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Abstract

The ability for biologics to access intracellular targets hinges on the translocation of active, 

unmodified protein. This is often achieved using nanoscale formulations, which enter cells through 

endocytosis. This uptake mechanism often limits the therapeutic potential of the biologics, as 

the propensity of the nanocarrier to escape the endosome becomes the key determinant. To 

appropriately evaluate and compare competing delivery systems of disparate compositions, it 

is therefore critical to assess endosomal escape efficiencies. Unfortunately, quantitative tools 

to assess endosomal escape are lacking and standard approaches often lead to erroneous 

interpretation of cytosolic localization. In this study, we use a split-complementation endosomal 

escape (SEE) assay to evaluate levels of cytosolic caspase-3 following delivery by polymer 

nanogels and mesoporous silica nanoparticles. In particular, we use SEE as a means to enable 

systematic investigation of the effect of polymer composition, polymer architecture (random 

vs. block), hydrophobicity, and surface functionality. Although polymer structure had little 

influence on endosomal escape, nanogel functionalization with cationic and pH-sensitive peptides 

significantly enhanced endosomal escape levels and further, significantly increased the amount of 

nanogel per endosome. This work serves as a guide for developing an optimal caspase-3 delivery 

system, as this caspase-3 variant can be easily substituted for a therapeutic caspase-3 cargo in any 

system that results in cytosolic accumulation and cargo release. In addition, these data provide a 

framework that can be readily applied to a wide variety of protein cargos to assess the independent 

contributions of both uptake and endosomal escape of a wide range of protein delivery vehicles.
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Introduction:

Protein biologics are an important emergent class of pharmaceuticals which have immense 

therapeutic potential due to their specificity. Nevertheless, using these biologics is 

challenging because of their degradation in the bloodstream, short half-lives and the 

potential for off-target action.1,2 Thus, biologics often require conjugation within a safe 

delivery system, utilizing native residues or engineered reactive handles, to facilitate 

intracellular translocation and improved pharmacokinetics.3,4 Substantial efforts have 

focused on developing efficient vehicles to deliver biologics via covalent or supramolecular 

formulation using polymer,5 dendrimer,6 lipid and inorganic materials.7-10 These vehicles 

provide benefits beyond cellular entry, including cargo protection and cell targeting. 

Additional requirements include sufficient cytosolic localization of an unmodified biologic 

while maintaining intrinsic structure and function.9,11 To better understand the factors 

that impact delivery efficiencies, it is essential to distinguish cellular uptake followed by 

cytosolic localization from a simple cellular uptake, which often results in endosomal 

entrapment.

The overarching hurdle in evaluating intracellular biologic delivery is the dependence on 

endosomal escape, for which robust and quantitative evaluation tools are lacking.12-14 The 

field of delivery instead relies heavily on labeled-cargo imaging or endpoint therapeutic 

assays to imply intracellular delivery. Microscopy can be used to visualize endosomal 

entrapment or escape and flow cytometry or total cell lysate analyses can elucidate 

internalization. Nevertheless, microscopy and flow studies rely on dye-functionalization 

of delivery vehicles or cargo, affording obstructions from dye-induced hydrophobicity 

Anson et al. Page 2

Biomacromolecules. Author manuscript; available in PMC 2021 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and membrane-association, complicating interpretation.15-18 For example, our group has 

observed mitochondrial targeting upon cyanine dye (Cy3) functionalization to anionic 

polymers.19 Moreover, the process of cell fixation allows redistribution of endocytotic 

vesicles, often compromising membrane integrity.20-22 On the other hand, flow cytometry 

or total cell lysate analysis solely reveal total internalization, regardless of cytosolic or 

endosomal localization. Therefore, alternative methods, such as the use of split GFP, 

have recently been investigated to reveal true cytosolic translocation of protein cargos and 

antibodies.23-28

Significant endosomal escape is related to cargo concentration in each endosome as well as 

the number of endosomes containing the delivered agent.12,29 Many efforts have focused on 

enhancing these parameters by incorporating moieties within delivery systems that induce 

endosomal membrane fusion, membrane destabilization, or osmotic rupture through the 

proton sponge effect.12,14,30 Delivery systems must rely on a balance of membrane influence 

with cytotoxicity as there is typically a correlated relationship. The field of delivery would 

significantly benefit from routine use of assays that directly evaluate and quantify endosomal 

escape, despite the challenges and increased complexity of these assessment tools.12,16,31 

In this work, we present an approach using split GFP to directly assess cargo localization. 

This approach facilitates optimization of nanogel (NG) polymer composition and surface 

functionalization for endosomal escape (Scheme 1).28 While the approach holds promise 

for many protein cargos, we focused this project on caspases because of their potential for 

targeted cell killing, in the context of proliferative diseases including cancer, rheumatoid 

arthritis and scleroderma. Furthermore, caspase-3 has been delivered by many materials32-38 

in addition to our redox-responsive systems,39,40 underlying merit for this development. 

The caspase-3 cargo for split GFP developed herein can be utilized to evaluate endosomal 

escape or simply, cytosolic concentration, for any system so long as they allow release 

of the cargo protein in the cytosol. Caspases are cysteine aspartate proteases that play a 

vital role in the initiation and propagation of apoptosis, a form of programmed cell death 

that allows removal of cells without collateral damage in adjacent cells.41,42 In contrast 

to small-molecule cytotoxins which have dangerous implications upon excretion into the 

environment, as human proteins, caspases are biodegradable, environmentally friendly, and 

non-immunogenic. In addition, because caspases are inherently catalytic, they can function 

at sub-stoichiometric levels.

The principal goal of the work described here has been to develop a method that would 

allow quantitation of endosomal escape that could guide development of effective cytosolic 

delivery and enable the direct comparison of various delivery vehicles. Using split GFP to 

trace cytosolic delivery of casp-3, we have demonstrated herein that endosomal escape: i) 

is independent of extent of protein cargo loaded in the nanogels; ii) is independent of the 

carrier architecture, i.e. whether it is based on block copolymers or random copolymers, 

iii) is enhanced with cationic and pH-responsive peptides on the surface of the nanocarriers 

and iv) that is assessed using this methodology can be translated to other delivery systems 

capable of delivering casp-3.
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Results and Discussion:

Redox-responsive polymers provide many promising characteristics for caspase delivery 

including stealth, post-modification capability, efficient protein encapsulation, reductant­

induced traceless protein release and cargo-induced cell death.39,43 We previously 

generated and characterized a casp-3 variant capable of cytosolic tracking using split GFP 

complementation. Specifically, casp-3 was tagged with the 11th strand of GFP containing 

three solubilizing mutations, which we refer to as C3-11 (also called C3-11M3 but refereed 

to here as C3-11 for simplicity). C3-11 maintains properties of native casp-3 and can 

report on cytosolic localization upon reassembly with GFP1-10, which is constitutively 

expressed cytosolically (Scheme 1).28 We often used a catalytically dead variant generated 

by knocking out (KO) the active site cysteine residue generating C3KO-11.28 Using this 

catalytically dead variant allowed us to track cytosolic levels of casp-3 without inducing 

apoptosis. Nevertheless C3KO, but should mimic an active casp-3 therapeutic cargo in 

polymer-protein formulation, nanoparticle uptake and resultant translocation.

Casp-3 was delivered by random copolymers composed of poly(ethylene glycol) (PEG) 

and pyridyl disulfide (PDS), termed PEG-PDS.39 Crosslinked PEG-PDS NG demonstrate 

excellent stability of non-covalently and covalently encapsulated guests, small molecule 

or protein, in both the absence44-46 and presence47 of serum. A significantly punctate 

distribution39 was visualized upon microscopy, which is often taken to be consistent with 

endosomal entrapment. This was true independent of whether the protein (Figure 1A) or 

polymer (Figure 1B) is fluorescently labeled. Accordingly, imaging of dual-labeled NG 

(Cy3-polymer, Cy5-protein) demonstrates punctate colocalization of the cargo and delivery 

vehicle (Figure 1C), implying great complex internalization. Despite this endosomal 

entrapment, it is clear that the amount of casp-3 that does escape the endosome is sufficient 

to induce cell death,28,39 but enhancing endosomal escape is a warranted investigation to 

optimize efficacy.

To determine if polymer structure could significantly improve endosomal escape, we 

generated a series of linear polymer derivatives with varying compositions and architectures. 

All of the polymers evaluated herein maintained the PDS group necessary for casp-3 

encapsulation and traceless release (Figure S1) but have alterations in particle charge or 

hydrophobicity. Our group has previously synthesized PEG-PDS with random incorporation 

of diisopropylamino moieties (IPA), PEG-PDS-IPA.45 We hypothesized that PEG-PDS-IPA 

may afford better endosomal escape than PEG-PDS, as PEG-PDS-IPA demonstrates an 

increase in zeta potential upon decreased pH.45 To understand the effect of increasing 

polymer hydrophobicity, PEG-PDS with butyl (Bu) moieties, PEG-PDS-Bu, were also 

synthesized (Figure 1B). As changes in particle size, rigidity and hydrophobics have been 

shown to influence cellular internalization,48-50 we also aimed to change the hydrophilic­

hydrophobic positioning by using block copolymers of PEG-PDS and PEG-PDS-Bu, termed 

PEG-b-PDS and PEG-b-(PDS-r-Bu) respectively (Figure 1C). To assess the importance 

of hydrophobic component, Bu composing 25% of the hydrophobic block (PEG-b-PDS­

Bu25) or 40% (PEG-b-PDS-Bu40) were compared. In addition, the effect of NG surface 

functionalization by cationic or pH-sensitive moieties, was also explored (Figure 1D). PEG­
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PDS NGs can easily be functionalized via PDS substitution with any ligand containing an 

available thiol (Figure S1).39

To track endosomal escape of casp-3 we developed a split-complementation endosomal 

escape (SEE) assay. Casp-3 tagged with GFP11 (C3KO-11)28 was delivered by NG into 

HEKs1-10, which are HEK cells stably expressing the other ten beta strands of GFP 

(GFP1-10).51 Following endocytosis and subsequent endosomal escape, high cytosolic 

glutathione (1-10 mM)52,53 mediates NG-disassembly, liberating C3KO-11 from the NG 

to reassemble with GFP1-10.28 PEG-PDS-IPA and PEG-PDS-Bu polymers maintained the 

ability to encapsulate and release C3KO-11 from NG, although the encapsulation efficiency 

by PEG-PDS was consistently higher (Figure S2). Furthermore, the three polymers delivered 

comparable levels of C3KO-11 overall (Figure S2). Nevertheless, upon first assessment of 

NG delivered C3KO-11, no GFP signal was observed, regardless of the polymer used (Figure 

2A). As endosomal escape is an extremely inefficient process, a lack of GFP signal can be 

attributed to low levels of escape, however, these data may hinge on sensitivity limitations. 

It has recently been reported that biological concentrations above 10 μM are required to 

observe split GFP mediated endosomal escape in cells.54

Alternative strategies to improve NG-mediated endosomal escape were undertaken as the 

next step of development of an optimal casp-3 delivery vehicle. NG doses were titrated up to 

2 mg/mL and the time required for both NG incubation and cellular reassembly of the GFP 

fragments were monitored (8 – 48 hrs). As expected, GFP signal increased with increased 

incubation time, but otherwise, no significant improvements were observed. Endosomal­

buffering agents, such as chloroquine diphosphate (CQ), can liberate NG trapped in 

endosomes.28 Notably, CQ has been shown to mitigate challenges beyond endosomal 

escape such as decreasing nanoparticle immunological clearance and increasing cytotoxic 

therapeutic efficacy in cancer tissues.55 Accordingly, the use of CQ in the evaluation 

of delivery systems has become increasingly prevalent as CQ largely increases delivery 

system efficiency via the proton sponge effect.56-59 Upon protonation, CQ neutralizes the 

acidification of endosomes, preventing endosomal-lysosomal fusion, and inducing osmotic 

swelling, leading to vesicle rupture.60,61 In these studies, CQ is a useful chemical tool, 

because when combined with data analyzing total delivered protein content, it can allow 

calculation of the ratio of uptake to endosomal escape. Upon the addition of CQ (80 μM), 

we observed a slight increase in the total percentage of GFP positive cells yet, the new 

polymer structures did not outperform PEG-PDS (Figure 2B). CQ induced changes in 

vesicle number and volume were visualized using an endosomal marker, consistent with the 

expected CQ-mediated vesicle swelling (Figure 2C). We ensured that the addition of CQ did 

not meaningfully favor the total amount of protein delivered (Figure S3) or the total amount 

of polymer delivered (Figure S4). These data strongly indicating that CQ herein is acting on 

endosomal escape, not uptake, through the proton sponge mechanism (Figure 2D).

To determine whether the total amount of cytosolic casp-3 could be enhanced by 

increasing protein encapsulation within the NG, we altered the protein-polymer assembly 

strategy for the block copolymers. Traditionally, PEG-PDS random copolymer NG 

assemblies demonstrated encapsulation efficiencies of approximately 30 wt% (Figure S2). 

Comparatively, block copolymer casp-3 assemblies demonstrated notably lower amounts 
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of encapsulation efficiencies and with minimal cellular uptake observed upon immunoblot 

analysis (Figure S5). The lower encapsulation efficiencies of block copolymer may be 

due to a pre-formed dense and difficult-to-penetrate polymeric core. To increase dynamics 

within the block copolymer aggregates and enhance protein-polymer reactivity, we explored 

co-solvent formulations.49 We selected dimethyl sulfoxide (DMSO), which is known to 

be compatible with casp-3 activity at low concentrations (>8%), and the volatile solvent 

acetone as two co-solvents for block copolymer-protein assemblies, denoted with a subscript 

for the co-solvent: PEG-b-PDSd and PEG-b-PDSa respectively. Co-solvent C3KO-11 NG 

formation begins by dissolving the polymer in the organic solvent. Casp-3 in aqueous 

buffer is then added protein dropwise, followed by normal NG crosslinking and purification 

procedures (Figure 3A). Protein release, monitored by SDS-PAGE analysis (Figure S6), 

demonstrated an increase in block copolymer encapsulation efficiency from approximately 

10% to 40% using the co-solvent methodology, compared to the aqueous formulation 

strategy (Figure 3B). Fittingly, effective intracellular delivery of casp-3 was demonstrated 

by immunoblot analysis of total cell lysates (Figure 3C) at levels of 0.48 ± 0.21 μg/mL 

(0.5 mg/mL NG dose) and 0.69 ± 0.11 μg/mL (1.0 mg/mL NG dose). Thus, it is clear that 

increasing casp-3 cargo loaded into NG delivery vehicles increases the intracellular casp-3 

titer that can be achieved.

The co-solvent-assembled block copolymers can be therapeutically impactful, only if casp-3 

retains activity upon encapsulation. To ensure that co-solvents did not prevent the ability 

of C3KO-11 to generate GFP fluorescence for SEE, we tested NG-released reassembly. 

Released C3KO-11 demonstrated robust fluorescence in the presence of GFP1-10 (data not 

shown), demonstrating that DMSO-mediated encapsulation did not negatively impact split 

GFP reassembly. Furthermore, to ensure that co-solvent encapsulation did not irreversibly 

denature or otherwise inactivate casp-3 , we encapsulated active WT casp-3 in block 

copolymer NGs which should activate apoptosis and result in poly (ADP-ribose) polymerase 

1 (PARP) cleavage62,63 if co-solvent encapsulated WT casp-3 remained active. Co-solvent 

block copolymer casp-3 NG delivery resulted in significant disappearance of full-length 

PARP and appearance of cleaved PARP, indicating that active casp-3 was effectively 

delivered in both accounts. In contrast, no significant apoptosis-induction was induced from 

empty NG prepared using co-solvent methodologies (Figure 3D). Likewise, delivering the 

active casp-3 variant capable of split GFP (C3-11)28 in aqueous random or co-solvent block 

formulations again displayed significant PARP cleavage (Figure 3E). Together these results 

suggest that both aqueous and co-solvent formulations allow delivery of active casp-3.

Despite the increased casp-3 encapsulation efficiencies in the block copolymer assemblies, 

levels of SEE-mediated fluorescence were identical to aqueous formulations. These data 

suggest that endosomal escape rates are better for the aqueously formulated block co­

polymer NG, since the same number of casp-3 molecules would be contained in a 

greater number of aqueous NG. We reasoned that addition of surface functionalization 

that could increase uptake or endosomal escape could increase cytosolic delivery of casp-3. 

In line with that prediction, NGs functionalized on the surface with a tri-arginine peptide 

(R3) demonstrated higher levels of both casp-3 delivery and subsequent PARP cleavage 

(Figure 3E). Given this result and we next investigated the effect of cationic surface 

functionalization on SEE.
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Guanidine- and other positively-charged moieties on the surface of delivery vehicles 

increase membrane-association, permit cell entry through endocytosis and aid in endosomal 

escape.64-67 Our group has utilized varying cationic moieties, such as arginine-repeat 

peptides39,44 ,68 or TAT69, to functionalize the NG surface allowing for the addition of 

surface-exposed guanidine groups. To assess the impact of surface functionalization on 

casp-3 delivery, C3KO-11 PEG-PDS NGs were functionalized via thiol exchange (Figure 

S1) with PEG-amine, arginine peptides of various lengths (R3, R6, R9) or TAT (Figure 

S7).39 Fortunately, in addition to spectroscopic assessment, reductant-mediated release of 

higher degree oligopeptides can be observed by SDS-PAGE analysis (Figure S7). To ensure 

identical protein encapsulation and crosslinking, NGs were always prepared as a large batch 

prior to functionalization which resulted in similarly-sized NGs for post-functionalization 

(Figure S7).

Following treatment of cells with Arg-functionalized NG, we observed a 3- to 6-fold 

increase in the number of GFP-positive cells due to SEE (Figure 4A) relative to 

unfunctionalized NG, strongly suggesting that cationic NGs promote endosomal escape. 

Upon the addition of CQ, cationic functionalized NGs demonstrated an additional 4- to 

13-fold increase in GFP signal compared to non-functionalized NGs in the presence of 

CQ (Figure 4B). In the absence of CQ, we observed 1.2-1.4 fold increase in the GFP 

mean fluorescence intensity (MFI) with CQ present (Figure 4C). Although minimal, this 

increase was evident as we previously observed no significant GFP positive population for 

the non-functionalized NG and correspondingly, no change in MFI. However, the addition 

of CQ significantly increased the GFP MFI further, 2.4-4.5 fold. Due to the effects of 

CQ, we hypothesize that this increase could be attributed Arg-mediated increases in the 

concentration of NGs per endosome. However, we cannot rule out the possibility there 

may also be more endosomes to accommodate increased numbers of NG.29 CQ-liberated 

endosomally entrapped R3-NG were also readily visualized by microscopy (Figure 4E, 

supplemental images Figure S8). In summary, arginine-functionalized caspase-containing 

NG demonstrated enhanced endosomal escape, although the results with CQ imply that 

a significant population of NGs still remain trapped in endosomes. Therefore, as noted 

for other delivery systems,24,25 arginine moieties enhance general uptake but these data 

demonstrate that arginine can also directly enhance endosomal escape, although not 

necessarily to 100% of the NG particles uptaken. To further probe the uptake mechanism, 

bafilomycin, an ATPase inhibitor that prevents endosomal acidification, was applied to NG 

treated cells.52,70,71 SEE was significantly decreased in the presence of bafilomycin for 

R3-NG (Figure 4F), in the absence of presence of CQ. SEE was also decreased for TAT­

NG (Figure 4G), underscoring our assertion that arginine protonation and CQ influences 

endosomal escape through the proton sponge effect.64

Having shown that NG surface functionalization influences translocation, we reasoned 

that improved delivery may be achievable by exploiting the inherent pH decrease upon 

early-to-late-endosomal processing. To date, surface modifications of polymeric NG with 

peptides capable of pH-responsive conformational changes has yet to be investigated. 

Importantly, pH-responsive functionalities are hypothesized to permit endosomal escape 

through mechanisms beyond the proton sponge alone, i.e., via a combination of rapid 

osmotic swelling and membrane destabilization leading to endosomal rupture.72-74 Inspired 
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by the N-terminal anionic domain of an Influenza virus protein, synthetic pH-sensitive 

peptides composed of varying glutamic and aspartic acid residues have been generated to 

explore their membrane-disrupting properties.13,75 GALA, a 30-mer glutamic acid-alanine­

leucine-alanine repeat, and KALA, a cationic derivative composed of lysine-alanine-leucine­

alanine repeats, have been applied to enhance endosomal escape of cationic liposomes, 

cationic polymers and antibodies.13,76 Due to their length and hydrophobicity, truncated 

versions of these peptides,77 as well as another peptide based on the endodomain of the HIV 

enveloped glycoprotein gp41, termed HGP,78,79 can be more easily used. We incorporated 

GALA, KALA and HGP onto the surface of our nanogels by adding a C-terminal cysteine 

to the peptides,75,79-82 for reaction with PEG-PDS (Figure S9). SEE analysis demonstrated 

that only functionalization with KALA resulted in significant GFP signal, independent of 

CQ (Figure 5A). These data suggest that the combination of pH-responsive and cationic 

properties by KALA affords more endosomal escape than the pH-responsive properties 

alone in GALA and HGP. As aforementioned, often the enhancement of endosomal escape 

is compromised due to the toxicity associated with these peptides, which was observed 

for KALA at high degrees of functionalization (Figure S10). Halving the dose of KALA­

NG decreased the induced cellular debris (cell death), but correspondingly decreased the 

subsequent amount of GFP fluorescence observed (17% GFP positive at 1 mg/mL dose 

vs 5% GFP positive at 0.5 mg/mL dose). These data imply that NG dose influenced 

the amount of NG per endosome. GALA and HGP NG appear to remained trapped 

until endosome acidification. We observed a significant increase in GFP positive cells 

(Figure 5B) and fold change in GFP fluorescence (Figure 5C,5D) upon the addition of 

CQ which could subsequently be visualized by microscopy (Figure 5E, supplemental 

images S11). As pH-responsive moieties may be facilitating endosomal escape through a 

proton sponge effect, we assayed KALA-NG in the presence of bafilomycin. We found 

statistical significance between KALA-NG, with and without CQ, as well as KALA-NG 

with CQ, with and without bafilomycin but did not find significance for KALA-NG with 

and without bafilomycin (Figure 5F). Interestingly, GALA and HGP demonstrated a clear 

functionalization-dependent response with CQ (Figure S12), confirming that there is still 

significant endosomal entrapment. These data may suggest that the extent of GALA and 

HGP functionalization influences the amount of NG per endosome or that higher amounts of 

these functionalities may work additively with CQ.

A major goal of this work has been to develop a method that allows robust comparison 

of delivery vehicles with disparate chemical properties. For this reason, we included 

in our analysis a delivery vehicle with dramatically different chemical characteristics, 

mesoporous silica (MSi) nanoparticles. We had previously developed MSi nanoparticles 

that effectively escape the endosome.83 To prepare casp-3-congugated MSi, lysine residues 

on C3KO-11 were functionalized with redox-responsive linkers capable of self-immolation 

(linker structure Figure S13), for traceless release of C3KO-11. These redox-responsive 

linkers contain a disulfide, PEG and a terminal aryl boronic acid moiety (Figure S13, 

linker structure 2). MSi-protein attachment is achieved through dative bond formation of 

the boronic acid functionalized protein and amine functionalized MSi.83 Efficient endosomal 

escape by MSi is hypothesized to be due to the proton sponge effect, as dissociation 

between the protein and MSi facilitates exposure of the amine group on MSi surface.30,64 
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Accordingly, MSi facilitated effective protein delivery of C3KO-11 to MCF7 cells, visible by 

immunoblot (Figure S13). In both HEK293T cells transfected with GFP1-10 and HEKs1-10, 

MSi also demonstrated effective casp-3-dependant GFP signal by SEE (Figure 6). MSi 

with smaller pore sizes demonstrated greater GFP positive populations (Figure 6A), with 

7-fold change in GFP fluorescence (Figure 6B), compared to MSi with larger pore sizes. 

The evolution of the GFP signal can be observed in a dose-dependent manner (Figure 

6C) and as a function of time (Figure 6D). Interestingly, it appears that removal of the 

PEG spacer from the redox-responsive linker (Figure S13, linker structure 1) comparably 

decreased GFP signal (Figure 6D), perhaps due to limiting GSH accessibility to the 

disulfide within the linker. Finally, MSi-mediated SEE signal doubles upon the addition 

of CQ (Figure 6E), indicating that some MSi remain trapped in endosomes. These data 

demonstrate that C3KO-11 delivery can be translated to other delivery systems with a range 

of assembly chemistries, permitting direct comparison of the resultant cytosolic protein 

levels by different nanomaterials. Hence, MSi mediated delivery of C3KO-11 resulted in 

higher cytosolic C3KO-11 levels than both unfunctionalized and functionalized polymeric 

NG, in the absence of CQ. Furthermore, we hypothesize that we can extrapolate the extent 

of “change” due to CQ as an indicator of the percentage of nanomaterial entrapment. The 

number of GFP positive cells from MSi C3KO-11 increased only 2-fold in the presence 

of CQ (Figure 6E), while functionalized polymeric NG delivering C3KO-11 increased 

over wider ranges, ~4-7-fold upon cationic functionalization (Figure 4B) and ~3-7-fold 

for pH-responsive functionalization (Figure 5B). These data may indicate that only half 

of MSi C3KO-11 complexes are entrapped, leaving half of the uptaken material to reach 

the cytosol for therapeutic effect. On the other hand, these calculations imply that only 

25-33% of the polymeric materials may reach cytosol, leaving ~67-80% of the engulfed 

material endosomally entrapped. Correspondingly, we hypothesize that MSi mediated 

delivery of active casp-3 would likewise induce higher levels of cell death, a planned future 

investigation.

Conclusions:

Known caspase properties, such as their catalytic ability to induce and propagate apoptosis 

through rapid cleavage of other procaspases and cellular substrates, suggest that low levels 

of cytosolic casp-3 would be sufficient to achieve effective cell death. Prior to this work, we 

lacked a robust method to estimate the amount of delivered casp-3 that reached the cytosol. 

Herein we utilized C3KO-11, capable of reassembly with GFP1-10, to generate fluorescence 

and report on casp-3 cytosolic localization in cells. SEE allowed effective monitoring of 

only cytosolic protein levels, after endosomal escape, and importantly lacked false positive 

results.

SEE was instrumental in evaluating the role of polymer composition and NG surface 

functionality in cytosolic delivery. In the field of cell death, the level of caspase activation 

required to induce apoptosis has not been quantified. Undertaking these studies, we 

anticipated that this approach would allow quantification of the threshold level of active 

casp-3 required for apoptosis. We were surprised to observe that the levels of casp-3 

required to trigger apoptosis induction were so low that even a sensitive technique like 

SEE was not effective at quantification, indicating that the threshold casp-3 activation levels 
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must be less than 10 μM.54 Nevertheless, we did observe that increasing protein cargo 

encapsulation efficiencies within NGs did not enhance SEE, while we know that changing 

the protein cargo’s sequence can influence SEE.28 Consistent with this effect, changing 

NG surface functionalization demonstrated significant improvements while altering delivery 

vehicle architecture did not. Thus, the low fluorescence signal from non-functionalized NG 

SEE contributes to the conclusion that i) SEE is not sensitive enough to detect very low 

levels of non-functionalized NG endosomal escape and ii) the amount of endosomal escape 

truly occurring without functionalization or lysosomotropic agents is low. Importantly 

this method allows direct comparison of commonly used approaches, such as cationic 

functionalization, to increase the amount of delivered protein that reaches the cytosol. 

Furthermore, we can compare the efficiency of different delivery vehicles, that vary by 

composition, surface functionalization and cargo tagging methodology, by signal generated 

solely from cytosolic protein cargo.

Materials and Methods:

C3-11 variant expression and purification –

Generation of C3KO-11 and C3-11 variants have been described previously.28 pET 23b 

plasmid encoding human WT casp-3, or variant, was transformed into BL21(DE3) E.coli 
cells via electroporation and plated on agar plates containing ampicillin. Single colony 

cultures were grown in 50 mL LB media with the corresponding antibiotic at 37 °C 

overnight. The following day 8L of LB was inoculated with ~5mL per L of the small seed 

culture and grown at 37 °C until an OD600 of ~0.6 was achieved. The incubation temperature 

was then reduced to 25 °C and cells were induced with a final concentration of 0.1 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) and left to express for ~3 hours. Cells were 

then harvested via centrifugation for 10 minutes at 4700Xg and stored at −80 °C. Cell pellets 

were thawed and lysed using a microfluidizer (Microfluidics, Inc.) in a buffer containing 

50 mM Na3PO4, 300 mM NaCl, 2 mM imidazole, pH 8. Lysed cells were centrifuged at 

30,600xg for 55 minutes to remove cellular debris. The lysate supernatant was then loaded 

onto a pre-charged 5 mL HiTrap Ni-affinity column (GE Healthcare) and the column was 

subsequently washed with lysis buffer. Following the lysis wash, the column was further 

washed with an increased imidazole buffer, 50 mM, and the protein was finally eluted using 

a linear gradient to 300 mM imidazole. The eluted protein was diluted 7-fold in a buffer 

containing 20 mM Tris and 2 mM DTT, pH 8. This ~175 mL solution was then loaded 

onto a 5 mL HiTrap Q column (GE Healthcare) and finally eluted using a linear NaCl 

steep gradient in 20 mM Tris, 2 mM DTT, pH 8. The Q-fractions were analyzed for purity 

via SDS-PAGE and concentration concluded via A280 absorbance, using molar extinction 

coefficients ~25,900 M −1 cm−1 and subsequently stored at −80 °C.

Casp-3 variant random copolymer NG formation –

Casp-3 NG were formulated similarly to previous methods.39 20 mg of the appropriate 

random PEG-PDS derivative was added to a vial and dissolved in 1 mL 1X PBS, pH 7.4, 

and mixed via sonication for a final concentration of 20 mg/mL polymer. This polymer 

stock solution was stirred at 4 °C for ~1 hour before 0.5 mL was aliquoted into a new vial. 

To the 10 mg polymer aliquot, a casp-3 variant solution was added at a weight ratio of 
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25:1 polymer:protein with additional 1X PBS to achieve a final concentration of 10 mg/mL 

polymer(or a final volume of 1 mL). The polymer-protein solution was left to stir for ~3 

hours at 4 °C. The conjugates were then crosslinked using an equivalent of dithiothreitol 

sufficient for 20-40% crosslinking (0.04 mg) and additional stirring for ~1 hour at 4 °C. 

Excess of a thiol containing ligand (two equivalents of the remaining PDS groups after 

crosslinking), such as a cysteine terminated arginine peptide used herein, was then added 

and stirred for two hours. The NG conjugates were then purified via dialysis against 1X PBS 

pH 7.4 using a 100kDa MWCO aqueous membrane for ~20 hours at 4 °C with multiple 

buffer changes. Dialysis against this large membrane allows removal of the crosslinking 

byproduct, excess ligand, DTT and unencapsulated protein simultaneously. Prior to dialysis, 

crosslinking and functionalization were quantified using 2 μL of the NG solution + 98 μL 

water ± excess DTT and recording the absorbance of the crosslinking byproduct at 343 nm 

using UV-Vis spectroscopy.

Casp-3 variant block copolymer aqueous NG formation –

Casp-3 NG were formulated by dissolving 5 mg of the appropriate block PEG-PDS 

derivative in 0.5 mL 1X PBS, pH 7.4, via sonication for a final concentration of 5 mg/mL 

polymer, due to polymer solubility limitations. Using constant vortexing and sonication 

the polymers took several hours to dissolve in PBS. Next, a casp-3 variant solution was 

added at a weight ratio of 25:1 polymer:protein with additional 1X PBS to achieve a 

final concentration of 5 mg/mL polymer. The polymer-protein solution was left to stir 

for ~3 hours at 4 °C. The conjugates were then crosslinked, functionalized, dialyzed and 

characterized as described for the random copolymer NG.

Casp-3 variant block copolymer co-solvent NG formation –

Casp-3 NG were formulated by dissolving 10 mg of the appropriate block PEG-PDS 

derivative in 0.1 mL DMSO (10% of the final volume) via sonication and stirring at 

room temperature for ~ 15 minutes. To this solution, 0.9 mL of 1X PBS containing the 

appropriate amount of a casp-3 variant (ratio still 25:1) was added dropwise with stirring 

at room temperature. This vial was immediately moved to stir for ~3 hours at 4 °C. The 

conjugates were then crosslinked, functionalized, dialyzed and characterized as described for 

the random copolymer NG.

NG mediated protein encapsulation and release –

Purified nanogels were removed from dialysis and volumes normalized. To visualize protein 

release, 30 μL of the nanogel solution was incubated with either 10 μL of 1M DTT or 

autoclaved water and left for 15 minutes at RT. Next, 10 μL of SDS-PAGE 3X dye (with 

reductant) was added to the DTT-NG sample and reductant free SDS-PAGE 3X dye was 

added to the water-NG sample. The samples were immediately boiled at 95 °C for ~5 

minutes and then added to a 16% SDS-PAGE and electrophoresis was executed at 175V for 

60 minutes. Control protein samples were prepared using 30 μL of 10 μM protein and 10 μL 

of SDS-PAGE 3X dye, subsequently adding 10, 5, 2.5 and 1.25 μL to the gel, respectively. 

To compare encapsulation efficiencies, only when ran on the same gel, full-length C3KO-11 

band intensities of different concentrations were made into a calibration curve and compared 

to NG-released C3KO-11 using Image Lab™ Software.
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SEE Flow Cytometry experiments –

Two days prior to the assay, HEKs1-10 cells were plated at a density of ~5 x 104 in a 

24-well plate and left to adhere for ~24 hours. Upon reaching confluence, cells were treated 

with purified nanomaterial diluted in a mixture of complete DMEM (Gibco #11965) and 

10% v/v 1X PBS, pH 7.4. When CQ was used, a 100 mM CQ stock was freshly prepared 

weekly using milliQ water. On the day of the experiment, the 100 mM stock was freshly 

diluted into media (12.5-100 μM) and NG were diluted into these CQ-containing medias. 

If not specifically mentioned, 100 μM was used. After ~24 hours (unless otherwise noted), 

the cell incubation media was removed and cells were washed twice with 1X PBS (Gibco, 

Thermofisher) and incubated with 100 μL of 1X trypsin solution (prepared from 0.5% 

Trypsin-EDTA, Gibco #15400054) for ~5 minutes at 37 °C. 200 μL of FACS buffer (sterile 

filtered 0.5% BSA in 1X PBS, pH 7.4) was added to the wells and the entire solution was 

mixed then transferred to FACS compatible tubes. Samples were immediately assayed with 

488 nm GFP laser line. Samples were analyzed first using a morphological gate (forward 

scatter-area vs. side scatter-area (FSC-A vs. SSC-A)) followed by a gate to include only 

single cells (FSC-A vs. forward scatter-height (FSC-H)). Finally, this single-cell population 

was gated against the media only (un-treated, cells only) control to have ~0.5-1% GFP 

positive cells (histogram of FITC-A). Percent GFP positive (GFP+) values were reported 

as quantified by the FlowJo, LLC software. For GFP MFI, samples were normalized to the 

media-only control. Data were analyzed by one-way ANOVA, with p-values calculated with 

GraphPad Prism 6.0. Differences were considered statistically significant when p≤ 0.05. 

P-values are illustrated with asterisks where *p < 0.05; **p < 0.01; ***p <0.001; ****p < 

0.0001.

Bafilomycin Treatment –

Prior to NG addition to HEKs1-10 cells, cells were treated with bafilomycin (50 nM) 

containing media for forty-five minutes. Subsequently, bafilomycin media was removed 

and replaced with fresh bafilomycin-free media in the presence or absence of 80 μM 

chloroquine. NG were subsequently added and left to incubate for 24 hours before SEE 

analysis.

Protein modification with boronic acid linkers for inclusion in MSi NP –

120 μL C3KO-11 (123 μM, 0.46 mg), 200 μL H2O and 40 μL NaHCO3 solution (0.5 M) 

were dissolved in a 5 mL vial under stirring at room temperature. To the vial, 10 μL DMSO 

solution containing 1.5 mg linker 1 or 2 mg linker 2 was added (Figure S13). The reaction 

mixture was then stirred at room temperature for additional 6 h, followed by ultrafiltration 

purification with Amicon® Ultra Centrifugal Filters (MWCO = 3 kDa) for 5 times. The final 

modified protein was dissolved in 230 μL distilled deionized water (2 mg/mL) and stored at 

−20 °C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

Casp-3 cysteine aspartate protease-3

SEE split-complementation endosomal escape

WT wild-type, native

NG nanogel

NP nanoparticle

GFP1-10 superfolder GFP 1-10 optimized

GFP11 superfolder GFP 11

PEG polyethylene glycol

PDS pyridyl disulfide

PEG-PDS polymer of PEG and PDS

PP PEG-PDS random copolymer

PPI PEG-PDS-IPA, isopropylamine, random copolymer

PPB PEG-PDS-Butyl random copolymer

PbP PEG-PDS block copolymer

PbPB PEG-b-(PDS-r-Bu) block copolymer

GSH glutathione

DTT dithiothreitol

PBS phosphate-buffered saline

CQ chloroquine diphosphate

z-VAD-fmk benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone

DEVD-AMC peptide N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin

SDS-PAGE SDS-polyacrylimide gel electrophoresis

FCA flow cytometry analysis

TNG 20 mM Tris, 100 mM NaCl, 10% Glycerol, pH 7.5 buffer
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Figure 1. 
Confocal fluorescence microscopy of (A) Cy3-C3KO-11 protein delivered by unlabeled NG. 

(B) Cy3-PEG-PDS NG delivering unlabeled C3KO-11. (C) Cy3-PEG-PDS NG delivering 

Cy5-C3KO-11. HEK293T cells, 60X objective, BF (bright-field), DAPI (nucleus stain, 405 

nm), Lysotracker (acidic endosomal stain, 488 nm), Cy3 (532 nm), Cy5 (632 nm). Scale 

bars indicate 80 microns. (D) Random copolymer structures of poly(ethylene glycol) and 

pyridyl disulfide (PEG-PDS) derivatives. (E) Block copolymer structures. (F) Representation 

of nanogels (NGs) with varying surface functionalities.
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Figure 2. Incorporation of isopropyl amine or butyl functionalities within PEG-PDS polymers 
has little influence on C3KO-11 SEE.
(A) SEE after 24-hour incubation with nanogel (NG) complexes at 0.75 mg/mL polymer 

concentration in HEKs1-10 cells demonstrates little influence of polymer structure on 

endosomal escape. Measured by split GFP, endosomal escape is quantified as GFP positive 

cells (Ex. 488 nm). Untreated, single-cell HEKs1-10 population are gated for baseline GFP 

fluorescence levels and any cell beyond the gate is categorized as GFP positive. SEM error 

bars pertain to individual biological replicates from independent NG batches, analyzed on 

different days. (B) NG complexes, in the presence of 80 μM chloroquine diphosphate (CQ), 

show an increased GFP positive population. (C) Confocal microscopy of NG (Cy3-C3KO-11 

protein) in HEK293T cells. 60X objective, BF (bright-field), DAPI (nucleus stain, 405 nm), 

Lysotracker (acidic endosomal stain, 488 nm), Cy3 (532 nm), scale bars indicate 80 microns. 

(D) Hypothesized proton sponge mechanism of chloroquine mediated endosomal disruption, 

liberating NG entrapment in endosomes. SEM error bars pertain to four or more individual 

biological replicates from independent NG batches analyzed on different days. For (A,B), 

one-way ANOVA was performed against PEG-PDS, no significant (n.s.) differences found.
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Figure 3. Co-solvent block copolymer NG formation.
(A) Co-solvent block copolymer nanogel (NG) formation begins by dissolving the polymer 

in 10% solvent followed by addition of an aqueous solution containing C3KO-11 dropwise 

with stirring. The general NG encapsulation, crosslinking and purification procedure is 

then followed. (B) Encapsulation efficiencies of the block copolymers is enhanced by 

the co-solvent methodology (cs subscript). (C) Visualization of PEG-b-PDS NG mediated 

delivery of C3KO-11 to MCF7 cells at two different doses (1.0 and 0.5 mg/mL polymer 

concentration). Purified C3KO-11 was added at 0.2, 0.4, 0.8 and 1.6 μg/mL. (D) PEG­

b-PDS NG prepared using co-solvents acetone (a subscript) or DMSO (d subscript) 

mediated delivery of WT casp-3 demonstrated cleavage of poly (ADP-ribose) polymerase 1 

(PARP) indicating delivery of active casp-3 WT and apoptosis with an empty NG control 

prepared using the co-solvent methodology. (E) Delivery of active C3-11 by PEG-PDS NG 

derivatives, unfunctionalized (−) and Arg3 (R3) functionalized, and resultant PARP cleavage. 

These data demonstrate C3KO-11’s ability to maintain activity against apoptotic substrates 

in cells and that R3 functionalization increased total protein delivered and subsequently 

increased the resultant PARP cleavage for various NG. Delivery of inactive C3KO-11 used as 

control to demonstrate lack of apoptosis from an inactive casp-3 cargo.
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Figure 4. NG functionalization with cationic peptides enhances endosomal escape.
(A) SEE after 24-hour incubation with surface modified PEG-PDS NG complexes at 0.75 

mg/mL polymer concentration in HEKs1-10 cells indicates that Arg-functionalization aids 

in endosomal escape. SEM error bars pertain to individual biological replicates from 

independent NG batches, analyzed on different days. (B) In the presence of 80 μM CQ, 

a significant increase in fluorescence was observed suggesting that Arg-functionalization 

may also increase number of NG within endosomes. (C) SEE represented as change in GFP 

mean fluorescent intensity (MFI) of cells in CQ-free media. The change in MFI is generated 

after normalizing GFP MFI to the untreated, viable single-cell HEKs1-10 population. (D) 

In the presence of 80 μM CQ. (E) Visualization of CQ-liberated endosomes after 24-hour 

incubation with R3-PEG-PDS NG (20X objective: BF (bright-field), DAPI (nucleus stain, 

Ex. 405 nm), GFP (reassembly of C3KO-11 and GFP1-10, Ex. 488 nm), scale bar indicates 

approximately 50 microns). (F) SEE of R3-PEG-PDS NG and (G) TAT-PEG-PDS NG with 

and without CQ and bafilomycin, an endosomal acidification inhibitor. For (A-D), one-way 

ANOVA performed against PEG-PDS where *p < 0.05; **p < 0.01; ***p <0.001; ****p 

< 0.0001. If no label present, no significant (n.s.) differences were found. For (F and G), 

individual unpaired t-tests were performed.
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Figure 5. NG functionalization with pH-sensitive peptides influences endosomal escape.
(A) SEE after 24-hour incubation with surface modified PEG-PDS NG complexes at 0.75 

mg/mL polymer concentration in HEKs1-10 cells and (B) In the presence of 80 μM CQ. 

SEM error bars pertain to individual biological replicates from independent NG batches, 

analyzed on different days. (C) SEE represented as change in GFP mean fluorescent 

intensity (MFI) of cells in CQ-free media. The change in MFI is generated after normalizing 

GFP MFI to the untreated, viable single-cell HEKs1-10 population. (D) In the presence 

of 80 μM CQ. (E) Visualized CQ-liberated endosomes after 24-hour incubation with the 

different pH-responsive-NG (20X fluorescent microscope objective: BF (bright-field), DAPI 

(nucleus stain, 405 nm), GFP (reassembly of C3KO-11 and GFP1-10, 488 nm)). SEM error 

bars pertain to four individual biological replicates from independent NG batches analyzed 

on different days. (F) SEE of KALA-PEG-PDS NG, with and without CQ and bafilomycin, 

an endosomal acidification inhibitor. For (A-D), one-way ANOVA performed against PEG­

PDS where *p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001. If no label present, no 

significant (n.s.) differences were found. For (F), individual unpaired t-tests were performed.
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Figure 6. Detecting cytosolic delivery of C3KO-11 via mesoporous silica (MSi) nanoparticles by 
SEE.
(A) Influence of MSi pore size on SEE after 24-hour incubation with MSi complexes in 

HEK293T cells transfected with GFP1-10 and (B) Change in MFI. (C) Dose dependence 

of SEE after 24-hour incubation with MSi complexes in HEKs1-10 cells. (D) Effect of 

incubation time on SEE. (E) SEE improvement of various MSi complexes in the presence 

of 100 μM CQ. For (C) two-way ANOVA performed and for (E) unpaired t-test (two-tailed) 

executed where *p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001. If no label present, no 

significant (n.s.) differences were found. For (F), individual unpaired t-tests were performed.
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Scheme 1. Split-Complementation Endosomal Escape (SEE) pathways for NG delivering tagged 
casp-3 (C3-11).
Only once nanogels (NG) escape the endosome into the cytosol will C3-11 be released by 

cytosolic glutathione, leading to reassembly with cytosolically expressed GFP1-10 and GFP 

fluorescence.
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