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Abstract

Current strategies for delivery of proteins into cells face general challenges of endosomal 

entrapment and concomitant degradation of protein cargo. Efficient delivery directly to the 

cytosol overcomes this obstacle: we report here the use of biotin-streptavidin tethering to 

provide a modular approach to the generation of nanovectors capable of cytosolic delivery 

of biotinylated proteins. This strategy uses streptavidin to organize biotinylated protein and 

biotinylated oligo(glutamate) peptide into modular complexes that are then electrostatically self-

assembled with a cationic guanidinium-functionalized polymer. The resulting polymer-protein 

nanocomposites demonstrate efficient cytosolic delivery of six biotinylated protein cargos of 

varying size, charge, and quaternary structure. Retention of protein function was established 

through efficient cell killing via delivery of the chemotherapeutic enzyme granzyme A. This 

platform represents a versatile and modular approach to intracellular delivery through non-

covalent tethering of multiple components into a single delivery vector.
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INTRODUCTION

There are currently >130 FDA-approved protein therapeutics on the market1 but 

cell membrane impermeability has largely limited these approaches to extracellular 

targets.2,3 Intracellular protein delivery presents a transformative technology for biomedical 

applications and fundamental research.4–6 Proteins play critical roles in cell signal 

transduction7,8 and homeostasis,9,10 and many inherited diseases are caused by aberrant 

protein function.11,12

Most intracellular targets of protein delivery require access to the cytosol, including delivery 

to subcellular organelles and the nucleus.13 The vast majority of intracellular delivery 

strategies rely on endosomal uptake of modified proteins14 or nanovectors.15,16 Endosomal 

entrapment severely limits efficiency of these strategies,17 sequestering delivered cargo and 

preventing cytosolic access.18,19 Cargo entrapped in endosomes will generally be either 

exocytosed or degraded through the endo/lysosomal pathway,20 making endocytosis an 

ultimately challenging uptake route. Recent reports estimate that <10% of endocytosed 

cargo will escape into the cytosol,21 an outcome that can be improved by delivery vehicles 

engineered to trigger endosomal rupture and escape.22

Fusion of delivery vectors with the cell membrane provides a direct means of 

intracellular delivery, bypassing issues associated with endosomal entrapment.23,24 

Liposomal vehicles can fuse with the cell membrane25,26 but face challenges related 

to opsonization and accelerated blood clearance.27,28 Polymer scaffolds are versatile 

platforms that provide flexibility of design through chemical diversity.29,30 Francis notably 

demonstrated intracellular protein delivery through site-selective conjugation of amphiphilic 

polymers to proteins.31 Other recent approaches have utilized cationic dendrimers32,33 

or fluoropolymers34 to coordinate and deliver proteins to the cytosol,35,36 for diverse 

applications including cancer immunotherapy37 and therapeutic gene editing.38
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Direct cytosolic protein delivery was previously achieved using guanidinium-functionalized 

gold nanoparticles39,40 and co-engineered proteins modified with terminal oligo(glutamate) 

“E-tags”. In this system, electrostatic guanidine-carboxylate interaction enabled self-

assembly of supramolecular complexes. This strategy was recently adapted for guanidinium-

functionalized poly(oxanorbornene) imide (PONI) polymers (PONI-Guan, Figure 1),41 

providing highly efficient cytosolic delivery of several E-tagged proteins as demonstrated 

through nuclear co-localization with imaging flow cytometry, and enzymatic recombinase 

activity. Both strategies, however, require plasmid engineering to provide E-tagged proteins, 

generating a protein quite different from the native protein, and making the strategy 

cumbersome.

Tetravalent biotin-streptavidin (STV) binding provides a modular high-affinity strategy for 

protein bioconjugation.42–45 A wide range of molecular and macromolecular systems can be 

biotinylated, making this a highly versatile platform for bioconjugation.45,46 We report here 

the use of biotin-streptavidin assemblies to provide cytosolic delivery of proteins into cells. 

In this system, biotinylated oligo(glutamate) (b-E20) and biotinylated proteins were first 

bound to STV (Figure 1). These conjugates were then self-assembled using PONI-Guan 
homopolymer to form discrete (200 – 350 nm on average) supramolecular polymer-protein 

nanocomposites. These complexes facilitated efficient cytosolic delivery, as demonstrated 

through microscopy and nuclear access of biotinylated green fluorescent protein (b-GFP) 

in mammalian cells. Cytosolic delivery of five additional fluorescent proteins of varying 

molecular weight, charge, and quaternary structure demonstrated versatility of this approach. 

Retention of enzymatic activity after delivery was validated by delivery of biotinylated 

granzyme A (b-GrA) with efficient cell killing. The modular nature of this platform 

provides a readily adaptable strategy for supramolecular conjugation and highly efficient 

cytosolic delivery of proteins.

RESULTS/DISCUSSION

Generation of biotin conjugates.

Green fluorescent protein (GFP, 27 kDa, pI 5.8) was used as a model protein cargo 

for its robust fluorescence and ability to passively diffuse into the nucleus to provide a 

clear readout of cytosolic access.47 b-GFP was prepared via amine-reactive crosslinking 

of wild-type GFP (wtGFP) via NHS ester coupling (Figure 2a and Figure S1). Analysis 

of conjugated GFP by electrospray ionization-mass spectrometry (ESI-MS)48 confirmed a 

distribution of labeling with ~6 biotins on average per b-GFP protein (Figure 2c–d). This 

result was validated using matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS) (Figure S2). Binding between STV, b-GFP, and b-E20 was verified using 

a colorimetric HABA (4’-hydroxyazobenzene-2-carboxylic acid) displacement assay.49,50 

Significantly, mono-biotinylated b-E20 and multi-biotinylated b-GFP displace comparable 

molar amounts of HABA, indicating b-GFP does not bind multiple STV proteins (Figure 

S3). Biotinylated E-tag (b-E20) was made likewise through coupling of commercially 

available E20 peptide with biotin NHS ester (Figure 2b). Details of these reactions are 

available in Supporting Information.
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Additional proteins were biotinylated similarly through NHS ester coupling. α-

chymotrypsin (25 kDa, pI 8.8), bovine serum albumin (BSA; 66 kDa, pI 4.7), apo-transferrin 

(77 kDa, pI 6.0), and DsRed (107 kDa, pI 11.0), were reacted with NHS-biotin at a 1:1 

molar ratio to form b-α-chymotrypsin, b-BSA, b-apo-transferrin, and b-DsRed. The 

CRISPR-associated Cas9 protein (162 kDa, pI 8.0) and β-galactosidase (β-Gal, 465 kDa, pI 

4.6) were conjugated at a 5:1 (NHS-biotin in excess) molar ratio to accommodate the larger 

size of these proteins. Cas9 notably features a nuclear localization signal (NLS) and was 

thus denoted as b-Cas9-NLS. Analysis of b-Cas9-NLS and b-β-gal by ESI-MS consistently 

resulted in poor ionization and low signal that could not be reliably deconvoluted (data 

not shown). For proteins prepared at a 1:1 molar ratio with NHS-biotin, ESI-MS analysis 

validated the presence of 1 biotin label per protein on average (Figure S4). Non-fluorescent 

proteins were subsequently labeled with Alexa Fluor 488 (AF488) to facilitate visualization 

in live cells.

Nanocomposite formation and characterization.

Complexes were first formed between STV, b-E20 peptide and b-GFP protein cargo 

through simultaneous mixture of the three components to avoid biased populations arising 

from cooperativity of STV-biotin binding.43,51 A 1:1:3 STV/b-E20/b-GFP molar ratio was 

chosen to maximize the population of STV complexed with three b-GFP proteins and 

a single b-E20 polypeptide (Figure S5). Significantly, assemblies generated by sequential 

component addition were delivery incompetent when complexed with PONI-Guan and 

largely remained attached at the cell surface (Figure S6).

PONI-Guan with 60 kDa molecular weight (synthetic details are available in Supporting 

Information) previously provided effective cytosolic delivery of proteins with engineered 

E-tags,41 and was used for self-assembly with the STV complexes. Nanocomposites 

were generated by simple mixture between aqueous PONI-Guan and STV/b-E20/b-GFP 
complexes, followed by incubation for 10 min at ambient temperature (Figure 3a). 

Formulations were based on charge ratio of total polymer guanidinium (G) groups to 

E-tag carboxylates (G/E ratio). A series of b-GFP nanocomposites were prepared through 

parametric variation of G/E ratio and characterized by DLS (Figures 3b and S7) and zeta 

potential (Figure 3c). The smallest complexes were formed at G/E 10, and all complexes 

featured a positive zeta potential (Figure 3c). TEM of the complexes indicated similar 

size and spherical morphology (Figure 3d). Complexation provided a degree of protection 

from degradation by protease, as compared with free protein (Figure S8), but less than 

with our previously reported platform.41 Nanocomposites were similarly generated with 

b-α-chymotrypsin, b-BSA, b-apo-transferrin, b-DsRed, b-Cas9-NLS, and b-β-gal at G/E 

10 and analyzed by DLS. Complexes formed with an average size of 180–350 nm for all 

protein cargos evaluated except b-α-chymotrypsin, which exhibited an average size >800 

nm (Figure S9).

Cytosolic protein delivery, and nuclear access of GFP.

Cytosolic delivery of b-GFP was demonstrated through incubation of PONI-Guan/STV/b-
E20/b-GFP nanocomposites with HEK-293T (human embryonic kidney) cells in complete 

culture media (10% FBS) for 24 h at 37°C. Confocal microscopy revealed diffuse green 

Luther et al. Page 4

ACS Nano. Author manuscript; available in PMC 2023 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fluorescence throughout the cytosol (Figure 4) indicative of cytosolic delivery. Diffuse 

nuclear fluorescence and co-localization with nuclear stain confirmed that GFP accessed the 

cytosol and diffused into the nucleus.52 Delivery at different time points confirmed that most 

delivery events occurred within 3–5 hours of initial incubation (Figure S10). All components 

were necessary to achieve cytosolic delivery (Figure S11). No significant toxicity was 

observed after incubation, and no obvious differences in cell morphology were observed 

(Figures S12 and S13). Efficient cytosolic delivery of b-GFP was also demonstrated in 

HeLa (human cervix adenocarcinoma) and CHO-K1 (hamster ovary epithelial-like) cells 

(Figure S14), demonstrating versatility of this delivery strategy.

To demonstrate generality of this delivery approach, a series of nanocomposites were 

generated using five different biotinylated proteins at G/E 10 and incubated with HEK-293T 

cells as above. After incubation, diffuse cytosolic fluorescence was observed with b-α-
chymotrypsin, b-BSA, b-apo-transferrin, b-DsRed, and b-Cas9-NLS. The small size of 

b-α-chymotrypsin (25 kDa) allowed passive diffusion into the nucleus, further validating 

cytosolic access of delivered protein cargo. Delivery with larger proteins (>60 kDa) resulted 

in diffuse fluorescence with mostly dark nuclei, indicating cytosolic access without nuclear 

entry (Figure S15). Delivery of b-Cas9-NLS notably exhibited nuclear fluorescence due 

to NLS-driven nuclear import. Nanocomposites prepared with b-β-gal remained membrane-

bound and did not facilitate cytosolic delivery (Figure S16), even with higher degrees of 

biotin labeling or formulation at different G/E ratios (data not shown). This is somewhat 

unsurprising given the extremely high molecular weight of β-galactosidase (465 kDa) and 

suggests an effective limitation of this delivery platform for very large cargos.

Quantification of GFP delivery by imaging flow cytometry.

Imaging flow cytometry provides a robust approach to quantifying delivery efficiency using 

large data sets.53 PONI-Guan/STV/b-E20/b-GFP formulations were prepared as described 

and incubated with HEK-293T cells for 24 h in serum-containing media. Flow imaging 

cytometry gating criteria was applied to the data as described in Supporting Information 

(Figures S17 and S18), and the cell population with co-localized nuclear fluorescence was 

quantified (Figure 5). Two positive controls were utilized: a commercial (Thermo Scientific) 

protein transfection kit (notably requiring serum-free delivery conditions) and engineered 

E-tagged GFP.41

A summary of delivery efficiencies using PONI-Guan/STV/b-E20/b-GFP nanocomposites 

in HEK-293T is shown in Figure 5. G/E ratios 10 and 20 demonstrated cytosolic 

delivery in >90% of cells. Delivery efficiency was notably comparable to PONI-Guan/GFP-

E20 positive controls and outperformed the commercial transfection reagent.41 Delivery 

efficiency decreased as G/E ratio increased, suggesting a key role for surface charge density 

in cytosolic delivery.54,55 This trend is consistent with our previously reported results.41

Cholesterol provides membrane fluidity that is instrumental in facilitating cytosolic 

protein delivery through vehicle fusion with cell membranes in our prior nanoparticle39 

and polymer41 protein delivery systems. Consistent with these reports, pretreatment of 

HEK-293T cells with cholesterol sequestration agents methyl-β-cyclodextrin (MβCD), α-

cyclodextrin, and nystatin significantly decreased uptake of b-GFP.56,57 In contrast, delivery 
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was minimally affected by pretreatment with inhibitors of clathrin-mediated endocytosis 

(chlorpromazine) 58, or macropinocytosis (imipramine) (Figure S19),59 supporting the 

bypassing of these pathways through a direct membrane-fusion-like process. Delivery was 

inhibited when incubated at 4˚C for 6h (Figure S20) due to contraction and decreased 

fluidity of the cell membrane.60,61,62,63

Delivery of therapeutic enzyme granzyme A.

Delivery of active enzymes into cells provides both a testbed for functional protein delivery 

as well as access to therapeutic applications.64 Granzyme A (GrA) is a serine protease that 

induces apoptosis and cell death,65,66,67 with selectivity observed for killing of malignant 

multidrug-resistant tumor cells.68 GrA homodimer (60 kDa) was purified and biotinylated 

using NHS-biotin to form b-GrA (Figure S21). b-GrA was complexed with STV, b-E20, 

and PONI-Guan polymer as described previously to form PONI-Guan/STV/b-E20/b-GrA 
nanocomposites, using an average of one E-tag per STV as above. Nanocomposites were 

formulated at G/E ratios ranging from 10 to 30, providing nanoparticles (Figure S22) 

consistent in size with those formed using b-GFP.

PONI-Guan/STV/b-E20/b-GrA nanoparticles were incubated with HEK-293T cells in 

serum-containing (10%) media. After incubation for 24 hours, cell killing was evaluated 

by Alamar Blue assay. Cell viability was significantly decreased at all G/E ratios for 

the PONI-Guan/STV/b-E20/b-GrA nanoparticles. (Figure 6). Likewise consistent with 

b-GFP delivery, pretreatment of cells with MβCD (7.5 mg/mL) prevented cell death, 

while pretreatment with an endocytosis inhibitor (CPM, 1.5 μg/mL) exhibited no significant 

difference from the treatment conditions. These results collectively demonstrate the ability 

of biotin-STV nanocomposites to deliver enzymes into the cell without compromising 

activity.

CONCLUSIONS

In summary, biotin-streptavidin self-assembly provides a highly modular ‘plug-and-play’ 

approach to efficient intracellular delivery of proteins. The inherent simplicity of 

biotinylation facilitates access to effective E-tag delivery strategies that bypass endosomal 

pathways using membrane fusion-like processes. Cytosolic delivery and effective nuclear 

access of biotinylated GFP was quantified by imaging flow cytometry, demonstrating 

high efficiency compared with a commercial protein delivery reagent. Extension of this 

platform to accommodate five additional fluorescent protein cargos ranging in size, charge 

and structure demonstrated the versatility of this biotin-streptavidin tethering strategy for 

intracellular delivery. Delivery of cytotoxic protein granzyme A provided effective killing 

of cells, validating both retention of enzymatic activity and cytosolic access of delivered 

therapeutic protein. This modular platform immediately provides a robust approach to 

protein delivery ex vivo and in vitro, as well as a promising foundation for future in vivo 
therapeutic applications.
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METHODS/EXPERIMENTAL

Materials.

All chemicals and solvents for syntheses were purchased from Fisher Scientific and Sigma-

Aldrich, and used without further purification, unless otherwise stated. The chemicals were 

used as received. All reagents were purchased from Fisher Scientific and used as received 

for chemical synthesis. NIH-HEK-293T cells (ATCC CRL-3216) and CHO-K1 cells (ATCC 

CCL-61) were purchased from ATCC. Dulbecco’s Modified Eagle’s Medium (DMEM) 

(DMEM; ATCC 30–2002) and fetal bovine serum (Fisher Scientific, SH3007103) were 

used in cell culture. The yields of the compounds reported here refer to the yields of 

spectroscopically pure compounds after purification.

Nanocomposite preparation, characterization, and instrumentation.

PONI-Guan polymer/STV/b-E20/b-GFP nanocomposites were prepared in polypropylene 

microcentrifuge tubes (Fisher) by mixing in a specific order. STV (413 nM) was added 

first to a mixture of b-E20 (413 nM) and b-GFP (ranging from 413 nM to 1652 

nM) by pipet and incubated at ambient temp. for ~10 minutes. After initial incubation 

period, PONI-Guan homopolymer (375 nM) was added to the nanocomposite mixture and 

allowed to incubate at ambient temperature for 10 minutes, escalating formation of final 

nanocomposites. Volume was corrected between samples using DPBS (HyClone). Samples 

were finally made up to volume with Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 

4500 mg/L glucose, HEPES-, L-Glutamine+, Sodium pyruvate+, phenol red+) supplemented 

with 10% (v/v) FBS (Gibco), and 1% antibiotics (Antibiotic-Antimycotic, Corning) and 

allowed to incubate a final 10 minutes. Size measurements were conducted in DPBS using 

a Malvern Zetasizer Nano-ZS. Alamar Blue (Invitrogen) viability studies were performed 

using a Molecular Devices Spectramax M2 with accompanying SoftMax Pro 7 software.

Electrospray ionization mass spectrometry.

ESI Mass spectrometry (Bruker MicroTOF-II) was used to confirm protein biotinylation. 

The pattern of peaks due to the multiple charges of the protein was deconvoluted using 

ESIprot software (online version: https://www.bioprocess.org/esiprot/esiprot_form.php). 

Mass of the protein was obtained at the given precision. Average degree of labeling was 

determined by comparing protein average mass differences (modified and unmodified) with 

the molecular weight of biotin. Biotinylated protein samples were prepared as previously 

described. Desalting was carried out through successive buffer exchange to MQ water using 

10 kDa MWCO spin columns (Amicon). Samples were prepared for ESI by solvating the 

protein in a H2O:MeOH (1:1) solution with formic acid 0.1%.

Confocal microscopy.

Confocal microscopy imaging was performed using a Nikon A1 Spectral Detector Confocal. 

For all confocal studies, 1.5 × 105 cells were seeded in #1.5 circular confocal dishes 

(Mattek) for imaging 24 h prior. Confocal microscopy was used to assess delivery through 

fluorescence.
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Figure 1. 
a) Biotinylated components b-E20 and b-GFP complex (i) with streptavidin (STV). 

Addition of PONI-Guan polymer (ii) self-assembles into stable nanocomposites that 

deliver protein to the cytosol. b) Representative TEM micrograph of PONI-Guan/b-E20/b-
GFP/STV nanocomposites (G/E 10). Scale bars = 20 nm. c) Confocal imaging (HEK-293T, 

G/E 10, 24 h incubation) reveals diffuse fluorescence throughout the cell. Scale bar = 10 μm.
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Figure 2. 
Protein biotinylation through NHS ester coupling with a) lysine residues of wtGFP, 
and b) free terminal amine of E20 peptide. Detailed are available in Supporting 

Information. c) Representative ESI-MS spectra of wtGFP and d) b-GFP demonstrate mass 

differences. Average number of biotin-labeled residues estimated based on deconvoluted 

mass differences and relative intensity (see Supporting Information).
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Figure 3. 
Characterization of supramolecular nanocomposites. a) Nanocomposite preparation through 

(i) STV conjugation with biotinylated components, followed by (ii) complexation 

with PONI-Guan homopolymer. b) Representative overlaid DLS spectra representing 

PONI-Guan/STV/b-E20/b-GFP (1:1:3 molar ratio, as described above) nanocomposites 

formulated at select G/E ratios. Size represented by number (size by intensity and 

volume are shown in Figure S7). c) Representative zeta potential measurements of PONI-
Guan/STV/b-E20/b-GFP nanocomposites at select G/E ratios, with relevant controls. d) 

Representative TEM micrographs of PONI-Guan/STV/b-E20/b-GFP nanocomposites (G/E 

10). Scale bar = 500 nm, inset scale bar = 20 nm.
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Figure 4. 
Representative confocal images of HEK-293T after 24 h incubation (10% FBS). Top row 

depicts b-GFP delivery at select G/E ratios (scale bar: 50 µm) with magnified image of 

G/E 10 (scale bar: 20 µm). Bottom row depicts cytosolic delivery of additional biotinylated 

proteins after 24 h incubation. Most delivery events occurred within 3–5 h. Nanocomposites 

were formulated at G/E 10. Scale bars: 50 µm. Diffuse fluorescence and nuclear access 

where appropriate signals cytosolic access.
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Figure 5. 
Imaging flow cytometry data presented as percentage of cell population, quantifying 

cytosolic/nuclear delivery of GFP. Nanocomposites were formulated as described above, at 

varying G/E ratios (red) or under various control conditions (gray). Delivery was compared 

with controls: b-GFP delivery (blue) using commercial Pierce Protein Transfection Reagent 

(PPTR, Thermo Scientific), incubated in serum-free media, and GFP-E20 (green) delivered 

by PONI-Guan at G/E 10.41 Data is average of 6 replicate wells. Error is standard deviation 

by population. Details of imaging flow cytometry experiments available in Supporting 

Information. Statistical analysis was performed through unpaired t-test; *** = p < 0.001; 

**** = p < 0.0001; ns is not significant.
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Figure 6. 
Delivery of b-GrA causes decreased cell viability. Viability of HEK-293T cells following 

PONI-Guan/STV/b-E20/b-GrA treatment under varied conditions, as determined by 

Alamar Blue. G/E 10–30 (red) represents treatment with b-GrA nanocomposites at 

respective formulations. G/E 10+CPM (yellow) and G/E 10+MβCD (blue) show conditions 

that underwent pretreatment with small molecule inhibitor reagents. Controls are shown 

in gray. Data is average of 6 replicate wells. Error is standard deviation by population. 

Statistical analysis was performed through unpaired t-test; **** = p < 0.0001; ns is not 

significant. Details are available in Supporting Information.
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