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Abstract

Endosomal entrapment is a key hurdle for most intracellular protein-based therapeutic strategies. 

We report a general strategy for efficient delivery of proteins to the cytosol through co-engineering 

of proteins and nanoparticle vehicles. The proteins feature an oligo(glutamate) sequence (E-tag) 

that binds arginine-fuctionalized gold nanoparticles, generating hierarchical spherical 

nanoassemblies. These assemblies fuse with cell membranes, releasing the E-tagged protein 

directly into the cytosol. Five different proteins with diverse charges, sizes, and functions were 

effectively delivered into cells, demonstrating the generality of our method. Significantly, the 

engineered proteins retained activity after cytosolic delivery, as demonstrated through the delivery 

of active Cre recombinase and Granzyme A to kill cancer cells.
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Nanoassemblies delivering protein into cytosol through a membrane fusion-like mechanism.
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Intracellular delivery of proteins into cells is crucial for therapeutic development,1 cellular 

imaging and diagnosis,2 genome engineering,3,4 and synthetic biology applications.5 Native 

enzymes and transcription factors are particularly attractive ‘biologics’ for intracellular 

enzyme replacement therapy,6,7 however effective delivery of these potential therapeutics 

remains elusive.7 Endosomal entrapment is a key hurdle: nanocarrier-based delivery 

methods result in only a fraction of the entrapped cargo (often ~1%) escaping into the 

cytosol.8 Protease-mediated degradation and exocytosis of the remaining entrapped cargo 

make these strategies ultimately highly inefficient.8,9,-10 Delivery through membrane 

disruption methods can provide efficient cytosolic protein delivery, however, these methods 

generally require additional osmolytic surfactants,11 hypertonic agents,12 or mechanical 

distortion techniques13 that are harmful for the cells and have challenges for in vivo enzyme 

applications.

Recently, our laboratory has developed a nanocapsule-based14 strategy for cytosolic protein 

delivery.15,16,-17 This method, however, is limited to proteins whose pI values are below ~7. 

More recently, we developed an engineering strategy to form spherical hierarchical self-

assemblies between proteins and nanoparticles.18 In our approach, proteins tagged with 

recombinantly attached oligo-glutamic acid (E-tagged proteins) self-assemble with 

positively charged gold nanoparticles (2 nm core diameter) that carry arginine functionality 

on their surface (ArgNP).14,19 We report here the use of these assemblies in a general 

strategy for direct cytosolic delivery of proteins into mammalian cells, with versatility 

demonstrated using five different proteins with spanning a range of charge, size, and 

functions (Figure 1).
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RESULTS

Engineering E-tagged green fluorescent proteins (GFP) for direct cytoplasmic delivery

We began our studies using GFP to facilitate imaging without complications arising from 

fluorescent tagging. We expressed a series of GFPs carrying different lengths of E-tags at the 

C-terminus and self-assembled them with ArgNP particles.18 The assemblies were then 

screened for delivery efficiency in cultured HeLa cells. After incubating GFP-En:ArgNPs 

assemblies with HeLa cells for 3 h, the cellular uptake of GFP-En was monitored using 

confocal laser scanning microscopy (CLSM) and flow cytometry. GFP delivery efficiency 

increased as the length of E-tag increased, with maximum delivery at GFP-E10 (Figure 2d, 

Figure S2), consistent with the assembly process.18 The highest GFP delivery intensity 

observed at a molar ratio of 1: 3 ArgNP (250 nM) to GFP-E10 (750 nM), as determined by 

flow cytometry analysis (Figure S3).

Confocal microscopy investigation revealed that the delivered GFP-E10 was evenly 

distributed throughout the cytoplasm (Figure 2b-c; Figure S4 for z-stacking images), without 

the punctate fluorescence seen with delivery vehicles with endosomal uptake (Figure 

S5).20,21 We also observed fluorescence in the nucleus, consistent with the ability of small 

proteins such as GFP to diffuse through the nuclear pore (Figure 2b-c).22 Direct cytoplasmic 

delivery of GFP-E10 is also evident from live cell video imaging. As shown in Figure 3b and 

in Supplementary movie 1, the release of GFP-E10 was observed at ~15 min post-

incubation, with complete protein delivery obtained in as little as 40 min. We choose five 

additional mammalian cell lines to demonstrate the generality of the delivery process: 

human embryonic kidney cells (HEK), mammary epithelial cells (MCF-7), mouse 

macrophage (RAW 264.7), human ovarian cancer cells (SKOV-3), and T-lymphocyte cells 

(Jurkat). As shown in Figure 2e and Figure S6, efficient cytosolic delivery of nanoassembly-

mediated GFP-E10 was evident in all of these cell lines, indicating the broad-spectrum 

capabilities of our system.

A fusion-like process facilitates direct cytosolic protein delivery

Insight into the delivery process was obtained using time-lapse confocal microscopy. After 

contact of a nanoassembly with the cell membrane (Figure 3a), encapsulated GFP-E10 was 

quickly released into the cytosol (Figure 3c), reaching the opposite end of the cell in less 

than 30s and visible in the nucleus after 90s (Figure 3c, Supplementary movie 2). 

Significantly, free mCherry protein in the media did not enter the cell during nanoassembly 

mediated GFP-E10 delivery (Figure S7), indicating that delivery does not occur through a 

“hole punching” process.23 Mechanistic insight was obtained through cholesterol depletion 

assays, where complete inhibition of protein delivery (Figure S8) was observed. This shut-

down suggests that the delivery process occurs through a lipid raft mediated process.24

Generality of protein delivery

We selected five different proteins with a range of charge (pI), size, and function: 

Prothymosin-α (PTMA) (pI= 3.71, MW= 11.8 kDa, chromatin remodeling protein);25 GFP 

(pI= 5.9, MW= 27 kDa, imaging protein);26 Granzyme A (GzmA) (pI= 9.14, MW= 29.0 

kDa, cytolytic protein secreted by T-cells);27 Cre recombinase (Cre) (pI= 9.60, MW= 38.5 
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kDa, DNA recombinase);28 Histone 2A (H2A) (pI= 10.60, MW= 13.5 kDa, DNA packaging 

protein in the nucleosome) (Figure 4a).29

We attached an E10-tag to these proteins similar to GFP, at either the N- or C-terminus 

(Methods). For imaging studies these proteins (except GFP) were labeled with fluorescein 

isothiocyanate (FITC) and assembled with ArgNPs at the appropriate molar ratios 

(Methods). These nanoassemblies were incubated with HeLa cells at 37°C and 5% CO2 for 

3 h. As shown in Figure 4b, all E10-tagged proteins were evenly distributed in the cytosol as 

well as the nucleus, establishing the generality of the protocol.

Functional delivery of Cre recombinase provides efficient gene recombination

Cre recombinase delivery provides an attractive tool for cellular engineering and synthetic 

biology applications. After achieving successful delivery of FITC-tagged Cre-E10, we tested 

its activity and function in the delivered cells. Cre excises out (delete) genes flanked by a 

recognition sequence ‘loxP’.30 To generate a simple readout of Cre activity, we generated a 

plasmid (loxP-dsRedSTOP-loxP-GFP) and delivered it into human embryonic kidney cells 

(HEK) for transient expression of the cassette. These cells exhibit red fluorescence, but will 

turn green after delivery of active Cre. When Cre-E10 was delivered into these reporter cells, 

red-to-green fluorescence conversion was observed using confocal microscopy and flow 

cytometry (Figure 5). Prominent expression of GFP was observed after 48 h of delivery, 

indicating that Cre-E10 was delivered in active form.

Functional delivery of Granzyme A efficiently kills cancer cells

GzmA delivery provides a direct therapeutic application of intracellular protein delivery. 

Granzymes are cytolytic enzymes that are produced by cytotoxic T-cells and released into 

target cells to kill them,31 a process used in adoptive cancer immunotherapy.32 The killing 

efficiency of delivered GzmA-E10 in HeLa cells was evaluated by incubating 

nanoassemblies containing GzmA-E10 were incubated with HeLa cells at 37°C and 5% CO2 

for 3 h followed by washing. Cell death was assessed immediately or 24 h after, using 

confocal microscopy, phosphatidylserine staining, Alamar blue cell viability test, and 

caspase 3/7 staining. As shown in Figure 6, GzmA-E10 mediated cell death was observed 24 

h after the delivery. Staining of phosphatidylserine, which is expressed on granzyme-

mediated dead cells, confirmed that the slow cell death was indeed caused by delivered 

GzmA-E10 activity (Figure 6).33 On the other hand, GFP-E10 delivery did not cause cell 

death, indicating the specificity of delivered GzmA-E10 (Figure 6, bottom panel). Further, 

delivered GzmA-E10 killed the cells through a caspase 3/7 independent pathway (Figure 

S9), another hallmark of granzyme-A mediated cell death.34 Cell viability test confirmed the 

GzmA-mediated cell death (Figure S10). Taken together, nanoassembly-mediated GzmA-

E10 delivery may provide an efficient means for intracellular protein therapy for cancer 

treatment.

CONCLUSIONS

In summary, we present here a general method for direct cytoplasmic protein delivery 

through co-engineering of proteins (E-tagged) and functionalized nanoparticles. The 
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versatility of our method was established by delivering five proteins with diverse sizes, 

charges, and functions, as well as through delivery to multiple cell types. This system 

immediately provides a useful tool for cell biology applications in vitro, and offer ways for 

imaging intracellular protein trafficking and dynamics. In longer-term, the protein-particle 

coengineering strategy presented here offers a direction for the creation of enzyme/protein 

replacement therapeutics.

METHODS

Engineering E-tagged protein

A series of glutamic acid tags (E-tag) with different length was inserted to the C-terminus of 

GFP according to our previous method.18 Similarly, a E10 tag was inserted to Cre 

recombinase (N-term) (Addgene plasmid id= 36915),35 Granzyme A (N-term) (Addgene 

plasmid id= 8823),36 Histone 2A (C-term) (Addgene plasmid id= 36207),37 through 

restriction cloning.

Recombinant proteins were expressed in E. coli BL21 Rosetta strain using standard protein 

expression protocol. Briefly, protein expression was carried out in 2xYT media with an 

induction condition of 1 mM IPTG and 18/25 °C for 16 hours. At this point, the cells were 

harvested and the pellets were lysed by using 1% Triton-X-100 (30 min, 37 °C) /DNase-I 

treatment (10 min). Proteins were purified using HisPur cobalt columns. Note that except 

GFP-En, proteins were eluted using high salt concentration buffer (2 M NaCl, 300 mM 

Imidazole) due to the high positive charge of the proteins. Proteins were finally preserved in 

PBS buffer containing 300 mM salt, (Histone 2A, 750 mM salt). The purity of native 

proteins was determined using 12% SDS-PAGE gel.

Nanoparticle synthesis and characterization

Arginine-functionalized gold nanoparticles (ArgNPs) were synthesized according to our 

previous protocol.14 Briefly, after synthesizing the arginine-functionalized thiol ligand, 

ArgNPs were prepared by conventional place-exchange reaction of 2-nm sized 1-

pentanethiol-protected gold nanoparticles (Au-C5) with HS-C11-TEG-NH-Arginine. The 

resultant ArgNPs products were dissolved in distilled water, and purified by dialysis in 5 

mM phosphate buffer (PB).

Nanoassembly fabrication

Nanoassemblies of ArgNPs with various E-tagged proteins were fabricated through a simple 

mixing method, according to our previous method.18 ArgNPs (50 μM stock in 5 mM PB, pH 

7.4) were first added to 100 μL of 1×PBS in a vial, followed by adding the E-tagged protein 

at appropriate molar ratio: GFP-En (1:3; 250:750 nM ArgNPs/GFP-En); Cre-E10 (2:1; 

250:125 nM ArgNPs/Cre-E10); GzmA-E10 (1:2 250:500 nM ArgNPs/GzmA-E10); H2A-

E10 (1:3; 250:750 nM ArgNPs/H2A-E10), Prothymosin-α (1:3; 250:750 nM ArgNPs/

PTMA). The assemblies were incubated at room temperature for another 10 min. Following 

the incubation, DMEM (without FBS and antibiotics) was added to the assemblies to make 

the final volume up to 1000 μL. The nanoassemblies were then immediately added to cells 
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grown for overnight in cell culture dish (round bottom confocal dish, 35 mm, MatTek) plates 

for delivery experiments.

Transmission electron microscopy (TEM)

Fabricated nanoassemblies from the above step was directly used for TEM imaging. Briefly, 

10 μL of the assembly solution was drop-cast on to a TEM grid (carbon film- 400 mesh 

copper, electron microscopy sciences) and allowed to dry at room temperature (overnight). 

Samples were then imaged by using JEOL 2000FX TEM.

Cell culture

80-100k cells were grown in a 24-well plate in following media: low glucose DMEM (HeLa, 

HEK, RAW 264.7, and MCF-7); RPMI-1640 (Jurkat); and McCoy’s 5a media (SKOV-3). 

All the media contained 10% FBS and 1% antibiotics (Antibiotic-Antimycotic, Corning). 

Cells were grown for overnight at 37 °C under 5% CO2, then washed with 1×PBS (twice) 

before incubation with nanoassemblies. For confocal studies, ~240,000 cells were seeded 

per dish.

Delivery

Assembled E-tagged protein:ArgNPs nanoassemblies (preassembled in 100 μL PBS for 10 

min, plus 400 μL media for 24 well plate or 900 μL media for confocal dish as mentioned 

above) were immediately transferred to confluently grown cells. Cells were then incubated 

with nanoassemblies at 37 °C and 5% CO2 for 3 h. Delivery efficiency was determined by 

Confocal microscopy or flow cytometry when necessary.

Flow cytometry

Flow cytometry experiments were performed using LSR-II flow system. Briefly, after the 

completion of nanoassembly-mediated protein delivery or Cre recombinase activity 

(mentioned in the delivery and Cre activity assay section), cells were briefly washed, then 

trypsinized. Cells were then collected in 1% BSA solution (~100,000 cells). Flow cytometry 

experiments were performed immediately after that.

Confocal microscopy and Time-lapse imaging

Confocal microscopy imaging was performed using either Zeiss 510 Meta laser scanning 

microscope or Nikon spinning disc microscope. Time-lapse real-time video imaging was 

performed in the Nikon spinning disc microscope.

Cre-lox system generation

Briefly, the plasmid was constructed by placing a dsRed-STOP fluorescent protein sequence 

between loxP recognition sites, and a GFP sequences downstream of it [loxP-dsRed(STOP)-

loxP-GFP]. Active Cre can excise out the loxP genes which will turn the color to GFP.

Assessing Cre recombinase activity

Human embryonic kidney (HEK) cells were transiently transfected with Retroviral loxP-

DsRed-STOP-loxP-GFP system to create a testbed for Cre recombinase activity. 48 h after 
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the transfection, Cre-E10 was delivered into these cells using nanoassemblies. Cells were 

left to grow for another 72 h, then used confocal microscopy or flow cytometry to assess the 

Cre activity by checking GFP positive cells.

Assessing GzmA activity

After GzmA-E10 delivery, cells were incubated for another 3, 12, 24, or 48 h. 

Phosphatidylserine (PS) staining was performed in these cells according to standard 

manufacturer’s protocol. Further, caspase 3/7 activity assay was performed to assess GzmA-

E10 activity in the delivered cells according to manufacturer’s protocol. Additionally, 

Alamar blue cell viability test was performed using standard protocol. Briefly, Alamar blue 

test was carried out after treating the cells with appropriate nanoassemblies for 3 h, and then 

washed and left the cells to grow in DMEM media (10% FBS, but without antibiotics) for 

another 21 h. At this point cells were washed carefully, and treated with Alamar blue.

Cholesterol depletion

To investigate the delivery mechanism, endocytic and membrane fusion inhibitors were 

used. Cells were pretreated with endocytic inhibitor [wortmannin (100ng/mL), 

chlorpromazine (1μg/mL)], and membrane fusion inhibitor [methyl-β-cyclodextrin (MBCD, 

5mg/mL)] for 1 h, as reported previously.38 At the same time nanoassemblies were prepared 

and kept ready. Inhibitor-treated cells were washed with 1×PBS twice, then the 

nanoassembly solutions were immediately applied to the cells for protein delivery. Confocal 

microscopy or flow cytometry experiments were performed after 3 h of nanoassembly 

incubation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Co-engineering of E-tagged proteins and nanoparticles for direct cytoplasmic protein 

delivery. a) Strategy for protein engineering, and the chemical structure of arginine 

functionalized gold nanoparticles (ArgNPs). b) Simple mixing of E-tagged proteins and 

ArgNPs provides hierarchical nanoassemblies. c) Representative transmission electron 

micrograph (TEM) of GFP-E10:ArgNPs assemblies. Red arrow indicates nanoparticle 

coating on the nanoassembly surface. d) Proposed fusion-like mechanism for direct cytosolic 

protein delivery.
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Figure 2. 
Confocal microscopy images showing nanoparticle-mediated cytoplasmic delivery of E-

tagged GFP in Hela cells a) Unmodified GFP (GFP-E0) is not delivered into cell. b) GFP-

E10 is delivered efficiently into the cytosol. c) Enlarged image of a cell after delivery of 

GFP-E10, indicating thorough distribution of delivered protein in the cytoplasm and nucleus. 

d) Flow cytometry data (mean fluorescence intensity, MFI) showing GFP-En delivery 

efficiency increases as the E-tag length increases, reaching maximum at GFP-E10. e) GFP-

E10 delivery in different cell lines. Scale bar= 20 μm.

Mout et al. Page 11

ACS Nano. Author manuscript; available in PMC 2018 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Micrographic evidence for a a fusion-like mechanism for nanoassembly-mediated direct 

cytosolic protein delivery. a) Confocal microscopy images showing nanoassemblies bound 

to the cell membrane (indicated by red arrow) in SKOV-3 cells (also see supplementary 

movie 3). Inset—enlarged image of nanoassemblies. 3D image was reconstructed from z-

stacking images. Also, see supplementary movie 3. b) Time-lapse confocal microscopy 

imaging revealing the direct cytosolic delivery of GFP-E10 in HeLa cells (see 

supplementary movie 1). Representative still-images showing at 10, 20, and 30 min after 

nanoassemblies were added to the cell culture dish. c) A single nanoassembly (red arrow) 

was fused to the cell membrane (at -1s), which then rapidly released encapsulated GFP-E10 

into the cytosol. Delivered GFP-E10 was distributed thorough the cytosol (after 30s), and the 

nucleus (90s) (also see supplementary movie 2).
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Figure 4. 
Direct cytoplasmic delivery of multiple E-tagged proteins with widely varying size and 

charge. a) List of proteins delivered here with their respective charge (pI) and size (MW). b) 

Nanoassembly-mediated delivery of these E-tagged proteins (FITC-labelled) indicated the 

even distribution in the cytoplasm and nucleus as shown through confocal microscopy 

images. Note that, except Cre recombinase, these proteins have an inherent nuclear signal, 

which is also reflected by their preferential accumulation in the nucleus. Scale bar= 20 μm.
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Figure 5. 
Nanoassembly mediated Cre-E10 delivery provided efficient gene recombination. Confocal 

micrograph and flow cytometry data before (a), and after (b) Cre-E10 delivery in HEK cells. 

Delivery of Cre-E10 efficiently floxed dsRed gene, thus turning on GFP expression (b). 

Scale bar= 20 μm.
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Figure 6. 
Nanoassembly-mediated delivery of functional Granzyme A-E10 (GzmA-E10) effectively 

killed HeLa cells. Confocal microscopy images showing FITC-GzmA-E10 or GFP-E10 

delivered cells along with phosphatidylserine staining. a) 3, and 24 h after GzmA-E10 

delivery. b) 24 h after GFP-E10 delivery. Note that 24 h after GzmA-E10 delivery cells died, 

which also showed phosphatidylserine staining, confirming the GzmA-E10 mediated cell 

death. Scale bar= 20 μm.
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