecular weight to develop a library with 

widely varied endosome disruption potency. Reversible addition–fragmentation chain 

transfer (RAFT) was used to polymerize two series of diblock poly[(ethylene glycol)-b-[(2-

(dimethylamino)ethyl methacry-late)-co-(butyl methacrylate)]] [PEG-(DMAEMA-co-

BMA)] polymers (Figure S1). These polymers (general structure shown in Figure 1A) are 

composed of a constant 5000 g/mol PEG nanopolyplex (NP) corona-forming block and a 

second NP core-forming block of copolymerized DMAEMA (siRNA complexing, pH-

responsive, and cationic) and BMA (core-stabilizing, hydrophobic, membrane interactive). 

This series of polymers extends recent work looking at siRNA NPs (si-NPs) with balanced 

cationic and hydrophobic core compostion20,43,47–50 and allows us to systematically 

examine the functional significance of the p(DMAEMA-co-BMA) block molecular weight, 

which our group has not previously studied.

The first set of polymers with varied p(DMAEMA-co-BMA) block composition was 

designed to investigate the effects of the ratio of hydrophobe to cation on endosomal escape 

(Figure 1B and Table 1). These polymers consisted of constant si-NP corona-forming block 

(5000 g/mol PEG) and constant si-NP core-forming block molecular weight (average of 22 

000 g/mol) but varied mole percentages (mol %) of hydrophobic BMA and cationic 

DMAEMA monomers ranging from 0 to 75 mol % BMA (Table 1). The second set of 

polymers was synthesized with a constant ratio of DMAEMA to BMA (50:50) but with 

varied total molecular weight of the p(DMAEMA-co-BMA) block (Figure 1C and Table 2). 

The MW library consisted of 7 polymers synthesized from an equimolar feed ratio of BMA 

and DMAEMA with total PEG-(DMAEMA-co-BMA) diblock polymer molecular weights 

ranging from 16 300 to 52 500 g/mol, named 50B-S, 50B-M, 50B-L, 50B-XL, 50B-2XL, 

50B-3XL, and 50B-4XL. As a result of the RAFT-controlled free radical polymerization 

method, all resultant polymers have low polydispersity indices and controlled molecular 

weights as measured by gel permeation chromatography (Figure 1D,E), with expected 

compositions as measured by 1H nuclear magnetic resonance (NMR; Tables 1 and 2).

To elucidate the relative effects of polymer composition on pH-dependent behavior, the 

logarithmic acid dissociation constant (pKa) was measured for all polymers via acid–base 

titration (Figure 1F,G). Composition had a strong effect on pKa, with increasing 

hydrophobic BMA mol % reducing the pKa of the protonatable amines on DMAEMA by 

18.9 × 10−3 units per additional percent BMA (Figure 1F). In the MW library, core block 

molecular weight had only a modest effect on pKa with increasing molecular weights 

decreasing the pKa by 9.6 × 10−3 units per 103 g/mol (Figure 1G).

Composition Library Cytotoxicity and Gene Silencing Bioactivity.

The composition polymer library was screened for cytotoxicity and model gene knockdown 

in MDA-MB-231 cells that stably expressed firefly luciferase under a constitutive promoter. 

The successful delivery of siRNA targeting luciferase reduces the bioluminescence of 
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luciferin treated cells, and data are normalized to bioluminescence of cells treated with dose-

matched formulations loaded with a negative control, nontargeting siRNA. The 25B and 40B 

polymers formulated into si-NPs loaded with negative control nucleic acids were both 

significantly cytotoxic, while other compositions did not create cytotoxicity (Figure 2A). 

This is consistent with pH-dependent hemolysis data shown subsequently in this report that 

polymers that are membrane-disruptive at physiologic pH are generally cytotoxic. Without 

sufficient hydrophobicity to drive NP assembly and stability, the hydrophobic BMA-

containing block becomes exposed to and disrupts outer cell membranes. The si-NPs should 

be finely tuned to become destabilized and expose the core block only under low-pH 

conditions in the endosomal environmental to avoid nonspecific cell-membrane-disruption-

mediated cytotoxicity. In other words, the polymers containing lower percentages of BMA 

are sufficiently hydrophobic to interact with and disrupt lipid bilayer membranes but contain 

insufficient hydrophobic content to stably assemble (and block DMAMA-co-BMA block 

outer cell membrane interactions) at physiologic, extracellular pH.

In the luciferase model gene knockdown studies, 25B, 40B, and 50B polymers showed 

significant gene silencing activity using a 100 nM siRNA dose (Figure 2B). This shows that 

50B, containing equimolar cationic DMAEMA and hydrophobic BMA, is the only polymer 

of this library that is nontoxic and bioactive, confirming earlier studies.20 We carried 

forward the nontoxic formulations (0B, 50B, 60B, and 75B) into Gal8 recruitment 

experiments and hypothesized that, because it showed potent gene silencing, the 50B 

formulation would show the greatest Gal8 recruitment, as measured qualitatively by the 

appearance of punctate fluorescent spots (Figure 2C). These initial experiments had nearly 

binary results. No Gal8 recruitment was observed for 0B or 75B, while a minimal level of 

Gal8 recruitment was seen for 60B. Robust Gal8 recruitment, visualized as disappearance of 

diffuse cellular fluorescence and appearance of bright, punctate fluorescent spots was 

observed for 50B (Figure 2D). These initial experiments validated 50B as the best 

composition for the basis of a second library with varied molecular weight due to its 

combination of minimal toxicity and efficient siRNA delivery, which correlated with gene 

knockdown data. The desirable results produced using polymers with an equally balanced 

ratio of DMAEMA to BMA are consistent with several prior in vitro and in vivo 
experiments.20,47–50

MW Library Cytotoxicity and Gene Silencing Bioactivity.

We next sought to screen a broader series of 50B polymers with varied p(DMAEMA-co-

BMA) block molecular weight because our previous, undocumented observations had 

suggested that the molecular weight of this block is an important driver of intracellular 

delivery, but this variable has not been carefully studied. Therefore, we synthesized a well-

defined library of 50B polymers over a broad molecular weight range (Table 2) with the 

intention of yielding a series of NP formulations with varied levels of activity that would 

enable a robust Gal8 recruitment versus bioactivity correlation analyses. We characterized 

this polymer library for toxicity at a range of siRNA doses using the highly sensitive 

CellTiter Glo assay. It was found that no polymers were toxic at the lowest dose of 12.5 nM 

siRNA, while there was minor but statistically significant cytotoxicity at the highest polymer 

doses for the two largest MW p(DMAEMA-co-BMA) core blocks (Figure S2). A pair of 
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polymers showed statistically significant toxicity; 50B-3XL exhibited 85% viability at 50 

nM siRNA, and 50B-4XL exhibited 76% and 86% viability at 50 and 25 nM siRNA, 

respectively.

We then characterized this polymer library for luciferase knockdown activity relative to 

scrambled controls in luciferase expressing MDA-MB-231 cells. All polymers except 50B-S 

showed statistically significant gene silencing (Figure 3A). Because we had observed that 

the knockdown effect was saturated for several polymers at the 50 nM dose, we extended 

this study to assess lower doses. At the lowest dose of 12.5 nM, we could more sensitively 

detect the correlation between knockdown activity and molecular weight, with the largest-

molecular-weight 50B-4XL formulation producing 74% reduction in luciferase activity at 

this relatively low dose. These data were statistically significant for polymer molecular 

weight, dose, and interaction thereof when tested by 2-way ANOVA (p < 10−4, all), with 

polymer molecular weight accounting for 69% of statistical variation. These data confirm 

that the MW polymer library provides a solid foundation for the correlation of endosomal 

escape and bioactivity across a series of polymers with structural similarity but varied levels 

of bioactive cargo delivery.

Validation of Gal8 Recruitment Assay Using the MW Library.

To produce sufficient data points to assess the correlation between Gal8 recruitment and 

functional biomacromolecule delivery, Gal8 recruitment (Figure 3B) was assayed and 

quantified for all si-NPs at multiple doses. To robustly and objectively quantify Gal8 

recruitment, automated methods were developed using MATLAB to identify and quantify 

Gal8-positive spots normalized to total cell number within each imaging frame. Images of 

recruited, punctate Gal8 spots were obtained for the MW library (Figure 3C), which were 

automatically annotated (Figure 3C, magenta) using MATLAB. Image processing 

algorithms are detailed in the Supporting Information and in Figure S3.

All 50B MW series polymers except 50B-S produced striking Gal8 recruitment. Increasing 

polymer MW increased Gal8 recruitment, with larger-MW polymers producing larger 

degrees of Gal8 recruitment at each dose tested. These data were statistically significant for 

polymer molecular weight, dose, and interaction thereof when tested by 2-way ANOVA (p < 

10−4, all), with polymer molecular weight, dose, and interaction accounting for 32, 36, and 

26% of statistical variation, respectively, suggesting that this method is more sensitive to 

polymer dosing than even gene-knockdown as a readout.

To assess the suitability of this assay, the signal-to-noise ratio (S/N), signal-to-background 

ratio (S/B), and Z-factor score51 were calculated using the highest response data (50 nM, 

50B-XL) as an estimated reference positive control. S/N was calculated to be 2840, S/B to 

be 6078, and Z′ factor to be 0.61. In describeing the Z′ factor for assessing the quality of 

high-throughput screening (HTS), Zhang et al describe a value of Z′ ≥ 0.5 as “an excellent 

assay,” with a high band of separation between the negative control data and identified hits, 

whereas any assay with a positive Z′ factor “can be used for HTS”. In terms of user setup, 

the data in Figure 3B can notably be contained on a one-well plate, and by leveraging 

automated fluorescent confocal microscopy, these measurements can be acquired in less than 

1 h of microscope time.
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Cross-Validation against Standard Methods.

We next cross-validated the ability of Gal8 recruitment to serve as a predictor of intracellular 

bioactivity relative to other widely used standard endosomal-escape and drug-delivery 

characterization assays. A robust statistical cross-validation allows the direct comparison of 

the sensitivity of Gal8 recruitment against other methods of measuring endosomal escape. 

The 50B system is a well-suited polymer system for validating this technique because it has 

been well-characterized previously20,43,47–50 and is here characterized with varying 

molecular weights.

Hemolysis.

To assess pH-dependent membrane disruptive behavior, we used a hemolysis assay, which is 

commonly employed as a surrogate marker for pH-dependent endosome membrane 

disruption.52 Washed human red blood cells were incubated with si-NPs in buffer at pH 

values of 7.4, 6.8, and 6.2, corresponding to physiologic pH and progressively acidifying 

early endosomes. Intact red blood cells were removed by centrifugation, and the released 

hemoglobin within the supernatant was measured by absorbance (Figure 4A). As a control, 

we repeated hemolysis of the composition library (Figure 4B). No hemolysis was observed 

for purely cationic 0B without any hydrophobic BMA incorporation, whereas 25B and 40B 

exhibit hemolysis at all pH, consistent with their observed high cytotoxicity (Figure 2A). 

Only 50B exhibits no hemolysis at pH 7.4 and high hemolysis at pH 6.8. This “switch-like” 

hemolysis has been hypothesized to be predictive of bioactivity.30,52,53 Hemolysis results 

from the MW library showed that the smallest-MW polymer, 50B-S, produced weak 

hemolysis at pH 6.8, which may explain its low bioactivity throughout these studies. The 

largest two polymers had modest hemolysis at pH 7.4, again in agreement with the 

observation of mild cytotoxicity for 50B-3XL and 4XL at higher doses (Figure S2). All 50B 

polymers produced switch-like, pH-dependent behavior, with only minor differences in the 

hemolysis profiles for 50B-M through 50B-2XL, corresponding to MW from 23 000 to 36 

300 g/mol. Taken together, these data suggest that overall pKa, relative hydrophobic content, 

and molecular weight all cooperate to dictate polymer pH-dependent membrane disruptive 

activity as measured by the hemolysis assay. A pair of primary conclusions from these data 

are that switch-like hemolysis profiles (i.e., low hemolysis at pH 7.4 with high hemolysis at 

pH 6.8) are necessary for endosomal disruption and that hemolysis at pH 7.4 is predictive of 

cytotoxicity. Hemolysis is useful for ascertaining crude pH-responsive profiles and for the 

prediction of cytotoxicity. However, desirable performance by hemolysis assay does not 

necessarily predict potent bioactivity because it does not have the sensitivity to discriminate 

differences in the 50B MW library that have a broad range of bioactivity levels. In fact, 

hemolysis at pH 7.4 (which is also indicative of cytotoxicity) was the only hemolysis 

outcome with statistically significant correlation to bioactivity (Supplemental Table 1).

Lysotracker Colocalization Imaging.

Next, we correlated knockdown activity with Lysotracker colocalization, a commonly 

employed method to assess endosomal entrapment. Acidic, membrane-bound vesicles are 

stained using the acidotropic dye Lysotracker, while the cargo is tracked using a covalently 

attached fluorophore (in this case, Alexa-488, which has been shown to minimally alter 
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cellular uptake;22 see Figure 4D). We used blinded, automated analysis to calculate the 

Manders Coefficient54 of overlap to qualitatively and quantitatively assess si-NP entrapment 

in endolysosomes (Figure 4E). At a 50 nM siRNA dose, Lysotracker colocalization matches 

expected values, with smaller-molec-ular-weight 50B polymers being more strongly 

colocalized with endolysosomal staining than larger ones. At lower doses, however, the 

decreased signal from the siRNA fluorophore reduces quality of localization (Figure 4F). In 

short, the Lysotracker colocalization data support the hypothesis that larger MW 50B 

polymers more efficiently escape endosomes. Statistical testing by 2-way ANOVA measured 

p < 10−4 for polymer molecular weight and p < 0.05 for interaction between polymer and 

dose. Polymer MW accounted for 65% of data set variation, with little measured dose 

dependency effect. One of the main shortcomings in using Lysotracker colocalization for 

endosome-buffering polymers is exemplified by the data on 0B polymer (Figure 4D). The 

0B polymer is highly cationic, resulting in high cellular uptake and endosomal buffering 

capacity but minimally membrane disruptive, generating negligible endosomal escape 

activity and consequently little bioactivity (Figure 2B). The Manders coefficient for 0B is 

0.22, in all likelihood suggesting via artifact that little endolysosomal colocalization exists. 

Presumably, Lysotracker is unable to accumulate in vesicles that contain 0B due to the 

polymer’s high tertiary amine content and associated pH-buffering capacity. These data 

support the contention that neither high cellular uptake nor a lack of Lysotracker 

colocalization ensures intracellular bioactivity, in agreement with our previous observations.
43,49 Furthermore, we confirm earlier reports that accurate Lysotracker colocalization data 

requires siRNA doses higher than those that confer near-maximal gene knockdown,14 as the 

12.5 and 25 nM doses of siRNA produce strong knockdown but have poor signal in 

Lysotracker colocalization analyses. This is because the amount of siRNA that reaches the 

cytoplasm necessary to achieve efficient gene knockdown is lower than the limit of detection 

of many microscopy setups.

Transmission Electron Microscopy.

Endosomal disruption and escape was also visualized directly using TEM for the smallest 

(50B-S), an intermediate (50B-L), and the largest (50B-4XL) MW polymers with the goal of 

validating the Gal8 recruitment data. The si-NPs were formulated with 10 nm diameter gold 

nanoparticles (AuNPs)29 and applied to cells to enable visualization with TEM imaging. We 

hypothesized that, based on the Gal8 recruitment data, free AuNP and 50B-S/AuNP would 

localize to intact lysosomes and that 50B-L and 50B-4XL si-NPs would cause disruption 

and escape from endosomal membranes (Figure 5A), as we previously reported for 

endosome-disruptive poly(propylacrylic acid). The free AuNPs accumulated in electron 

dense, multilayered lysosomal structures (Figures 5B1 and S4). In the sample treated with 

50B-S (Figures 5B1 and S5), the AuNP were found in membrane-bound multivesicular 

bodies, which supports literature reports of late endosomes or autolysosomes,55 but nearly 

all gold was found within membrane bound structures. For the 50B-L (Figures 5B3 and S6) 

and 50B-4XL (Figures 5B4 and S7) polymers that robustly triggered recruitment of Gal8, 

lysosomal structures appeared disrupted, and the AuNP label was apparent both in the 

cytosol (white arrowheads) and in structures that may retain a membrane (black 

arrowheads). Membranes, such as those seen encapsulating AuNP and 50B-S/AuNP, were 

not apparent, were visibly damaged in cells treated with si-NPs formulated with 50B-L and 
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50B-4XL, or both. These data confirm that pH-responsive 50B polymers disrupt the endo/

lysosomal system and release large molecules and even 10 nm gold NPs to the cytosol.

Correlation Analysis.

Finally, to statistically compare Gal8 recruitment against a variety of predictive assays used 

to screen biomacromolecular delivery technologies, we plotted the data from Figure 3B 

(Gal8 recruitment), Figure 4F (Lysotracker colocalization), and Figure S8 (cellular uptake), 

against dose-matched luciferase knockdown data (Figure 3A) to quantitatively assess the 

correlation of these measures to intracellular bioactivity using Spearman’s method (Figure 

6A–C). For the hemolysis data set, we plotted the difference in hemolysis from pH values 

from 7.4 to 6.8 at 15 μg/mL against luciferase knockdown at all three doses because human 

red blood cell hemolysis was only performed at one concentration of polymer. Because this 

assay is performed on red blood cells in a buffered solution rather than inside an endosome, 

dose matching is not straightforward. Gal8 recruitment was found to have the highest 

correlation to luciferase knockdown, with r = 0.953 and p < 10−4 (Figure 6A). Measured 

Lysotracker colocalization was found to have very poor correlation to overall knockdown 

data, with nonsignificant correlation (Figure 6B; r = −0.36 and p = 0.10). Cellular uptake as 

measured by flow cytometry (Figure S8) was found to have intermediate correlation for the 

MW library, with r = 0.732 and p < 10−3 (Figure 6C). In addition, the change in hemolysis 

from pH 7.4 to 6.8 had very low predictive value (Figure 6D; r = 0.04 and p = 0.96) and does 

not clearly predict which polymers will have the highest in-cell endosome disruption 

capacity. The hemolysis assay is good at ruling out cytotoxic formulations and true negative 

hits; however, what appear to be ideal endosomolysis profiles can be see with “false 

positives” that do not generate high levels of in-cell activity, and the assay is not sensitive 

enough to discriminate between formulations with varied levels of efficacy. Furthermore, 

molecular weight of the polymers has statistically significant correlation to knockdown at all 

three doses tested, validating our hypothesis that increasing p(DMAEMA-co-BMA) si-NP 

core-forming block molecular weight increases gene knockdown activity (Figure S9, r > 0.9 

and p < 0.01).

Next, we wanted to confirm the predictive value of Gal8 recruitment imaging in a different 

cell type and for a therapeutically relevant, non-model gene. To do so, we focused on a non-

cancer A7R5 rat vascular smooth muscle cells and the gene prolyl hydroxylase domain-

containing protein 2 (PHD2) with a validated rat siRNA, which we have been interested in 

studying as a target relevant for pro-angiogenic wound healing therapy.56–58 For this study, 

we used the quantitative reverse-transcription polymerase chain reaction (qPCR) method to 

measure PHD2 mRNA levels following treatment with siNPs formulated with 50B-S, 50B-

L, and 50B-3XL polymers to get a range of endosomolytic potency properties based on the 

MDA-MB-231 studies. In this study, we saw the expected trends between polymer 

molecular weight and gene knockdown (Figure 6E) and between polymer molecular weight 

and Gal8 recruitment level (Figure 6F). In agreement with the model gene observations in 

MDA-MB-231 cells, there was a statistically significant correlation (r = 0.995 and p < 

0.001) between Gal8 recruitment level and percent gene knockdown (Figure 6G). As an 

added confirmation, we also found that knockdown of the model gene luciferase in the 

A7R5 cells followed the expected trend with regard to polymer molecular weight (Figure 
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S10). These results confirm the more general application of Gal8 as predictive of gene 

silencing across multiple polymers, doses, cell types, and genes.

Gal8 Recruitment in Tumors in Vivo.

As a further extension of this technique, we sought proof of concept of Gal8 imaging for in 
vivo visualization and measurement of endosome disruption. To show that Gal8 recruitment 

occurs in vivo and that it corresponds to in vivo bioactivity, we used an optimized si-NP 

formulation based on our previous work.47,50,58 This system consists of the same 50B core 

as our in vitro library combined with an inert, zwitterionic corona chemistry and a 

hydrophobized siRNA to confer additional stability and pharmacokinetic benefits. To 

validate the utility of the Gal8 system in vivo, we characterized both in vivo luciferase 

knockdown and in vivo Gal8 recruitment in an orthotopic breast cancer model. Orthotopic 

MDA-MB-231 tumors carrying either firefly luciferase or Gal8-YFP constructs were 

introduced into the mammary fat pads of nude mice, and si-NPs were injected via the tail 

vein.

Gal8 imaging revealed that tumors from mice treated with si-NPs exhibited a significant 

increase in Gal8-associated endosomal disruption of 4.58-fold relative to mice treated with 

phosphate-buffered saline (PBS) injections (Figures 7A and S11A). In a separate cohort of 

mice, we measured, as expected, a statistically significant reduction in luciferase activity for 

the si-NPs formulated with luciferase targeting siRNA relative to the scrambled control 

(Figure 7B). These measurements indicate that Gal8 imaging is able to measure polymer-

mediated endosomal disruption, which correlates to cytosolic siRNA delivery to tumor cells 

in vivo. These data are notable as providing visualization and measurement of endosomal 

disruption mediated by in vivo nanocarrier treatments performed on fresh, unfrozen, intact 

tissue without exogenous fluorophores or acidotropic dyes. However, a small number of 

confocal micrographs of tumors from PBS-treated animals showed detectable Gal8 

recruitment, probably associated with cell stress response to the tumor microenvironment. 

For example, one extreme outlier within the PBS group, which was not excluded from 

analysis, showed Gal8 recruitment that was 348-fold higher than median PBS tumor. 

Likewise, Gal8 imaging of tumors from animals treated with si-NPs was highly variable, 

likely due to known heterogeneities in tumor NP penetration59–61 (Figure S11B). It is 

increasingly recognized that many types of cancer have dysregulated increased levels of 

autophagy to promote survival under stressful conditions,62,63 possibly leading to enhanced 

basal Gal8 recruitment in tumors in vivo relative to in vitro contexts. Furthermore, the Gal8 

response observed was weaker than anticipated given the luciferase knockdown results, 

potentially due to suboptimal time points chosen. Multiple events with independent kinetics 

occur simultaneously in vivo: distribution by the vascular system, tissue and cellular uptake, 

endosomal escape, mRNA degradation by RISC, and endogenous degradation of luciferase 

protein. Gal8 imaging only provides a snapshot of endosomal disruption at one time point. 

Timing for the experiment could likely be improved, especially by using advanced 

techniques such as intravital microscopy or tumor window models, which would increase 

statistical power by providing same tumor controls and longitudinal sampling in a single 

tumor. This experiment is best understood as providing proof of concept that interesting 

information can be inferred about the real-time, in vivo status of endosomal integrity, 
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although these studies are complicated by pharmacokinetics and potential false positives 

from baseline levels of autophagy. Despite these limitations, intratumoral Gal8 imaging 

shows strong promise as a technique for assessing endosomal disruption by nanocarriers in 

animal experiments, and there may be opportunity to improve in vivo application of this 

methodology.

CONCLUSIONS

One of the major limitations in developing improved intracellular drug delivery systems has 

been the difficulty of directly assessing active endosomal escape. Existing methods are 

prone to artifacts, typically require fluorophore labeling of the biologic cargo, are often 

indirect and thus not representative of the extent of endosomal damage, and are not 

amenable to high-throughput analysis. Here, we validated Gal8 recruitment as a measure of 

endosomal disruption that circumvents limitations of current standard techniques and 

correlated this endosomal disruption information to siRNA bioactivity. By validating the 

technique with a well-characterized series of different polymer compositions, we show that 

endosome disrupting polymers that facilitate intracellular biologic cargo activity result in 

increased Gal8 recruitment. This technique was then used to study the effects of 50B MW 

on endosome disruption. We show that Gal8 recruitment has a higher correlation to 

functional bioactivity for a library of endosome-escaping siRNA delivery polymers than 

alternative methods of predicting bioactivity for drug carriers, such as Lysotracker 

colocalization, hemolysis, or cellular uptake, and that this method further obviates the need 

for expensive, exogenous fluorophores to track cargo localization and uptake. This study 

also provided insights into the strong correlation between polymer molecular weight and 

endosome escape and bioactivity within the 50B MW polymer library. Furthermore, we 

extended this technique to orthotopic breast tumors in vivo, showing that Gal8-visualized, 

nanocarrier-mediated endosomal disruption also correlates with in vivo gene knockdown 

activity in the tissues of treated animals.

One under-appreciated aspect within the drug delivery field is that endosomal disruption 

ipso facto induces autophagy of damaged endosomes as a consequence of Gal8 recruitment.
29,35,37 Gal8 signaling to NDP5264,65 leads to the formation of phagophores capturing these 

damaged organelles. Phagophores then mature into autophagosomes, which fuse with 

lysosomes.66 The steps downstream of endosomal disruption are poorly understood in the 

context of drug carriers, and additional efforts should focus on understanding and 

modulating the timing and mechanisms at play between disruption and ultimate 

recontainment of the damaged endosome, presumably in the time period when cargo escape 

can occur.

We believe that the quantitative Gal8 imaging technique will show broader utility beyond 

siRNA-focused library screens for silencing of model genes such as luciferase. For siRNA, 

activity and mechanistic (endosome disruption) screens completed in parallel are expected to 

provide a deeper level of structure–function insight and lead to better paths for carrier 

structural optimization relative to screening for activity alone. However, this assay may in 

fact find its greatest utility in screening formulations of biologic drugs whose delivery is 

more difficult to assay using high-throughput reporter (e.g., luciferase or GFP) methods. For 
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example, the development of therapeutic peptides, enzyme replacement therapies, blocking 

antibodies, and nonviral gene editing systems have all been hampered to a degree by 

inefficient screening techniques.10,16,30,67–69 Our vision for the system is that Gal8 

recruitment activity can be used as an early “down-selection criteria” in HTS screening of 

candidate delivery system libraries, especially when a specific parameter of structure or 

formulation is being investigated (e.g., overall MW, as we investigated here). In conjunction 

with additional, orthogonal HTS assays (e.g., toxicity), a large number of experimental 

groups can be reduced to a manageable number (“hits”, occurring at the intersection of top 

performers in both Gal8 and toxicity screening) for use in more intensive assays that provide 

additional information about intracellular pharmacokinetics, intracellular trafficking, or 

bioactivity. Indeed, our studies here show the best performing polymers also perform best in 

the Gal8 recruitment screen, although this predictive power is not perfect.

Despite its potentially broad applicability, there are some obvious limitations of the Gal8 

recruitment imaging method. First, it requires the engineering of cell lines to express a 

transgene construct and requires a microscope equipped with a software-controlled stage, 

multiwell or 96-well plate mounts, and appropriate excitation and emission filters. While we 

used a typical Nikon confocal system here, this method should be amenable to other high-

throughput and plate-reader-based microscopy systems, as Gal8 recruitment produces puncta 

that can be resolved with a relatively low-power 2× objective. Furthermore, cells must be 

very carefully handled in conjunction with this assay, and the use of inappropriate wash 

buffers may induce Gal8 recruitment independent of carrier-driven endosomal rupture, 

creating false-positive signals. Careful use of vehicle controls is a viable way to be sure to 

have an accurate baseline. Finally, while the system is amenable to multiple polymers, 

doses, and cell types, assay conditions such as time point and wash buffers may need to be 

optimized to account for differences in polymer characteristics or cell-type specific 

differences in mechanisms of endocytosis, endosomal trafficking, and endosomal disruption. 

In sum, imaging and quantification of Gal8 recruitment allows high-throughput, real-time, 

live-cell, and fluorophore-free measurements of active endosomal escape. This method 

provides a powerful tool for rapidly optimizing and elucidating structure–function 

relationships for libraries of biologic nanomedicine candidates.

MATERIALS AND METHODS

Materials.

All chemical synthesis reagents were obtained from Sigma-Aldrich and used as received 

unless otherwise noted. 2-(Dimethylamino)ethyl methacrylate (DMAEMA) and butyl 

methacrylate (BMA) monomers were passed twice through a basic alumina gravity column 

prior to use to remove inhibitors. 2,2-Azobis(2-methylpropionitrile) (AIBN) was 

recrystallized twice from methanol. Titration reagents, hydrochloric acid (HCl) solution 

(certified 0.0995–0.1005 N), and sodium hydroxide (NaOH) solution (certified 0.0995–

0.1005 N), were obtained from Fisher Scientific. Poly[(ethylene glycol)-b-[(2-

(dimethylamino)ethyl methacrylate)-co-(butyl methacrylate)]] polymers were synthesized 

using RAFT polymerization as previously reported.20,47 The macro-chain transfer reagent 

was synthesized by coupling 5000 g/mol PEG to 4-Cyano-4-(ethylsulfanylthiocarbonyl) 
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sulfanylvpentanoic acid (ECT) using DCC-DMAP coupling. Macro-CTA synthesis and 

polymer synthesis are shown as Figure S1 and previously reported.20,50,70 An optimized in 
vivo polymer, poly[2-(methacryloxyethyl) phosphorylcholine] (PMPC)-b-(DMAEMA-co-

BMA) was synthesized, characterized, and purified as previously described47 with a degree 

ofpolymerization of 75 for the each of DMAEMA, BMA, and 2-(methacryloxyethyl) 

phosphorylcholine. PD10 desalting columns (GE Healthcare) were used for the final 

purification of polymers according to manufacturer’s instructions. Oligonucleotide 

sequences were used as previously reported from Integrated DNA Technologies or Sigma-

Aldrich.50 Alexa 488 labeled dsDNA were used for Lysotracker and cell uptake 

experiments. LysoTracker Red DND-99 was obtained from ThermoFisher Scientific.

Polymer Characterization.

Polymers were characterized using 1H nuclear magnetic resonance spectroscopy (Bruker, 

400 MHz). Units of DMAEMA and BMA were calculated by integrating these peaks 

relative to the PEG peak; number average molecular weight (Mn) was calculated by adding 

the mass from these components and is referred to using the acronym MW throughout the 

manuscript. Polydispersity was evaluated with DMF mobile-phase gel permeation 

chromatography (GPC, Agilent Technologies), dissolved at 10 mg/mL in DMF containing 

0.1 M LiBr.

pKa Measurement.

The pKa was measured for all polymers via acid-base titration using an MPT Titrino 

automatic titrator (Metrohm, Switzerland). Polymers were dissolved in 0.1 N HCl to a final 

concentration of 5 mg/mL and titrated to the basic end point with 100 μL additions of 0.1 N 

NaOH. The pKawas calculated as the half-neutralization point of each titration.

Nanoparticle Complexation.

Desalted, lyophilized polymers were dissolved in 100% ethanol at 33.3 mg/mL, diluted 1:10 

into pH 4.0 citric acid buffer (10 mM), and stored at −20 °C until further use. Polymers were 

complexed with siRNA at an N/P ratio of 10 at pH 4.0 for 0.5 h and then neutralized with 5-

fold excess pH 8.0 phosphate buffer (10 mM). The product was syringe filtered (0.45 μm) 

and then diluted into appropriate buffer for siNP characterization studies or DMEM 

containing 10% FBS for in vitro cellular studies. The naming scheme used for the 

composition library corresponds to the mole percent BMA in the feed for the p(DMAEMA-

co-BMA) block of the polymer. The naming scheme used for the MW library corresponds to 

the relative MW of the p(DMAEMA-co-BMA) block, where S, M, L, XL, 2XL, 3XL, and 

4XL correspond to small, medium, large, extra-large, double extra-large, triple extra-large, 

and quadruple extra-large, respectively.

Dynamic Light Scattering to Measure Nanoparticle Size.

Si-NPs were prepared at 100 μg/mL in PBS − /−. Hydrodynamic radius was measured using 

dynamic light scattering (Zetasizer Nano ZS, Malvern Instruments).
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Cell Culture.

Human epithelial breast cancer cells (MDA-MB-231) were obtained from ATCC. To 

generate cells stably expressing luciferase and GFP, HEK-239-T cells from ATCC were 

transfected with pGreenFire1-CMV (constitutive firefly luciferase, GFP, and puromycin 

resistance) plasmid and packaging plasmids pMDLg/pRRE, pRSV-Rev, and pMD2.G with 

lipofectamine to generate psueodotyped lentiviral particles which were applied to MDA-

MB-231s, selected with puromycin, and sorted using fluorescence activated cell sorting as 

previously reported.50 Gal8 retrovirus was generated using HEK 293-T cell transfected with 

Gal8-YFP, pUMVC, and pCMV-VSV-G. Luciferase transduced cells (Luc-MDA-MB-231) 

were obtained following fluorescence activated cell sorting (BD LSR II Flow Cytometer, 

San Jose, CA) for GFP+ cells after a 2 week puromycin selection. Gal8-YFP transduced 

cells (Gal8-MDA-MB-231) were obtained by 1 week selection with blasticidin, followed by 

single clonal expansions obtained through the limiting dilution method in blasticidin 

containing media; clonal populations were used to ensure consistent expression of YFP 

constructs. Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) 

and 0.1% gentamicin. All cell culture reagents were obtained from Gibco. Both MDA-

MB-231 engineered cell lines were assessed for flow cytometry and were found to have 

minimally altered levels of cellular uptake of si-NPs (Figure S12).

Gal8 Recruitment Assays.

Gal8-MDA-MB231 cells were plated in Nunc Lab-Tek 8-well chambered coverglass (Nunc, 

Thermo Fisher Scientific Inc.) or Corning 96 Well Half-Area High-Content Imaging Glass-

Bottom Microplates (Corning Inc.; product no. 4580) at a density of 6250 cells per square 

centimeter. Cells were left to adhere and proliferate for 24 h before being treated siRNA 

formulations. After a 17 h treatment, media was aspirated and replaced with warm 

FluoroBrite DMEM supplemented with 25 mM HEPES, 10% FBS, and Hoechst 33342. 

Images were acquired with Nikon C1si+ confocal microscope system on a Nikon Eclipse 

Ti-0E inverted microscope base, Plan Apo VC 20× objective, Galvano scanner, and 

408/488/543 dichroic mirror. PerfectFocus was used to maintain focus between wells. The 

PerfectFocus offset was set to the optimal focal plane of the nuclear stain (blindly, without 

looking at the Gal8 layer) in combination with the well-scanning mode in ND Acquisition to 

acquire images, removing microscopist bias. A software-controlled motorized stage moved 

the plate between images. For additional information regarding microscopy systems for 

reproduction of this assay, please see Technical Note 2 in the Supporting Information. 

Images were exported to lossless multipage TIF from Nikon NIS-Elements AR version 

4.30.01. Exported images were then analyzed in bulk using a blinded, automated MATLAB 

script, which is detailed below and has been made available via the FigShare platform.71 To 

improve print clarity, images were brightened via linear scaling to the max pixel intensity 

value per channel of the top 0.01% of Gal8 pixels or top 1% of Hoechst pixels using 

MATLAB. While these enhancements were made for print, all quantification was done on 

raw images.
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Gal8 Image Processing.

A MATLAB script was written to identify Gal8 positive spots (Figure S2A–C). A binary 

mask was generated containing Gal8-positive puncta, which were used to integrate 

underlying Gal8 intensities on unprocessed images and normalized to the number of nuclei.

The Gal8 mask was generated by using a tophat filter on the YFP fluorescence channel to 

perform localized background subtraction to suppress diffuse cytosolic fluorescence (Figure 

S2D). This was followed by simple thresholding to identify Gal8 pixels (Figure S2E) and 

subsequent image “morphological opening” using a 3 × 3 pixel plus-sign-shaped structuring 

element to restrict positive pixels to puncta (Figure S2F). From this, a “visual check” layer 

was generated by the exclusive or (“XOR”) of the mask and its dilation, generating a “halo” 

around identified spots (Figure S2G) to allow the manual verification of algorithm detection 

success. The Gal8 mask (Figure S2F) was applied to the unprocessed Gal8 image and the 

result was integrated, quantifying total Gal8 present within the puncta. This sum was divided 

by cell number, which was determined by the following image analysis method: a simple 

threshold was applied to the Hoechst channel (Figure S2I), followed by an image opening to 

separate proximal nuclei (Figure S2J) and segmenting using a watershed transformation 

(Figure S2K). A rainbow colormap was applied to the image, and the result was exported 

(Figure S2L), which served as verification that nuclei were properly quantified. Note that 

contiguous nuclei (e.g., during mitosis) were counted as one cell. Fluorescent composite 

images (Figure S2A), as well as three method verification images were exported. The first 

verification image circles identified Gal8 spots (Figure S2M); the second verification image 

shows identified puncta as magenta overlays (Figure S2N); the third verification image 

identifies nuclear number (Figure S2L). Gal8 recruitment code has been made available by 

the authors via the FigShare platform at https://doi.org/10.6084/m9.figshare.7066472.71

Lysotracker Colocalization Image Processing.

Wild type MDA-MB-231 cells were seeded at a density of 6250 cells per square centimeter 

in half-area 96-well imaging plates as for Gal8 assays. Cells were treated with Alexa488-

labeled dsDNA loaded si-NPs at indicated doses. After treatment for 24 h, media was 

replaced with Lysotracker Red (Invitrogen Life Technologies) containing media (75 nM) and 

incubated 1 h. Before imaging, cells were washed, and the media was replaced with 

Fluorobrite DMEM supplemented with 10% FBS and 25 mM HEPES. Images were 

analyzed using an automated MATLAB script for Manders Coefficient as originally 

described.54 The code to calculate Manders Coefficient of Overlap has been made available 

by the authors on the FigShare platform, accessible at https://doi.org/10.6084/m9.figshare.

7066490.72

siRNA Cell Internalization Flow Cytometry Studies.

Wild-type MDA-MB-231 cells were seeded in triplicate in 12-well plates at a density of 60 

000 cells per well and left to grow for 24 h, before being treated with si-NPs formulated with 

Alexa-488 labeled dsDNA at indicated doses and incubated for 16 h. Cells were washed 

with PBS, treated with 0.05% trypsin, and centrifuged at 500g for 5 min. The supernatant 

was removed, and cells were resuspended in 300 μL of PBS. Single-cell suspensions were 

analyzed using a BD LSR Fortessa flow cytometer, gated according to forward scatter and 
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side scatter. Mean fluorescence intensities (MFI) were calculated using FlowJo (FlowJo 

LLC).

pH-Dependent Membrane Disruption Hemolysis assays.

Hemolysis with red blood cells was performed as previously described.52 Briefly, blood was 

donated by an anonymous human donor using a protocol approved by the Vanderbilt 

institutional review board (IRB). Red blood cells (RBCs) were isolated and washed by 

centrifugation and then diluted into buffered saline solutions at pH 7.4, 6.8, or 6.2 

representative of extracellular, early endosomal, and late endosomal environments. si-NPs at 

concentration of 15 ug/mL polymer were incubated with RBCs in each buffer for 1 h at 

37 °C. RBCs were centrifuged, and the optical absorption of the supernatant at 450 nm was 

used to measure the hemoglobin released compared to PBS (negative control) and 1% Triton 

X-100 (positive control) treated RBCs.

Luciferase Knockdown siRNA Bioactivity Assay.

Luc-MDA-MB-231 cells were plated in black-walled 96-well plates at a density of 67 000 

cells per square centimeter. The cells adhered overnight and were then treated with the si-

NPs containing siRNA targeting luciferase or nontargeting negative control siRNA for 24 h. 

Media containing 150 μg/mL luciferin was added at 24 and 48 h time-points, and 

bioluminescence was measured using an IVIS 200 Series imaging system (Xenogen 

Corporation).20

Cell Viability.

For the composition library toxicity studies, Luc-MDA-MB-231s were treated with PBS or 

si-NPs loaded with control nucleic acids. Luciferase activity was measured to assess intact 

cells as for luciferase knockdown studies. The ratio of luminescence of scrambled sequence 

si-NP treated cells to PBS treated cells at 24 h post-treatment was used as a measure of 

viability. For the MW library, the more sensitive CellTiter Glo assay (Promega), which 

measures retained cellular ATP, was used according to manufacturer protocol to measure 

dose-dependent and polymer-dependent toxicity effects. Wild-type MDA-MB-231 cells 

were plated in black-walled 96-well plates at a density of 67 000 cells per square centimeter 

and allowed to adhere overnight and were then treated with the si-NPs containing 

nontargeting negative control siRNA for 24 h before CellTiter Glo assay components were 

added to cells. Luminescence was read using an IVIS 200 Series imaging system.

Transmission Electron Microscopy.

MDA-MB-231 cells were plated in 100 mm dishes. Gold labeled si-NPs were formulated at 

50 nM siRNA loaded into 50B-S, 50B-L, or 50B-4XL and loaded with anionic surface 

functionalized 10 nm colloidal gold (Sigma-Aldrich catalog no. 752584) as previously 

reported.29 Cells were treated for 24 h and washed with 0.1 M cacodylate buffer prior to 

fixation and processing. Samples were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate 

buffer at pH 7.4 and 37 °C for 1 h and then stored at 4 °C overnight. Samples were 

submitted to the Vanderbilt Cell Imaging Shared Resource Electron Microscopy Center, 

where they were washed in 0.1 M cacodylate buffer and then incubated 1 h in 1% osmium 
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tetraoxide at RT and washed with 0.1 M cacodylate buffer. Subsequently, the samples were 

dehydrated through a graded ethanol series, followed by three exchanges of 100% ethanol 

and two exchanges of pure propylene oxide (PO). Dehydrated samples were infiltrated with 

25% Epon 812 resin and 75% PO for 0.5 h at room temperature (RT) followed by infiltration 

with Epon 812 resin and PO [1:1] for 1 h at RT and subsequent infiltration with fresh Epon 

812 resin and PO [1:1] overnight at RT. The samples were subsequently infiltrated with resin 

for 48 h and then allowed to polymerize at 60 °C for 48 h. Samples were cut into 500–1000 

nm thick sections using a Leica Ultracut microtome. Thick sections were contrast stained 

with 1% toluidine blue and imaged with a Nikon AZ100 microscope to locate cells. 

Ultrathin (70–80 nm) sections were cut and collected on 300-mesh copper grids and then 

poststained with 2% uranyl acetate followed by Reynolds’ lead citrate. Thin samples were 

imaged on a Philips/FEI Tecnai T12 electron microscope. For publication, TEM images 

were contrast enhanced and sharpened in Adobe Photoshop CS6 using the “Levels” tool, 

setting the 50% gray point to the center of the intensity distribution. Images were then 

sharpened using the “Smart Sharpen” filter, with “Amount: 100%” and “Radius: 5 px” to 

“Remove: Gaussian Blur.” This procedure was used on all images.

qPCR Studies.

qPCR was performed using TaqMan assay reagents and primers to quantify expression of 

PHD2. Total RNA was isolated purified from cultured A7r5 rat cells with Qiazol and 

RNeasy spin columns (Qiagen). RNA was reverse-transcribed (1 μg) with an iScript Reverse 

Transcription Supermix kit (Bio-Rad Laboratories). Relative expression of PHD2 was 

assessed as 2−ΔΔCT, normalized to housekeeping gene GAPDH (assay IDs: 

Rn00710295_m1, Rn01775763_gl; Applied Biosystems). siRNA was used as previously 

described.56–58

In Vivo Studies.

Athymic nude mice (catalog no. 002019 Nu/J) were ordered from Jackson Laboratories. All 

procedures were carried out under Vanderbilt University IACUC-approved protocols. Mice 

were injected with 106 MDA-MB-231 cells suspended in 1:1 Dulbecco’s modified Eagle 

medium (DMEM)-Matrigel into the mammary fat pad. MDA-MB-231 cells stably 

expressing firefly luciferase or Gal8-YFP were used for knockdown or Gal8 experiments, 

respectively. In vivo formulations of (PMPC)-b-(DMAEMA-co-BMA) with 50 mol % BMA 

and 50 mol % DMAEMA were made according to our previously published methods47 

using palmitoylated siRNA.48,50,58 For luciferase studies, mice (5 per group, n = 10 tumors) 

were injected with 1 mg/kg siRNA against luciferase or scrambled control siRNA via the tail 

vein. To measure luminescence, mice were injected with 15 mg/kg luciferin intraperitoneally 

and imaged the day of and at 24 h after siRNA treatment using an IVS imaging system 

(Caliper Life Sciences). For Gal8 studies, mice were injected with in vivo formulations of 

polyplex at 1 mg/kg siRNA or an equal volume saline injection. Tumors were explanted into 

ice-cold PBS following euthanasia 18 h post-injection. The tumors were bisected with a 

razor blade and immediately subjected to confocal imaging. A total of 7 to 11 images were 

taken per tumor and averaged; each plotted point represents the average data for one tumor, 

and 8 tumors were analyzed per group.
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Statistical Methods.

Data were analyzed and plotted using Microsoft Excel, Prism GraphPad 6, and MathWorks 

MATLAB R2016a. Lines of best fit for Figure 1 were generated through a linear fit in 

GraphPad; both lines have statistically significant nonzero slopes (p < 0.05). Luciferase 

activity and toxicity data for the composition library were tested using one-way ANOVA in 

GraphPad with Dunnett’s post hoc testing against PBS. For the MW library, cytotoxicity, 

luciferase activity, Manders coefficient, and Gal8 recruitment were tested using two-way 

ANOVA with no sample matching in GraphPad Prism. Where noted, post hoc analysis was 

performed using Tukey’s multiple comparisons test to calculate corrected p values for 

multiple comparisons, while Dunnett’s post hoc test was used for significant differences 

relative to control in GraphPad Prism. All 2-way ANOVA data presented are statistically 

significant at the data set level (p < 0.001) for polymer, dose, and interaction thereof. For 

Figure 6A–C, data were plotted using dose matched data sets; for Figure 6D, knockdown 

data at the 3 doses were plotted against hemolysis. Spearman correlation coefficients and 

twotailed p values were generated using GraphPad Prism; for hemolysis data, this 

calculation was done for each dose individually against hemolysis and as a whole. For 

Figure 6, hyperbolic lines of best fit were calculated using GraphPad Prism; best fit models 

did not converge for panels B and D of Figure 6. Correlations were calculated independently 

of lines of best fit. For in vivo experiments (Figure 7), p values were calculated using two-

sided t tests without pairing for luciferase knockdown data, while Gal8 recruitment data 

were analyzed with two-sided Mann–Whitney testing without pairing, which was chosen 

due to statistically significant deviation of negative control data from normal distribution by 

testing with the D’Agostino and Pearson omnibus normality test (p < 0.05) as calculated in 

GraphPad Prism. The threshold of statistical significance, α, was set to 0.05 throughout this 

work. Signal-to-noise, signal-to-background, and Z′-factor calculations were carried out as 

described by Zhang et at.51 using the maximal response polymer condition (50 nM, 50B-

XL) as an estimated positive control for the range of the assay.
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Figure 1. 
Polymer library construction and characterization. (A) Generalized structure for PEG-b-

(DMAEMA-co-BMA) polymers. (B) The composition library consists of six polymers, 

ranging from 0% BMA to 75% BMA. Each polymer is composed of a 5000 g/mol PEG 

block and a second random copolymer block with an average MW of approximately 22 000 

g/mol. (C) The MW library consists of seven polymers. Each contains a 5000 g/mol PEG 

block and a second random copolymer block composed of an approximately 50:50 ratio of 

DMAEMA to BMA monomers and with MW ranging from 11 300 to 47 500 g/mol. (D) Gel 

permeation chromatography traces show that all polymers in the composition library have 

similar, low polydispersity and approximately equivalent MW. (E) Gel permeation 

chromatography traces show that all the candidates in the MW library have well-controlled 

polydispersity and have a wide range of MW values. (F) Plot of log acid dissociation 

constant (pKa) shows that composition significantly impacts pKa; 75B is omitted due to 
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insolubility under assay conditions; line of best fit: pKa = 7.36–0.019 x (x expressed in 

percent BMA). (G) Plot of log acid dissociation constant (pKa shows that MW has only a 

modest effect on pKa; line of best fit: pKa = 6.71 – (9.6 × 10−6) x (x expressed in grams per 

mole).
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Figure 2. 
Composition library screening: visualization of Gal8 recruitment correlates with the most 

bioactive (50B) polymeric carrier composition. (A) Cytotoxicity of formulations loaded with 

a negative control siRNA (100 nM siRNA). Viability levels were normalized to phosphate-

buffered saline (PBS)-treated cells; 25B and 40B caused statistically significant cytotoxicity. 

Overall p < 0.001 by ANOVA; single asterisks indicate significant toxicity by Dunnett’s post 
hoc testing vs PBS. (B) Bioactivity based on the silencing of luciferase activity (luciferase 

signal in cells treated with 100 nM luciferase siRNA normalized to cells treated with 

negative control siRNA with the same formulation. Overall p < 0.0001 by ANOVA; single 

asterisks indicate significant gene silencing by Dunnett’s post hoc testing vs PBS. (C) 

Schematic of intracellular Gal8 recruitment; in cells with intact endosomes, Gal8 is 

dispersed in the cytoplasm without access to intraendosomal glycans (blue circles). When 

endosomal membranes are disrupted, Gal8-YFP binds to these glycans, concentrating into 

bright, punctated fluorescent spots. (D) Gal8 confocal micrographs of nontoxic polymers 

confirms 50B induces robust Gal8 response (white arrow). Negligible Gal8 recruitment is 

detected for other polymeric carriers.
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Figure 3. 
MW library screening: gene knockdown level and Gal8 recruitment correlate. (A) Dose-

dependent bioactivity for MW library. Overall p < 0.0001 for MW (59% of variation), dose 

(24%), and interaction (6%) by two-way ANOVA. For each dose, all polymers are 

statistically different from all other polymers by Tukey’s multiple comparisons test except 

within groups denoted “n.s.”. (B) Quantification of Gal8 recruitment confocal images 

reveals that Gal8 recruitment increases with increasing siRNA dose and increasing polymer 

MW. PBS-treated cells had near-zero response, highlighted with a dagger. Overall p < 

0.0001 for MW (32% of variation), dose (35%), and interaction (25%). Single asterisks 

indicate polymers identified as significant hits by Dunnet’s comparison test. (C) 

Representative confocal micrographs of Gal8 recruitment at 50 nM siRNA dose. The images 

have been false-colored; white represents Hoechst staining; green represents Gal8; magenta 

represents automated annotation of Gal8 positive fluorescent spots.
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Figure 4. 
MW library pH-dependent hemolysis and Lysotracker colocalization. (A) Overview of red 

blood cell hemolysis assay; red blood cells are incubated with si-NPs at pH 7.4, 6.8, or 6.2. 

Intact red blood cells are separated by centrifugation; the relative amount hemoglobin 

released from disrupted red blood cells is measured in the supernatant by absorbance. (B) 

Hemolysis profiles for composition series reveal switch-like hemolysis profiles for 50B from 

pH 7.4 to 6.8, whereas 60B and 75B require increasingly acidic conditions for hemolysis. 

No lysis was observed for 0B, and 25B and 40B caused hemolysis at all pHs. pH legend: □, 

7.4; ○, 6.8; △, 6.2. (C) Hemolysis profiles for MW series reveal switch-like hemolysis 

profiles for all 50B polymers; however, 50B-S has reduced hemolysis at pH 6.8, while 

50B-3XL and 50B-4XL have observable hemolysis at pH 7.4. pH legend: □, 7.4; ○, 6.8; △, 

6.2. (D) Representative false-color confocal micrographs of lysotracker microscopy at 50 

nM siRNA dose; blue represents Hoechst nuclear staining, magenta represents Lysotracker 
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staining, green represents Alexa-488-siRNA, and white represents colocalization of siRNA 

with Lysotracker. (E) Calculation of Manders coefficient of colocalization overlap; where 

siRNA and Lysotracker are not colocalized, a value of 0 is obtained, but complete 

colocalization results in a value of 1.0. (F) Quantification of siRNA colocalization with 

Lysotracker reveals that the majority of siRNA delivered using 50B-S is localized to 

endolysosomes, whereas less than half of siRNA is colocalized with Lysotracker for all 

larger polymers.
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Figure 5. 
Transmission electron microscopy confirmation of endosomal disruption as predicted by 

Gal8 recruitment. (A) Endolysosomes are multilamellar, electron-dense structures that 

become more swollen with weakly membrane active polymers, while highly membrane 

active polymers more fully disrupt endosomal membranes and induce a fragmented, 

multivesicular phenotype with incomplete or discontinuous membranes. (B) Transmission 

electron microscopy shows AuNPs traffic to electron-dense lysosomes, B1, where they are 

fully enclosed by a lipid bilayer (black arrow), while 50B-S induces a swollen vesicle 

phenotype, B2, although the membrane remains intact. Endosome disruptive polymers 50B-

L and 50B-4XL induce widespread loss of endosomal membrane and release AuNPs into 

cytoplasm (white arrows), although some AuNP remains trapped in membranes (black 

arrows).
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Figure 6. 
Validation of Gal8 recruitment as a predictor of bioactivity relative to common standard 

delivery and endosome escape readouts. (A) Gal8 recruitment (x axis) and luciferase gene 

knockdown data (y axis) from MDA-MB-231 cells were plotted, and a hyperbolic fit was 

calculated. Correlations were calculated by Spearman’s method; r = 0.95 and p < 10−4. Gal8 

recruitment and knockdown measurements are dose-matched (12.5, 25, and 50 nM) and 

include buffer-treated control. For additional discussion of these data, see Technical Note 1 

in the Supporting Information. (B) Lysotracker colocalization as measured by Manders 

coefficient (x axis) and luciferase gene knockdown data (y axis) from MDA-MB-231 cells 

were plotted. Correlations were calculated by Spearman’s method; correlation was not 

statistically significant. Manders coefficients and knockdown measurements are dose-

matched (12.5, 25, and 50 nM). (C) siRNA cellular uptake as measured by mean 

fluorescence intensity by flow cytometry (x axis) and luciferase gene knockdown data (y-
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axis) from MDA-MB-231 cells were plotted, and a hyperbolic fit was calculated. 

Correlations were calculated by Spearman’s method; r = 0.73 and p < 10−3. Cell uptake and 

knockdown measurements are dose-matched (12.5, 25, and 50 nM) and include buffer-

treated vehicle control. (D) The difference in hemolysis response from pH 7.4 to 6.8 (x axis) 

from human erythrocytes and luciferase gene knockdown data (y axis) from MDA-MB-231 

cells were plotted. Correlations were calculated by Spearman’s method for hemolysis data 

for each dose of knockdown data individually; despite the increased likelihood of type I 

errors, correlation at no individual dose was statistically significant. Hemolysis data are for 

15 μg/mL polymer concentration, and knockdown data are at 0 (vehicle control), 12.5, 25, 

and 50 nM siRNA. (E) Relative PHD2 expression from A7r5 cells treated with si-NPs at 50 

nM were measured via quantitative reverse-transcription polymerase chain reaction and 

calculated as 2−ΔΔCT. Treatment with 50B-L or 50B-3XL induced statistically significant 

reductions in PHD2 mRNA levels. Single and triple asterisks represent p < 0.05 and 0.001, 

respectively. (F) Gal8 recruitment measurements from A7r5 cells treated with 50 nM siNPs 

show that 50B-L and 50B-3XL induce statistically significant Gal8 recruitment. Single and 

double asterisks represent p < 0.05 and 0.01, respectively. (G) Gal8 recruitment (x axis) and 

PHD2 gene knockdown data (100 × [1 – 2−ΔΔCT]; y axis) were plotted. Because saturation 

was not observed in either Gal8 recruitment or gene knockdown data, a linear fit was 

calculated, and correlations were calculated by Pearson’s method; r = 0.995 and p < 10−3. 

Gal8 recruitment and knockdown measurements are dose-matched (50 nM) and include 

buffer-treated control. For additional discussion of these data, see Technical Note 1 in the 

Supporting Information.
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Figure 7. 
In vivo proof of concept for utilization of Gal8 imaging for visualization and measurement 

of endosome disruption within tumor tissue following the systemic delivery of endosome-

disruptive si-NPs. (A) si-NPs induce significant endosomal disruption; n = 8 tumors per 

group, single asterisks indicate p < 0.05 by unpaired two-sided Mann-Whitney test. (B) si-

NPs delivering luciferase targeting siRNA significantly reduce luciferase signal relative to 

scrambled sequence control; n =10 tumors per group, single asterisks indicate p < 0.02 by 

unpaired two-sided Student’s t test. (C) Representative images of saline (left) and si-NP 

treated tumors (right). Disrupted endosomes as identified algorithmically are marked with 

magenta circles.
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Table 1.

Polymer Characteristics in the Composition Library

name diblock MW (NMR)
a

units of DMAEMA units of BMA DMAEMA content (%) BMA content (%)

0B 28 600 150 0 100.0 0.0

25B 29 000 118 38 75.6 24.4

40B 28 300 93 61 60.4 39.6

50B 26 100 71 70 50.4 49.6

60B 26 500 60 85 41.1 58.9

75B 24 400 34 99 25.4 74.6

a
Diblock MW refers to number-average total polymer molecular weight (Mn), including 5000 g/mol PEG “corona” block, in addition to the “core” 

p(DMAEMA-co-BMA) block.
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Table 2.

Polymer Characteristics in the 50B MW Library

name diblock MW (NMR)
a

units of DMAEMA units of BMA DMAEMA content (%) BMA Content (%)

50B-S 16 300 39 36 52.0 48.0

50B-M 23 000 63 57 52.5 47.5

50B-L 27 500 75 75 50.0 50.0

50B-XL 31 900 90 90 50.0 50.0

50B-2XL 36 300 105 104 50.2 49.8

50B-3XL 45 200 137 131 51.1 48.9

50B-4XL 52 500 160 157 50.5 49.5

a
Diblock MW refers to number average total polymer molecular weight (Mn), including 5000 g/mol PEG “corona” block, in addition to the “core” 

p(DMAEMA-co-BMA) block.
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