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Purpose: There has been a substantial global market for antibodies, which are based on 
extracellular targets. Binding intracellular targets by antibodies will bring new chances in 
antibody therapeutics and a huge market increase. We aim to evaluate the efficiency of 
a novel delivery system of His6-metal assembly (HmA) in delivering intracellular antibodies 
and biofunctions of delivered antibodies.
Methods: In this study, the physicochemical properties of HmA@Antibodies generated 
through co-assembling with antibodies and HmA were well characterized by dynamic light 
scatter. The cytotoxicity of HmA@Antibodies was investigated by Cell Counting Kit-8 
(CCK-8). The endocytic kinetics and lysosome escape process of HmA@Antibodies were 
studied by flow cytometry and fluorescent staining imaging, respectively. Compared to the 
commercialized positive control, the intracellular delivery efficiency by HmA@Antibodies 
and biofunctions of delivered antibodies were evaluated by fluorescent imaging and CCK-8.
Results: Various antibodies (IgG, anti-β-tubulin and anti-NPC) could co-assemble with 
HmA under a gentle condition, producing nano-sized (~150 nm) and positively charged (~ 
+30 eV) HmA@Antibodies particles with narrow size distribution (PDI ~ 0.15). HmA 
displayed very low cytotoxicity to divers cells (DCs, HeLa, HCECs, and HRPE) even after 
96 h for the feeding concentration ≤100 μg mL−1, and fast escape from endosomes. In the 
case of delivery IgG, the delivery efficiency into alive cells of HmA was better than 
a commercial protein delivery reagent (PULSin). For cases of the anti-β-tubulin and anti- 
NPC, HmA showed comparable delivery efficiency to their positive controls, but HmA with 
ability to deliver these antibodies into alive cells was still superior to positive controls 
delivering antibodies into dead cells through punching holes.
Conclusion: Our results indicate that this strategy is a feasible way to deliver various 
antibodies intracellularly while preserving their functions, which has great potential in 
various applications and treating many refractory diseases by intracellular antibody delivery.
Keywords: antibody, intracellular delivery, coordination polymer, nanocarrier, peptide 
assembly

Introduction
Antibodies are designed to bind various extracellular targets to specifically block 
certain pathways, effects that cannot be achieved by small molecules.1 Due to their 
strong specificities and potency, antibodies are broadly used in diagnostic tools, 
basic research and treating many refractory diseases, such as neovascular diseases, 
cancer and autoimmune diseases.2,3 In past decades, antibody-based therapy has 
experienced rapid growth and occupied an important position in the drug market, 
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with forecasted future scale up to $190 billion by 2022.3 

More than a hundred monoclonal antibodies have been 
approved by the FDA for clinical use,2 and over two 
thousand antibodies are currently under preclinical or clin-
ical development, indicating a very promising future for 
antibody therapeutics.4

As known, compared to targets at extracellular, there 
are more intracellular targets, which are involved in the 
development of various diseases, and these targets can also 
be activated or blocked by specific antibodies.5,6 

Accumulating evidence suggested that intracellular target-
ing antibodies could bring new chances in antibody ther-
apeutics and huge market increase.7 Recently, increasing 
attention has been given to intracellular functional anti-
body fragments targeting and tracing the intracellular com-
ponents in living cells.8 However, intracellular delivery of 
antibodies is severely limited by their poor permeability 
into cell membrane and trap in endosomes and/or lyso-
somes after internalization, due to their intrinsic proper-
ties, such as large molecular weights, hydrophilicity and 
limited positive charges.9 These features seriously limit 
their practical applications and inhibit the desired intracel-
lular biological activities of antibodies. To date, antibodies 
binding intracellular targets have mostly been utilized in 
scientific laboratories for immunostaining assays on fixed 
cells.

Motivated by the potential of intracellular targeting 
antibodies, various methods, including direct injection, 
intrabodies, fusion to the protein domain, cell penetrating 
peptides (CPPs), and nanocarriers, have been developed 
with the aim of delivering antibodies into the cytosol. 
Although these methods have successfully targeted the 
antibodies into the cytosol, they are still facing many 
challenges, such as a delicate design and complicated 
process for constructing the delivery vehicle, deactivation 
or loss of the antibody’s functionality during the produc-
tion of the delivery vehicle, being stuck inside endosomes 
after endocytosis, etc. For example, the intracellular 
expression of antibodies was reported, but only a few of 
the antibody fragments could be properly folded and func-
tionalized in the reducing environment of the cytosol.10 

Fusion of a transmembrane with the antibody was helpful 
for intracellular antibody delivery, but it was limited by 
uncertainty of the functionality of the fused protein.7 

Conjugating CPPs showed high intracellular delivery effi-
ciency, but a low lysosomal escape efficiency and no cell 
targeting led to a low intracellular targeting efficiency.11,12 

Obviously, designing a universal and efficient intracellular 

delivery carrier with strong ability to escape from endo-
somes and/or lysosomes is of great significance but very 
challenging.

With advances in nanotechnologies, nanocarriers such 
as liposomes, polymersomes, virus-like particles, and inor-
ganic nanoparticles have been extensively explored as 
antibody carriers and have showed great potential in the 
intracellular targeting of antibodies.13–16 Previously, we 
reported a promising drug delivery system of His6-metal 
assembly (HmA) generated from the coordination of His6 

and zinc ions, featuring quick internalization, the ability to 
bypass lysosomes and rapid intracellular drug release.17 In 
this work, we found that various antibodies could be co- 
assembled with HmA (HmA@Abs), due to high encapsu-
lating efficiency of HmA. Importantly, HmA@Abs exhib-
ited higher penetration ability through cell membrane and 
quicker escaping from the endosomes compared with com-
mercialized intracellular delivery agent, with preservation 
of the intracellular functionality of the antibodies. Our 
finding suggested this strategy may advance the cytosolic 
delivery of antibodies for therapeutic targets and bring 
hopes to many refractory disease treatments and new 
applications based on intracellular antibody delivery.

Materials and Methods
Materials
Polyvinylpyrrolidone (PVP, Mw~58k), zinc nitrate hexa-
hydrate (Zn(NO3)2·6H2O, ≥ 99%) and 4-(2-hydroxyethyl)- 
1-piperazineethanesulfonic acid (HEPES) were purchased 
from Aladdin (China). Hexahistidine (His6, ≥99%) was 
synthesized by KareBay Biochem, Inc. and used without 
further purification. Mouse anti-nuclear pore complex pro-
tein antibody (anti-NPC) (ab50008), goat anti-rabbit IgG 
H&L (Alexa Fluor®488) (ab150077) (IgG-488), anti- 
EEA1 antibody-early endosome marker (ab2900) (EER), 
recombinant anti-M6PR (cation independent) antibody 
[EPR6599]-lysosome membrane marker (ab124767) 
(LyR), and goat anti-mouse IgG H&L (Alexa Fluor®594) 
(ab150116) (IgG-594) were purchased from Abcam. 
Mouse anti-β-tubulin antibody (T5201) and Triton X-100 
were purchased from Sigma-Aldrich. Cy3-labelled goat 
anti-mouse IgG (IgG-Cy3), FITC-labelled goat anti- 
mouse IgG (IgG-FITC), Alexa Fluor 647-labelled goat 
anti-rabbit IgG (IgG-647), and DAPI were purchased 
from Beyotime (China). Protein delivery reagent 
(PULSin) was purchased from Polyplus-transfection® 

(France). Cell Counting Kit-8 (CCK-8) reagent was 
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purchased from Dojindo (Japan). Dendritic cells (DCs), 
HeLa cells, human corneal epithelial cells (HCECs), and 
human retinal pigment epithelium cells (HRPEs) were 
provided by ATCC. Mammalian cell culture media, foetal 
bovine serum (FBS), and the ProLong® Gold anti-fade kit 
were purchased from Thermo Scientific.

The Synthesis of Antibody-Encapsulated 
HmA (HmA@Antibodies) Particles
The synthesis of the HmA@Antibodies (HmA@Abs) was 
conducted by following the drug encapsulation procedure 
of HmA.17 Antibodies, including IgG-Cy3, IgG-488, anti- 
NPC, and anti-β-tubulin, were encapsulated into the HmA 
particles separately. In brief, 10 μL of Zn 
(NO3)2·6H2O (30 mg mL−1) was added dropwise to 200 
μL solution (antibodies, His6 (0.84 mg) and PVP (1 mg)) 
buffered with 50 mM HEPES at pH 8.0. The whole 
encapsulating procedure was conducted at 4°C under soni-
cation. After the HmA@Antibody (HmA@Ab) particles 
were generated, they were collected by centrifugation 
(10,000 rpm, 10 min) and washed three times with deio-
nized H2O. The particles were stored at 4°C and sonicated 
for 1 min before characterization and cellular testing. The 
assembly procedure was conducted in a dark room. The 
generated HmA@Ab particles were analyzed by DLS (size 
and zeta potential; Malvern, UK) and Scanning electron 
microscope (morphology; SU8010 HITACHI SEM).

Cell Culture and the Evaluation of 
Cytotoxicity
In general, DCs were cultured in 1640 medium containing 
10% foetal bovine serum, 100 U mL−1 penicillin and 100 
U mL−1 streptomycin at 37°C in a 5% CO2 atmosphere. In 
addition, HeLa cells and HRPE cells were both cultured in 
Dulbecco’s modified Eagle medium (DMEM), and HCECs 
were cultured in DMEM with 5 μg mL−1 insulin under the 
same culture conditions. Cytotoxicity tests were performed 
by using the Cell Counting Kit-8 (CCK-8) assay. The 
standard procedure was performed as follows: First, cells 
(DCs, HeLa cells, HRPE and HCECs) were seeded in 96- 
well plates at an appropriate density for set-up time (8000 
cells per well for 24 h, 5000 cells per well for 48 h, and 
3000 cells per well for 96 h). After incubation for set-up 
time, the culture medium in the plates was removed, and 
the cells were washed once with PBS buffer. Then, the 
fresh medium with particles suspended at various concen-
trations was added. Cells without treatment were used as 

the control. After being further incubated for the indicated 
time, the plates were washed with PBS buffer three times 
to remove the treatments. Then, 100 μL of fresh medium 
supplemented with 10% CCK-8 solution was added to 
each testing well, and the cells were incubated for another 
2 h. Finally, the plates were read at 450 nm by 
a microplate reader (Varioskan LUX Multimode Thermo, 
USA). Five repeats were conducted for each experiment.

Evaluation of Intracellular Antibody 
Delivery Efficiency of HmA
Flow Cytometry Assays
DCs were seeded in 24-well plates at a density of 1 × 105 

cells/well and allowed to attach for 24 h. The culture 
media were removed, and the cells were washed with 
PBS buffer. Then, the cells were treated with 1640 media 
containing the HmA@IgG-Cy3 (HmA: 50 μg mL−1, IgG- 
Cy3: 1.5 μg mL−1) particles. Cells treated with free IgG- 
Cy3 were used as the control. After incubation, the treat-
ments were removed, and the cells were washed with PBS 
three times. The cells were then detached from the culture 
plates with 0.05% trypsin-EDTA solution and redispersed 
in ice-cold PBS. The cell suspension was washed three 
times before analysis by flow cytometry (CytoFLEX 
Beckman Coulter, USA).

Fluorescence Imaging of the Intracellular 
Delivery Efficiency of HmA@IgG-Cy3
First, different cell lines were used to evaluate the intra-
cellular antibody delivery ability of HmA. DCs, HeLa 
cells, HCECs, and HRPE were seeded on 24-well glass 
plates at a density of 4 × 104 cells/well. HmA@IgG-Cy3 
(HmA: 50 μg mL−1, IgG-Cy3: 1.5 μg mL−1) or free IgG- 
Cy3 (1.5 μg mL−1) was incubated with DCs, HeLa cells, 
HCECs, and HRPE for 6 h. The treated cell lines were 
imaged by fluorescence microscopy.

Then, DCs were seeded on 24-well glass plates at 
a density of 4 × 104 cells/well. After incubation for 24 h, 
the culture medium was removed, and the cells were 
washed with PBS buffer. Then, the cells were treated 
with 1640 media containing the HmA@IgG-Cy3 (HmA: 
50 μg mL−1) particles, in which the IgG-Cy3 was added at 
the indicated various concentrations. After incubation for 4 
h, all of the treatments were removed, and the cells were 
washed with PBS three times. Finally, the cells were 
observed by laser scanning confocal microscopy (LSCM) 
(A1 Nikon, Japan) and quantitatively measured by the 

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S332279                                                                                                                                                                                                                       

DovePress                                                                                                                       
7451

Dovepress                                                                                                                                                              Wei et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


ImageJ program (NIH, USA). Three repeats were con-
ducted for each sample. A commercial protein transfection 
reagent (PULSin) was used as a positive control and used 
according to the manufacturer’s protocol. Briefly, IgG-Cy3 
was mixed with 2.5 μL of PULSin reagent at different 
concentrations and incubated for 15 min at room tempera-
ture before adding it to the cells.

Fluorescent Imaging of Intracellular 
Localization of the Delivered Antibodies
The intracellular localization of delivered antibodies was 
tested according to previous reports,18,19 and the protocol 
provided by manufacturer was rigorously followed. In 
brief, DCs were pre-incubated with the HmA@IgG-FITC 
particles (HmA: 50 μg mL−1, IgG-FITC: 1.5 μg mL−1) for 
a period of time. The cells were washed three times with 
cold PBS before immunofluorescence. The samples were 
pre-treated with 1% Triton X-100 and 5% goat serum in 
PBS. Anti-EEA1 antibody-early endosome marker (1:100) 
and lysosome membrane marker (1:100) were added to the 
cells and incubated overnight at 4°C. Then, the cells were 
washed three times, and a secondary antibody (IgG-647) 
was added. After incubating for another 1 h at 25°C, the 
samples were mounted with a ProLong® Gold anti-fade kit 
and imaged by LSCM. Three experiments were performed 
using three samples each.

Fluorescent Imaging of the Intracellular 
Activities of the Delivered Antibodies
DCs were seeded on 24-well glass plates at a density of 4 
× 104 cells/well. After incubation for 24 h, the culture 
medium was removed, and the cells were washed with 
PBS buffer. Then, the cells were treated with 1640 med-
ium with suspended HmA@Ab particles. After incubating 
for the indicated time, the treatments were removed, and 
the cells were washed with cold PBS three times. The 
fluorescence staining of the cells was as follows: the 
cells were fixed with 4% paraformaldehyde and pre-trea-
ted with 1% Triton X-100 and 5% goat serum in PBS. 
Then, the cells were incubated with the secondary anti-
body (IgG-594) (1:500) for 1 h at room temperature. 
Finally, the cells were imaged by LSCM. Three repeats 
were conducted for each sample.

The fluorescence staining of positive control was car-
ried out by untreated DC cells. Similar to the above 
methods, DCs were seeded on 24-well glass plates at 
a density of 4 × 104 cells/well. After incubation for 24 h, 

the culture medium was removed, and the cells were 
washed with PBS buffer. Then, the cells were fixed with 
4% paraformaldehyde about 15 minutes. The fluorescence 
staining of the cells was as follows: the cells were pre- 
treated with 1% Triton X-100 and 5% goat serum in PBS. 
Then, the cells were incubated with the antibody (1:1000) 
overnight at 4°C. After washing with PBS, the cells were 
incubated with the secondary antibody (IgG-594) (1:500) 
for 1 h at room temperature. Finally, the cells were imaged 
by LSCM. Three repeats were conducted for each sample.

Statistical Analysis
Statistical analysis was performed using SPSS software 
(IBM SPSS statistics 22.0). Student’s t-test was used to 
evaluate the significant differences in means between the 
two groups. “*”, “**”, “***” and “****” represent P < 
0.05, P < 0.01, P < 0.001 and P < 0.0001, respectively. P < 
0.05 was considered a statistically significant difference. 
Triplicate experiments were performed using triplicate 
samples.

Results and Discussion
The Synthesis and Characterization of the 
HmA@Abs
Three representative antibodies (IgG-Cy3, anti-β-tubulin 
and anti-NPC) were chosen to investigate the potency of 
this strategy of intracellular antibody delivery. 
Depending on the experimental purpose, different anti-
bodies were selected. All HmA@Abs were generated by 
a facile procedure under mild conditions: zinc ions were 
dropwise added into the mixture of His6 and antibodies at 
pH 8 under slight sonication, as schematically illustrated 
in Figure 1A. Dynamic light scattering (DLS) was 
employed to test their size distribution and zeta potential. 
As listed in Figure 1B, the average sizes of HmA@Abs 
particles were different from each other, but the sizes 
were in the range of 130–155 nm with a narrow PDI 
range (0.1–0.2), dependent on the encapsulated antibody. 
Zeta potentials of HmA@Abs were closed to each other, 
around 30 mV, suggesting slightly positively charged 
particle surfaces. The IgG-Cy3 was chosen for investi-
gating the encapsulation of antibodies, cell endocytosis 
process, and potency of HmA@antibodies for delivering 
antibodies into cells because it is cheaper and fluorescent 
compared to other two antibodies. In the UV–vis spectra 
(Figure 1C), for the free IgG-Cy3, the absorbances at 280 
nm and 552 nm were clearly observed, which were 
attributed to the protein and its labelled fluorescent 
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molecules Cy3. For HmA@IgG-Cy3, the protein signal 
at 280 nm was not very remarkable, but it could still be 
observed. The light scattering on nano-sized HmA@IgG- 
Cy3 particles was the reason for the increased baseline, 
and the red-shift of absorbance of Cy3 suggested most 
IgG-Cy3 was encapsulated inside the HmA@IgG-Cy3, 
which was consistent with previous reports.20 Under 
SEM (Figure 1D), these HmA@Abs particles showed 
very similar morphologies, nano-sized and irregular 
shaped particles. All these data suggested HmA@Abs 
particles were generated, with antibodies encapsulated 
inside HmA particles.

The cytotoxicity of the HmA particles was evaluated by 
different cell lines, including cancer cells (HeLa), immune 
cells (DCs), and epithelial cells (HCECs and HRPEs), on 
which HmA particles with different concentrations of the 
(20–100 μg mL−1) were performed for 24, 48 and 96 
h. Using CCK-8 assay, the cell viabilities were available 
and shown in Figure 2A–D. For all tested cells (DCs, 
HeLa, HCEC and RPE), their cell viabilities were higher 
than 90%, even at the highest tested concentration (100 
μg mL−1) within extension to 96 h, which indicated no or 
low cytotoxicity of the HmA particles to the tested cells.

Evaluation of Intracellular Antibody 
Delivery Efficiency of HmA
Different cellular phenotypes, including cancer cells (HeLa), 
immune cells (DCs), and ocular epithelial cells (HCECs and 
HRPEs), were chosen to evaluate the ability of HmA@IgG- 

Cy3 to deliver IgG-Cy3. After incubating with HmA@IgG- 
Cy3 particles for 6 h, the living cells were imaged, and a red 
colour from Cy3 was clearly observed for all cell lines (top 
panel in Figure 3A). A comparison with the cells treated 
with free IgG-Cy3 (bottom panel in Figure 3A), which 
showed no red colours for all tested cells, strongly suggested 
that IgG-Cy3 was delivered inside the cells by the carrier. 
Roughly judging from the colour intensity, different cells 
exhibited a different cellular uptake ability of HmA@IgG- 
Cy3, following the uptake sequence HeLa > HRPEs ~ DCs 
> HCECs.

DCs are the most powerful antigen-presenting cells in 
the human body. They play a key role in antigen uptake, 
processing and presentation.21 Recently, researchers have 
discovered that the DC system exhibits a wide range of 
dysfunctions in the tumour microenvironment (TME), 
which ultimately affects the anti-tumour immune 
response.22 DC-based therapy demonstrated promising 
potential in tumour therapy by restoring the function of 
DCs in the TME.23 In addition, the uptake efficiency of 
DCs was moderate among these cells. Therefore, we chose 
DCs as the representative to evaluate the intracellular anti-
body delivery efficiency in the following experiments.

DCs were incubated with HmA@IgG-Cy3 particles 
(HmA: 50 μg mL−1) for 6 h, 12 h and 24 h. The intracel-
lular fluorescence was tested by flow cytometry. The his-
togram results are shown in Figure 3B, and the 
quantitative analyses are shown in Figure 3C and D. The 
proportion of fluorescent DCs gradually increased from 
63% at 6 h to 82% at 24 h after incubation with 

Figure 1 (A) Schematic illustration of the formation of HmA@Abs particles; (B) Average size, PDI and zeta potential of HmA@Abs particles (HmA@IgG-Cy3, 
HmA@Anti-β-tubulin and HmA@Anti-NPC); (C) UV-vis spectra of free IgG-Cy3 and HmA@IgG-Cy3; (D) SEM images of HmA@Abs particles (HmA@IgG-Cy3, 
HmA@Anti-β-tubulin and HmA@Anti-NPC); The scale bars in (D) were 1 μm.
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HmA@IgG-Cy3 particles, but less than 1% of fluorescent 
DCs for all tested time points were seen when incubated 
with free IgG-Cy3. The mean fluorescence intensity of the 
HmA@IgG-Cy3-treated DCs increased with an increasing 
incubation time over the whole test period, while there was 
no obvious fluorescent change for DCs treated with free 
IgG-Cy3. At 6 h, the intensity of HmA@IgG-Cy3 was 
5-fold higher than that of free IgG-Cy3, and it became 
60-fold higher at 24 h. All of these results suggested 
a rapid and potent intracellular uptake of HmA@IgG- 
Cy3 particles. It is worthy to be noted that these data in 
Figure 3 were obtained from the living cells, which was 
definitely advantageous to antibodies delivery by HmA, 
compared to widely and currently applied strategy to 
delivery antibodies inside dead cells.

To further objectively investigate the intracellular deliv-
ery efficiency of HmA, a commercial protein delivery 
reagent (PULSin) was used for comparison, as PULSin is 

highly effective for protein transfection in living cells and is 
commonly used in scientific research.24 Under fixed con-
centrations of carriers, IgG-Cy3 at different concentrations 
(from 0.125 μg mL−1 to 1.5 μg mL−1) was delivered by 
HmA and PULSin. After incubation for 4 h, LSCM images 
of the living DCs were taken and are shown in Figure 4A. 
Obviously, the uptake amount of IgG-Cy3 was concentra-
tion dependent and increased uptake was seen with an 
increasing IgG-Cy3 concentration. However, the increasing 
tendency of the intracellular fluorescence of HmA@IgG- 
Cy3 was much faster than that of PULSin@IgG-Cy3. In 
addition, at the same time point, the uptake amount of IgG- 
Cy3 delivered by HmA was much higher than that delivered 
by PULSin. The delivery difference between HmA and 
PULSin increased with increasing IgG-Cy3 concentration. 
The images were quantified by Image J, and the data is 
shown in Figure 4B. At lower IgG-Cy3 concentrations 
(0.125 μg mL−1 and 0.5 μg mL−1), there was no significant 

Figure 2 Cell viability of (A) immune cells (DCs), (B) cancer cells (HeLa), and epithelial cells ((C) HCECs and (D) HRPEs) after treatment with different concentrations of 
the HmA particles (0–100 μg mL−1) for 24 h. (P values: *P < 0.05, all the values are expressed as mean ± SD, n = 3).
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Figure 3 (A) Fluorescence images of DCs, HeLa cells, HCECs, and HRPE after treatment with HmA@IgG-Cy3 or free IgG-Cy3 for 6 h; IgG-Cy3 (red); (B) Flow cytometry 
histogram of the DCs after treatment with HmA@IgG-Cy3 or free IgG-Cy3 for 6 h, 12 h, and 24 h; Endocytosis-positive cell rate graph (C) and average fluorescence 
intensity graph (D) with HmA@IgG-Cy3 or free IgG-Cy3; *Indicates the differences between the experimental group and the control group: *p < 0.01, and ***p < 0.001. 
The scale bars were 200 μm.
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difference in the mean fluorescence intensity between the 
HmA and PULSin groups. When the concentration 
increased to 1 μg mL−1, the mean fluorescence intensity of 
the HmA group was approximately 3 times that of the 
PULSin group. At 1.5 μg mL−1, the difference increased to 
4 times. These results favourably supported the potential of 
HmA as an efficient intracellular antibody delivery system, 
even compared to the commercial protein delivery agent, 
PULSin. One had to be mentioned, DCs intrinsically uptake 
various antigens, and therefore such uptake could be unspe-
cific. In addition, it was not clear whether HmA@IgG-Cy3 
were taken up inside the cell as a part of the endo-lysosomal 
complex, or they indeed escaped from the endosomal 
entrapment and localized in the cytosol. Hence, the endo- 
lysosomal escape process of HmA@IgG-Cy3 had to be 
further investigated. Considering the biofunctions of endo-
cytic antibodies (such as β-tubulin and Anti-NPC) only 
exhibited after successful endo-lysosomal escape, intracel-
lular biofunctions of β-tubulin and Anti-NPC delivered by 
HmA were further evaluated to confirm whether such endo-
cytic antibodies were endosomal entrapment or endosomal 
escape.

Evaluation of the Intracellular Localization 
and Endolysosomal Escape of 
HmA@IgG-FITC
After being delivered into the cells, the fate of antibo-
dies is crucial for their intracellular function preserva-
tion. To clarify the intracellular localization of the 
delivered antibodies, we used an antibody-early endo-
some marker (EER) and lysosome membrane marker 
(LyR) to perform fluorescent staining of subcellular 

organelles. The former was used for the localization of 
early endosomes, and the latter was used for lysosomal 
localization. Figure 5 shows the localization of IgG- 
FITC (green) and the staining of early endosomes 
(red) and lysosomes (red) in DCs after treatment with 
HmA@IgG-FITC particles for 4 h. The images demon-
strated a moderate overlap between the red fluorescence 
of the early endosomes and the green fluorescence of 
IgG-FITC. In contrast, the fluorescence of lysosomes 
and IgG-FITC only slightly overlapped. The colocaliza-
tion coefficients (Pearson correlation coefficients) of the 
early endosomes and lysosomes with antibodies were 
0.12 and −0.05, respectively. The relatively large colo-
calization coefficient of the early endosomes and deliv-
ered antibodies indicated a portion of the delivered 
antibodies in the early endosomes after endocytosis. In 
contrast, a smaller colocalization coefficient of lyso-
somes and delivered antibodies verified a smaller por-
tion of delivered antibodies were in lysosomes. This 
result demonstrated the endocytic pathway of 
HmA@IgG-FITC and indicated an effective escape of 
delivered antibodies from the endosome into the cytosol.

Intracellular Target Delivery of Functional 
Antibodies
The intracellular functional preservation of antibodies 
after being delivered into cells is of great importance 
for intracellular targeting. Anti-β-tubulin and anti-NPC 
antibodies were chosen as the model antibodies for the 
functional protection tests of the antibodies. Anti-β-tubu-
lin antibody targets intracellular β-tubulin, which is 
a component of the cellular skeleton. It is commonly 
used as the primary antibody for the immunofluorescence 

Figure 4 (A) Fluorescent photos of DCs after treatment with different concentrations of IgG-Cy3-loaded HmA or PULSin for 4 h. IgG-Cy3 (red), the scale bars were 100 
μm; (B) Quantified fluorescence intensity graph using Image J. *Indicates the differences between the experimental group and the positive control group: *p < 0.01, and ***p 
< 0.001.
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staining of microtubules in fixed and permeabilized cells. 
In this work, anti-β-tubulin antibodies were encapsulated 
by HmA under mild conditions and transported into live 
DCs. The LSCM images in Figure 6A show the anti-β- 
tubulin immunofluorescence staining images of DCs after 
incubating with HmA@anti-β-tubulin (HmA: 50 
μg mL−1; anti-β-tubulin: 1 μg mL−1) or free anti-β-tubu-
lin (anti-β-tubulin: 1 μg mL−1) for different times. Free 
anti-β-tubulin was used as the control, and conventional 
immunofluorescence staining of microtubules in the fixed 

and permeabilized DCs were used as the positive control. 
At 6 h, the HmA@Anti-β-tubulin group showed a high 
density of microtubular staining, which was similar to the 
positive control group. The free anti-β-tubulin group 
showed no fluorescent staining in the cytosol even after 
incubation with DCs for 24 h. In detail observation, the 
phenomenon indicated that HmA could not only transport 
the anti-β-tubulin antibodies into live DCs efficiently but 
also they were able to escape from the endosome and 
their specific binding function was preserved.

Figure 5 LSCM images of early endosome (EER)- and lysosome (LyR)-localized receptors in DC cells after treatment with different concentrations of HmA@IgG-FITC 
particles for 4 h; HmA@IgG-FITC particles (green); EER and LyR (red); DAPI (blue); The scale bars were 20 μm.

Figure 6 (A) LSCM images of anti-β-tubulin immunostained DCs after treating with the same concentration of HmA@Anti-β-tubulin for 6 h, 12 h and 24 h or free anti-β- 
tubulin (1 μg mL−1) for 24 h; Positive control: LSCM images of anti-β-tubulin immunostained untreated DCs; Anti-β-tubulin (red), DAPI (blue); The white arrow points to the 
deformed nucleus, the yellow arrow points to the aggregated tubulin; The scale bars were 20 μm; (B) The cell viability of DCs after treating with HmA@Anti-β-tubulin (0 
μM, 0.2 μM, 0.5 μM) and HmA@IgG (0.5 μM) at different times. (P values: ***P <0.001, all the values are expressed as mean ± SD, n = 3).
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The images of the HmA@Anti-β-tubulin group demon-
strated strong fluorescence aggregation (yellow arrow) and 
nuclear deformation (white arrow) when the incubation 
time was extended, which confirmed the dysfunction of 
microtubules in DCs and their gradual cell death. In con-
trast to the positive control, in which the anti-β-tubulin 
was penetrated inside dead cells through the punched 
holes, there was no nuclear deformation. Inside living 
cells, the microtubules, an essential element of the eukar-
yotic cytoskeleton, are formed by polymerizing α- and β- 
tubulin proteins into long filaments or chains.25 These 
microtubules play a crucial role in cell support and cell 
movement, making tubulin imperative to normal cell func-
tion. Once the β-tubulin protein was targeted by Anti-β- 
tubulin, the polymerization was stopped, which resulted in 
the disassembly of microtubules and further failure in 
supporting cell and nuclear deformation. In addition, it 
has been reported that dysfunctional microtubules can 
prevent the formation of endosomes and lysosomes, 
thereby affecting the metabolism of cells, leading to cell 
death.26,27 To further verify this result, CCK-8 assays were 
conducted to evaluate the cell viabilities of the DCs after 
treatment with different concentrations of HmA@anti-β- 
tubulin for different times (Figure 6B). The histogram 
demonstrated a dominant reduction in DC viability after 
treatment with HmA@anti-β-tubulin for 48 h (40% 
decrease for 0.2 μM; 75% decrease for 0.5 μM). 
However, the HmA@IgG-Cy3 group did not show any 
cytotoxicity. This result indicated that cell death was 
induced by the dysfunction of microtubules in DCs after 
the intracellular delivery of anti-β-tubulin by HmA, not the 
cytotoxicity of the HmA themselves.

After successful encapsulation and intracellular deliv-
ery of nonspecific IgG-Cy3 and specific anti-β-tubulin 
antibodies, the generality of functional antibody delivery 
to the cytosol by HmA was investigated. Anti-NPC anti-
body could specifically target the nuclear membrane pore 
protein complex, which showed conventional immuno-
fluorescence staining of the nuclear membrane in fixed 
and permeabilized DCs (positive control). As shown in 
Figure 7, bright red fluorescence circles around the nuclei 
were demonstrated in the positive control group (white 
arrow), which indicated the specific targeting of the anti- 
NPC antibody to the nuclear membrane pore protein com-
plex. The free anti-NPC group showed no red fluorescence 
in the cytosol, which indicated that no anti-NPC antibodies 
were delivered into living DCs. However, it is worth not-
ing that the HmA@Anti-NPC group showed bright red 

fluorescence circles around the nuclei in living DCs 
(white arrow). This phenomenon was similar to that of 
the positive control group, but the anti-NPC antibodies 
were delivered to live DCs instead of dead DCs. These 
results validated the potential of HmA as generally applic-
able for efficient intracellular delivery of antibodies and 
a good functional preservation ability.

Gathering the above data, HmA was a potent vehicle to 
deliver various antibodies (IgG, anti-β-tubulin and anti- 
NPC), exhibiting not only the high efficiency but also the 
tremendous advantages in delivering antibodies into living 
cells. Besides, the profile of endosomal escape displayed 
by HmA make it a promising candidate for delivering 
intracellular antibodies. The strong evidence on endosomal 
escape was insufficient due to the improper method or the 
lake of effective means. For example. Triton X-100, 
a permeabilization agent that allows penetration of anti-
bodies to the cytosol, had to be used to allow the second-
ary antibody penetrating through for staining the EER and 
LyR in Figure 5 or the intracellular antibodies (anti-β- 
tubulin in Figure 6A and anti-NPC in Figure 7). 
Nevertheless, some phenomena still spied into the endo-
somal escape process of HmA@Antibodies, eg, in 
Figure 4A, much fewer punctate staining (an indicator to 
endosomal entrapment) of IgG-Cy3 delivered into living 
cells by HmA than that by PULSin; evenly distributed 
signal of anti-β-tubulin obtained from HmA (Figure 6A). 
From another aspect, the endosomal escape ability of 
HmA@Antibodies was able to be traced in many 
reports.28–30 In HmA@Antibodies, the imidazole groups 
of hexa-histidine and/or other groups (carboxyl, amino, 
and imidazole) of antibodies coordinated with zinc ions 
to form co-assemble particles.17 Such coordinative inter-
action was highly pH sensitive due to the protonation of 
imidazole (pKa ~ 6.8), reducing rapidly with the decreased 
pH and totally lost at pH around 4.5.31,32 After endocyto-
sis, the HmA@Antibodies were wrapped into endosomes, 
in which the degrading enzymes were recruited and pH 
value gradually decreased with the endosomes maturing to 
pH ~ 4.5 ultimately.28,33 Obviously, the decreased pH in 
maturing endosomes finally leads to the disassembly of 
HmA@Antibodies into free Hisd to the disassembly of 
HmA@Antibodies into free His6 and antibodies. 
Meanwhile, the His6 was positively charged (the pH in 
matured endosomes was lower than its pKa value), which 
activated the endosomal escape and finally led to the 
destruction of the inner plastid membrane.25,26 Such pH 
sensitive profile of HmA propelled the trapped antibodies 
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released into cytosol in a relatively short period to avoid 
the denature and/or enzymolysis of endocytic antibodies, 
ensuring their biofunctions played properly.

As reported, HmA displayed a very high efficiency to 
encapsulate model drugs with diverse physiochemical prop-
erties, no matter the hydrophilicity and molecular weight of 
drugs.17 Importantly, the mild conditions to generate HmA 
were advantageous to load various biomolecules (peptide, 
protein, antibodies, DNA, etc.), especially to biomolecules 
sensitive to harsh environments.19,34,35 And the fast endocy-
tosis and endosomal escape of HmA are beneficial for the 
proper biofunctions of intracellular delivered biomolecules. 
All these profiles make HmA a promising vehicle for bio-
molecules delivery. Recently, we have developed a facile 
strategy to generate subunit vaccines based on HmA, in 
which the antigen (ovalbumin peptides) and adjuvant (cyto-
sine-phosphate-guanine oligodeoxynucleotides, CpG 

ODNs) were co-delivered into antigen presenting cells 
(RAW264.7 and DC2.4) and elicited strong humoral and 
cellular immunities. Here, we demonstrated HmA effec-
tively delivered different antibodies into living cells, and 
antibodies can exhibit bioactivities properly. This is of 
great significance for imaging of intracellular structure 
and/or cellular organelles in the living cell. Besides, because 
of their strong specificities and potency, antibodies have 
been widely used for treating various refractory diseases, 
such as neovascular diseases, cancer and autoimmune 
diseases.36 All antibodies-based therapeutics on current mar-
ket have been explored based on targeting extracellular 
receptors (less than 30%). However, there were much longer 
list of intracellular receptors (more than 70%) which could 
be targeted by the corresponding antibodies. Unfortunately, 
intracellular receptors remained unexplored, not due to the 
technical difficulties in engineering corresponding 

Figure 7 LSCM images of anti-NPC immunostained DCs after treatment with the same concentration of HmA@ Anti-NPC and Free Anti-NPC for 6 h; positive control: the 
anti-NPC immunostained untreated DCs; anti-NPC antibodies (red), the white arrows indicate the nuclear membrane, and the scale bars were 20 μm.
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antibodies, but the limited plasmid penetration of antibodies 
into cells. From this point, HmA can bring new chances in 
intracellular antibody therapeutics and huge market increase. 
Moreover, there are many intracellular receptors involved in 
various biological process (such as signal transduction, gene 
expression, proliferation and apoptosis of cells, etc.), which 
can be tuned by antibodies as well. In this case, HmA can 
shed the light on revealing intracellular signal transduction 
in life science.

Last but not least, the biotoxicity of HmA should get 
enough attention before it runs in the clinical trial, which 
may be approximately derived from its components, zinc 
ions and His6. His6-tag has been widely used for purifica-
tion of fusion protein, then normally cut off after finishing 
the purification since it may cause unnecessary immune 
response to its tagged proteins.37 Although the His6 used 
here was a small molecule (0.84 kDa), unlike the tag in 
the fusion protein, it is still unclear whether such small 
His6 itself would cause adverse immunological responses 
or not. Zinc ions, as the second richest metal element in 
the body after iron, play critical roles in various life 
activities, such as differentiation, proliferation and apop-
tosis of cells, signal transduction, gene expression and 
nucleic acid metabolism.38 The deficiency of zinc ions 
normally leads to metabolic and organic dysfunctions.39 

As recommended by Dietary Nutrient Reference, 12.5 mg/ 
day zinc should be intake for adults aged 18–49, and the 
highest tolerable intake is about 40 mg/day. The highest 
amount of zinc ions used in this work for cellular cyto-
toxicity test was 50 μg/mL, which is far below recom-
mended uptake, and very low cytotoxicity was found 
(Figure 2). In recent works, the injection of HmA into 
mice with different disease model did not bring any 
damage to their organs (kidney, liver, spleen, heart and 
lung) in the experimental time (about 28 days).20,40 

However, many metal ions have long-term cytotoxicity 
and lead to irreversible disease, especially dangerous to 
neurocyte, which may bring HmA into very controversies 
when it applies in clinical treatment. Although zinc ions 
have a faster metabolic rate and a higher safe concentra-
tion range compared to other metal ions,39 the long-term 
cytotoxicity of HmA must be evaluated before any further 
clinical trial.

Conclusion
In conclusion, we successfully constructed a carrier based 
on co-assembling antibodies with His6-metal assembly 
(HmA), by which various antibodies (IgG, anti-β-tubulin 

and anti-NPC) could be delivered inside living cells. 
Antibodies could be encapsulated in situ into nanocarriers 
with a narrow size distribution and a positive charge under 
very gentle conditions and delivered into different cells 
(DCs, HeLa, HCECs, and HRPE). The intracellular deliv-
ery efficiency was even better than that of a commercial 
protein delivery reagent (PULSin). Most importantly, the 
antibodies could escape from the lysosomes after endocy-
tosis and properly carry out their functions inside living 
cells. Our results indicate that this strategy is a feasible 
way to deliver various antibodies intracellularly while 
preserving their functions, which has great potential in 
treating many refractory diseases by intracellular antibody 
delivery.
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