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B I O C H E M I S T R Y

A boronic acid–rich dendrimer with robust and 
unprecedented efficiency for cytosolic protein  
delivery and CRISPR-Cas9 gene editing
Chongyi Liu1*, Tao Wan2*, Hui Wang3, Song Zhang1, Yuan Ping2†, Yiyun Cheng1,3†

Cytosolic protein delivery is of central importance for the development of protein-based biotechnologies and 
therapeutics; however, efficient intracellular delivery of native proteins remains a challenge. Here, we reported a 
boronic acid–rich dendrimer with unprecedented efficiency for cytosolic delivery of native proteins. The dendrimer 
could bind with both negatively and positively charged proteins and efficiently delivered 13 cargo proteins into 
the cytosol of living cells. All the delivered proteins kept their bioactivities after cytosolic delivery. The dendrimer 
ensures efficient intracellular delivery of Cas9 protein into various cell lines and showed high efficiency in CRISPR- 
Cas9 genome editing. The rationally designed boronic acid–rich dendrimer permits the development of an efficient 
platform with high generality for the delivery of native proteins.

INTRODUCTION
Direct cytosolic delivery of proteins provides a promising strategy 
for specific and transient manipulation of cell function and treatment 
of various diseases, which avoids the limitations of gene delivery 
such as permanent or random genetic alteration, off-target effects 
due to sustained gene expression, stress response, and carcinogenesis 
(1–4). It is no surprise that approximately 20% of the drugs on the 
market are proteins, such as monoclonal antibodies, cytokines, 
growth factors, and insulin (1). However, all the clinically available 
protein-based therapeutics have been developed toward extracellular 
targets owing to the poor membrane permeability of most intracel-
lular proteins (5–7). The lack of efficient approaches to translocate 
proteins into the cytosol of living cells remains a major challenge in 
expanding the family of proteins that could be identified as thera-
peutic candidates. During the last few years, researchers have proposed 
techniques including electroporation (8), microfluidic device (9), 
cell-penetrating peptides (10, 11), cell-derived vesicles (4, 6), synthetic 
virus-like nanoparticles (12), lipid nanoparticles (13, 14), polymers 
(2, 15, 16), and inorganic nanoparticles (17–20) for intracellular 
protein delivery. Among the delivery strategies, polymers have been 
one of the most promising candidates for cytosolic protein delivery 
both in vitro and in vivo due to ease of synthesis and functionalization, 
effectiveness in endosome escape, and material safety (2, 21, 22).

For polymer-mediated cytosolic protein delivery, the major concern 
is how to effectively bind proteins with the polymer and form stable 
complexes suitable for cell internalization. The protein molecules 
might be positively or negatively charged under physiological con-
ditions depending on their isoelectric points (pIs). Therefore, it is 
difficult to develop a polymer with robust binding affinity with all 
sorts of proteins. To address this concern, researchers have proposed 
a protein supercharging strategy to increase the number of binding 
sites on proteins for cationic materials. They modified protein mole-
cules with anionic species such as carboxyl-rich chemicals (23, 24), 
boronic acids (21), anionic proteins and peptides (17), anionic poly-

mers (25), and small guide RNA or DNA nanoclews (2, 26), via 
covalent or noncovalent approaches. The engineered anionic species 
facilitate the formation of stable polymer/protein nanoparticles for 
intracellular protein delivery. In an alternative strategy, they directly 
conjugated the proteins with cationic polymers via dynamic covalent 
bonds for protein translocation (27). Though some of the modified 
species on protein surface could be removed by endolysosomal 
acidity/protease or reactive oxygen species, these strategies are 
involved with complicated syntheses or genetic engineering, alteration 
of protein structure or bioactivity after chemical modification, high 
costs, and unexpected safety concerns. Recent approaches to the cyto-
solic delivery of native proteins without the need for chemical 
modification have been reported, e.g., guanidinium-rich polymer to 
improve the binding affinity between polymer and proteins (22, 28–30) 
and fluoropolymers with excellent self-assembly behavior to improve 
the loading efficiency and capacity of polymers (15, 16, 31). Though 
these approaches achieved high efficiency for the translocation of 
proteins into cells, the generality of the technique toward different 
proteins might be problematic due to the distinct pIs and molecular 
sizes for the various proteins. As a result, there is still an urgent 
demand for an effective and robust approach for cytosolic delivery 
of proteins without the need for chemical modification.

The protein surface usually displays cationic groups such as amine, 
imidazole, and guanidinium, and anionic carboxylate groups. We 
hypothesized that the development of a polymer that is capable of 
binding with both the anionic and cationic groups on protein surface 
could provide a general approach for cytosolic protein delivery. 
Phenylboronic acid (PBA) is an electron-deficient group that can 
coordinate with cationic amine and imidazole groups on proteins 
via nitrogen-boronate complexation (32–34). The aromatic ring in 
PBA can bind with the guanidinium or ammonium groups on pro-
teins via cation- interactions, an unconventional force widely 
explored in protein-ligand interactions and protein structures (35, 36). 
On the other hand, anionic carboxylates on protein can efficiently 
bind with cationic species via ionic interactions. If the ligand PBA 
was conjugated onto a cationic polymer at a high grafting ratio, the 
yielding PBA-rich polymer may allow high binding affinity with 
different types of proteins via a combination of nitrogen-boronate 
complexation and cation- and ionic interactions (Fig. 1). Besides 
the beneficial effect on protein binding, PBA moieties on polymer 
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also provide opportunities for self-assembly and addressing the barriers 
existing in the cytosolic delivery of nucleic acids (37, 38). In this 
study, we proposed that the PBA-rich cationic polymer is a possible 
candidate to bind various proteins into stable nanoparticles and 
allow efficient cytosolic delivery. We investigated the behaviors of 
the PBA-rich polymer for intracellular protein delivery using different 
model proteins, including Cas9 ribonucleoprotein (RNP), which 
is widely explored as an efficient tool for CRISPR-Cas9 genome editing 
in a wide range of biomedical applications.

RESULTS
Boronic acid–rich dendrimer in cytosolic delivery
We used a generation 5 (G5) amine-terminated polyamidoamine 
(PAMAM) dendrimer with well-defined molecular size and surface func-
tionality as the model cationic polymer. A series of PBA-modified den-
drimers were synthesized by reacting 4-(bromomethyl)phenylboronic 
acid with the dendrimer at different feeding ratios. The conju-
gated number of PBA on each G5 dendrimer was 14 (P1), 24 (P2), 42 
(P3), and 60 (P4), respectively, as calculated by a 1H NMR (nuclear 
magnetic resonance) method (fig. S1). Conjugation of more PBA 
moieties on the dendrimer yielded insoluble products in aqueous 
solutions. Therefore, we used the four PBA-modified dendrimers 
(P1 to P4) for further intracellular protein delivery. Bovine serum 
albumin (BSA) labeled with fluorescein isothiocyanate (FITC) was 
used as the model protein (BSA-FITC; 69.3 kDa, pI 4.7). We complexed 
the dendrimers with BSA-FITC via gentle mixing and treated the 

complexes with HeLa cells for 4 hours. As shown in Fig. 2A and 
fig. S2A, P1 to P3 and the non-modified dendrimer (P0) exhibit weak 
efficiency in the cytosolic delivery of BSA-FITC, while P4 shows 
markedly higher transduction efficiency, and the fluorescence inten-
sity of cells treated with P4/BSA-FITC is more than one order of 
magnitude higher than that of P1 to P3 complexes. Dynamic light 
scattering (DLS) and transmission electron microscope (TEM) re-
sults show that P4 with the highest PBA density on dendrimer has a 
strong binding affinity with the protein to form stable and uniform 
nanoparticles around 100 nm (Fig. 2B). Fluorescence resonance 
energy transfer (FRET) analysis of the P4/BSA mixture also confirms 
the formation of condensed complexes (fig. S3A). We also compared 
the translocation efficiency of P4 with several analog materials 
(Fig. 2C and fig. S1), including G5 dendrimer modified with approxi-
mately 60 benzoic acid (P5), 3-(bromomethyl)phenylboronic acid 
(P6), 2-(bromomethyl)phenylboronic acid (P7), and 4-(bromobutyl)
boronic acid (P8), respectively. As shown in Fig. 2 (D to F), P4 
shows the highest efficiency among these dendrimers. Unexpectedly, 
P7 with a similar chemical composition to P4 shows extremely low 
efficiency for the delivery of BSA-FITC. This is due to the presence 
of intramolecular nitrogen-boronate coordination in the synthesized 
dendrimer P7, which reduces the efficient binding of dendrimer 
with proteins (Fig. 2F and fig. S3A). Similarly, P8 exhibits poor 
translocation efficiency in the delivery of BSA-FITC, which confirms 
the essential role of phenyl groups in protein binding and cytosolic 
delivery (Fig. 2F and fig. S3A). The boronic acid–rich dendrimer P4 
is even more efficient than commercial protein transduction reagents 

Fig. 1. Boronic acid–rich dendrimer with robust efficiency in cytosolic protein delivery. (A) Mechanism of boronate-rich dendrimer in complexation with protein 
complex formation. The dendrimer could bind with both negatively and positively charged proteins via a combination of nitrogen-boronate complexation and cation- 
and ionic interactions between the two species. (B) Boronic acid–rich dendrimers with different chemical structures show distinct behaviors in the delivery of proteins 
into HeLa cells. Fluorescently labeled BSA was used as the model protein here. (C) Model proteins with different molecular weights and pIs in this study.
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such as PULSin and TransEx. Incubation of the P4-transduced cells 
with trypan blue, a membrane-impermeable fluorescence quencher, 
scarcely inhibits the fluorescence intensity of cells (fig. S2B), suggest-
ing the efficient translocation of BSA-FITC into the cytosol rather 
than physical adsorption on cell membrane (15). The translocation 
efficiency of P4/BSA-FITC depends on the incubation time 
(Fig. 2G), and the internalization is energy dependent, probably 
mediated by micropinocytosis-, clathrin-, and lipid raft–dependent 
pathways (fig. S2C). The internalized BSA-FITC is generally not local-

ized with acidic compartments such as endosomes and lysosomes 
stained by LysoTracker Red, and the dispersion of BSA-FITC in the 
cytosol is observed as early as 2 hours after complex incubation (fig. S4). 
These results suggest fast endosomal escape from the acidic compart-
ments and efficient intracellular protein release into the cytosols 
probably triggered by abundant proteins in the cytosol or polyanionic 
species (fig. S3B). The tested dendrimers show minimal toxicity on 
the treated HeLa cells (Fig. 2H) as well as normal cell lines such as 
NIH3T3 cells (fig. S2D).

Fig. 2. Boronic acid–rich dendrimer in cytosolic delivery. (A) Cytosolic delivery of BSA-FITC into HeLa cells by P0 to P4 for 4 hours. The doses of protein and dendrimer 
in each well were 6 and 8 g, respectively. (B) DLS analysis of P0, P1, P2, P3, and P4/BSA complexes, and TEM of P4/BSA nanoparticles. Scale bar, 200 nm. (C) Structure of 
the PBA analog materials. (D) Confocal images and (E) flow cytometry analysis of HeLa cells treated with P4/BSA-FITC or analog complexes of P5 to P8 for 4 hours. The 
doses of protein and dendrimer were 6 and 8 g in each well, respectively. Commercial reagents PULSin and TransEx were used as positive controls. (F) DLS analysis of P4, 
P5, P6, P7, and P8/BSA-FITC complexes. (G) Time-dependent internalization of P4/BSA-FITC by HeLa cells. (H) Viability of HeLa cells treated with P4/BSA, P4, and BSA 
complexes. The concentrations of materials were equal to those in cytosolic protein delivery.



Liu et al., Sci. Adv. 2019; 5 : eaaw8922     12 June 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 11

Cytosolic delivery of fluorescent proteins
We further tested the transduction efficiency of P4 in the delivery of 
other fluorescent proteins. Phycoerythrin (R-PE) is a red fluorescent 
protein isolated from red algae. It is a relatively large protein with a 
molecular mass of 240 kDa and is negatively charged under physio-
logical conditions (pI 4.3). P4 and phycoerythrin form uniform and 
positively charged nanoparticles (fig. S5A). As shown in Fig. 3 
(A and B), P4 shows efficient cytosolic delivery of phycoerythrin 
into HeLa cells, and red fluorescence is dispersed in the cytosol 
after 4 hours of incubation with P4/phycoerythrin. Similarly, P4 effi-
ciently delivers other fluorescent proteins including green fluorescent 
protein (GFP; 26.9 kDa, pI 6.2), yellow fluorescent protein (YFP; 
27.0 kDa, pI 5.8), and red fluorescent protein (RFP; 25.9 kDa, pI 6.6) 
into HeLa cells (Fig. 3C). Besides negatively charged proteins, P4 is 
also efficient in the cytosolic delivery of cationic proteins (Fig. 3D and 
fig. S5, B to D), such as cytochrome c (Cyt C; 12.4 kDa, pI 10.3), lyso-
zyme (14.4 kDa, pI 10.8), and trypsin (24.0 kDa, pI 10.5).

Cytosolic delivery of native enzymes
Besides high transduction efficiency, we need to maintain the bio-
activity of proteins after cytosolic delivery. In this case, we used a 

bioactive protein, -galactosidase (-Gal), as the model protein to 
confirm whether the intracellular released -Gal keeps its bioactivity 
in catalytic hydrolysis of -Gal–containing compounds (Fig. 4A). 
P4 and -Gal form uniform and positively charged nanoparticles 
(fig. S5E), and the binding of -Gal with P4 partially decreases its 
enzymatic activity. However, the addition of heparin sulfate into 
the solution fully recovers the enzyme bioactivity due to efficient 
release of -Gal from the complex nanoparticles (fig. S6A). We then 
treated HeLa cells with the P4/-Gal complex and further added the 
transduced cells with 5-bromo-4-chloro-3-indolyl--d-galactoside 
(X-Gal), the substrate for -Gal. The enzyme catalyzes the hydroly-
sis of X-Gal into an insoluble blue dye, which can be used to reveal 
the amount of -Gal in the treated cells. As shown in Fig. 4B, P4 
shows high accumulation of blue dyes in the cells after X-Gal staining, 
and its translocation efficiency is superior to the control materials. 
The relative -Gal activity of cells treated with P4/-Gal determined 
by a -Gal activity assay kit reveals that more than 80% of the 
enzyme activity is maintained after intracellular delivery (Fig. 4C). 
Horseradish peroxidase (HRP; 40.0 kDa, pI 7.2) is an enzyme that 
catalyzes the oxidation of a nonfluorescent substrate, Amplex Red, 
into a red fluorescent and membrane-impermeable product in the 

Fig. 3. Cytosolic delivery of fluorescent proteins. (A) P4 in the cytosolic delivery of R-PE into HeLa cells for 4 hours. Commercial reagents PULSin and TransEx were used 
as positive controls. (B) Quantitative analysis of the protein internalization in (A) by flow cytometry. The dose of R-PE in each well was 0.5 g. P4 in the cytosolic delivery of 
(C) negatively charged GFP, YFP, and RFP into HeLa cells for 4 hours. The dose of proteins in each well was 3 g. P4 in the cytosolic delivery of (D) positively charged Cyt C, 
lysosome, and trypsin into HeLa cells for 4 hours. The doses of proteins in each well were 6, 6, and 3 g, respectively, and the dose of P4 for all the experiments was 8 g.
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Fig. 4. Cytosolic delivery of native enzymes. (A) -Gal catalyzes the hydrolysis of colorless substrate X-Gal into a blue-colored product. (B) X-Gal staining of the cells 
treated with -Gal/P4 for 4 hours. (C) Enzymatic activity of the -Gal after cytosolic delivery determined by a kit. The dose of -Gal in each well was 5 g. (D) HRP catalyzes 
colorless substrates Amplex Red or TMB into a red fluorescent product, resorufin, or a blue dye, respectively, in the presence of hydrogen peroxide. (E) Confocal micros-
copy images of HeLa cells treated with P4/HRP and Amplex Red. Commercial reagents PULSin and TransEx were used as positive controls. (F) HRP enzymatic activity in 
the transduced cell analysis by TMB assay. The dose of HRP in each well was 6 g. The dose of P4 in the experiments was 8 g in each well.

Fig. 5. Cytosolic delivery of toxic proteins. (A) Cytosolic delivery of saporin, RNase A, and trypsin into cancer cells leads to ribosome inactivity, RNA degradation, and 
intracellular protein hydrolysis, respectively, and cell death. Viability of MDA-MB-231 cells treated with (B) saporin/P4 and (C) RNase A/P4, and (D) HeLa cells treated with 
trypsin/P4 complexes determined by MTT assay. The concentration of trypsin was 40 g/ml. Free saporin, RNase A, and trypsin were tested as controls. The dose of P4 in 
the experiments of cytosolic delivery of saporin, RNase A, and trypsin were 0.6, 0.6, and 2.5 g in each well, respectively.
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presence of hydrogen peroxide (Fig. 4D) (39). Complexation of 
HRP with P4 (fig. S5F) slightly reduces its catalytic activity, while 
the addition of other proteins such as BSA or heparin sulfate could 
recover the enzymatic activity of HRP (fig. S6B). In addition, P4 
shows high activity in the cytosolic delivery of HRP as revealed by 
the red fluorescence signals observed in the treated cells (Fig. 4E). 
Similarly, HRP catalyzes the reaction of a colorless substrate, 
tetramethylbenzidine (TMB), into a blue dye in the presence of hy-
drogen peroxide. The cells treated with P4/HRP show the highest 
HRP activity after cytosolic delivery, as determined by the TMB 
assay (Fig. 4F).

Cytosolic delivery of toxic proteins
We also tested the efficiencies of P4 in the delivery of toxic proteins 
such as saporin (32.8 kDa, pI 9.3), ribonuclease A (RNase A; 13.7 kDa, 
pI 8.6), and trypsin. Saporin is a ribosome-inactivating protein that 
irreversibly blocks protein synthesis in mammalian cells via the 
depurination of a specific nucleotide on the 28S subunit (Fig. 5A). 
P4 is efficient in binding with saporin and forms uniform and posi-
tively charged nanoparticles (fig. S5G). Saporin only showed minimal 
toxicity on breast cancer cells MDA-MB-231 due to limited mem-
brane penetration; however, the presence of P4 efficiently translocates 
saporin into the cytosol (Fig. 5B), where the protein inactivates the 

Fig. 6. Cytosolic delivery of Cas9 RNP for CRISPR-Cas9 gene editing. (A) P4-mediated Cas9/sgEGFP delivery for efficient EGFP genome editing. (B) DLS analysis of 
P4/Cas9 RNP nanoparticles. The inset is the TEM image of P4/Cas9 RNP nanoparticles. Scale bar, 500 nm. (C) Confocal images of 293T-EGFP cells treated with P4/RNP for 
4 hours. Scale bar, 50 m. (D) Flow cytometry analysis of 293T-EGFP cells treated with P4/RNP for 4 hours by means of mean fluorescence intensity. (E) Indel analysis from 
samples treated by P4/RNP. Commercial reagent CMAX was used as a positive control. T7E1 assay results from the intracellular delivery of P4/RNP targeting (F) AAVS1 and 
(G) HBB genes in 293T cells. (H) Genome editing efficiency, as revealed by the grayscale density of T7E1 results, after the intracellular delivery of RNP targeting EGFP locus 
(for 293T-EGFP cells), AAVS1 locus, and HBB locus (for 293T cells). Data represent mean ± SD (n = 3, Student’s t test, **P < 0.01). T7E1 assay results from the intracellular 
delivery of P4/RNP targeting (I) AAVS1 and (J) HBB genes in HCT-116 and HT-29 cells.
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ribosomes. This is evident by the significantly increased cytotoxicity 
on the cells treated with the P4/saporin complex, and the increased 
toxicity is not caused by the dendrimer P4 (Fig. 5B). RNase A is a 
positively charged enzyme that can catalyze the degradation of RNA 
chains (Fig. 5A). RNase A could keep its enzymatic activity after 
intracellular release from the dendrimer P4 (figs. S5H and S6C), 
and the dendrimer efficiently delivers RNase A into the cells and 
decreases the viability of treated cells (Fig. 5C). Similarly, the efficiently 
delivered trypsin by P4 also leads to efficient cell death due to the 
degradation of intracellular proteins by the internalized protease 
(Fig. 5D and fig. S5D). These results together suggest that P4 is a potent 
and versatile dendrimer for cytosolic delivery of native proteins.

Cytosolic delivery of Cas9 RNP for CRISPR-Cas9 gene editing
We lastly investigated the potential of P4 to deliver Streptococcus 
pyogenes Cas9 RNP for genome editing (Fig. 6A). Cas9 is widely 
explored in a variety of biomedical applications and is capable of 
inducing site-specific cleavage at endogenous genomic loci directed 
by single guide RNAs (sgRNAs) in mammalian cells (40). At present, 
the shortage of delivery materials that can deliver Cas9 RNP still 
represents one of the major challenges for successful CRISPR-Cas–based 
genome editing. As shown in Fig. 6B, P4 and Cas9 RNP form spherical 
and monodisperse nanoparticles around 300 nm. Subsequently, we 
used 293T cells stably expressing enhanced green fluorescence protein 
(EGFP) as a model to illustrate the potential of P4-mediated Cas9 
delivery for the disruption of the EGFP gene (Fig. 6A). To this end, 
a single guide RNA targeting enhanced green fluorescence protein 
(sgEGFP) that is designed to target the EGFP gene was complexed 
with Cas9 to form RNP. As shown in Fig. 6 (C and D), the intensity 
of EGFP in the 293T-EGFP cell line is significantly decreased upon 
the intracellular delivery of P4/RNP, due to the loss-of-function effect 
of EGFP. Flow cytometry analysis indicated that approximately 40% 
of the 293T-EGFP cells treated with P4/RNP exhibited EGFP knockout 
(Fig. 6E), whereas treatment with RNP alone had negligible knock-
out effects. Note that the ability of P4 to mediate the disruption of 
the EGFP gene was greater over the commercially available RNP 
delivery agent CRISPRMAX (CMAX). To further validate the genome 
editing efficiency mediated by P4, we investigated the intracellular 
delivery of RNP targeting different genome loci in the 293T cell line 
(Fig. 6, F to H). Indels (insertion and deletion) detected by T7 endo-
nuclease I (T7E1) digestion assays were studied to investigate 
whether the genome editing occurred at the targeted genome locus. 
After the intracellular delivery, the digestion bands (cuts), which 
were derived from the digestion products of T7E1 recognizing indels 
in the double-stranded DNA, were observed from the uncut bands 
in both adeno-associated virus integration site 1 (AAVS1) and 
hemoglobin subunit beta (HBB). As expected, the delivery of both 
P4/RNP resulted in efficient genome editing in these two loci. AAVS1 
genome editing mediated by P4/RNP and CMAX/RNP resulted in 
indel rates of 23.1 and 17.5%, respectively. Likewise, HBB genome 
editing by P4/RNP and CMAX resulted in indel rates of 21.1 and 
9.7%, respectively. To confirm the robustness of P4 in the delivery 
of Cas9 RNP, we lastly validated the genome editing capability in 
HCT-116 and HT-29 cell lines. As evident from Fig. 6 (I and J), indel 
studies suggested that the transduction of P4/RNP also resulted in 
efficient genome editing at the AAVS1 and HBB genome loci in 
HCT-116 cells. In this study, we also used P4/RNP to knock out the 
catenin beta-1 (CTNNB1) gene, which plays an important functional 
role in the canonical Wnt signaling pathway in HCT-116 and HT-

29 cell lines. As shown in fig. S7, T7E1 cleavage assay demonstrated 
that HCT-116 and HT-29 cells transfected with P4/RNP induced 
efficient DNA mutation. Owing to the simple chemical structure of 
P4, further modifications to render additional functional moieties 
such as targeting ligands and protective antifouling layers could be 
easily achievable to meet the specified genome editing applications 
in vivo.

DISCUSSION
In summary, we reported the rational design of a boronic acid–rich 
dendrimer with unprecedented efficiency for cytosolic delivery of 
proteins with different pIs and sizes. The dendrimer efficiently as-
sembles various proteins into nanoparticles, and the delivered pro-
teins could maintain their bioactivity after intracellular release. This 
dendrimer also allows the efficient delivery of Cas9 RNP targeting 
multiple genome loci of different types of cell lines, which defines a 
useful material for the delivery of genome editing tools in a wide 
range of biomedical applications in the future.

MATERIALS AND METHODS
Materials
Amine-terminated and ethylenediamine-cored G5 PAMAM 
(theoretical molecular mass: 28,826 Da) was purchased from 
Dendritech (Midland, MI). Benzoic acid, dicyclohexylcarbodiimide, 
N-hydroxysuccinimide, rhodamine B isothiocyanate (RBITC), Cyt 
C from equine heart, saporin, and lysozyme from chicken egg 
white were purchased from Sigma-Aldrich (St. Louis, MO). 
4-(Bromomethyl)phenylboronic acid was purchased from Meryer 
Chem. (Shanghai, China). -Gal and RNase A were purchased from 
J&K Scientific (Shanghai, China). FITC, trimethylamine, trypsin 
from porcine pancreas, and Amplex Red were purchased from 
Macklin (Shanghai, China). BSA and hydrogen peroxide were pur-
chased from Aladdin (Shanghai, China). CRISPR-Cas9 protein was 
purchased from GenScript (Nanjing, China). T7E1 enzyme was ob-
tained from New England Biolabs (Beijing, China). PULSin was 
purchased from Polyplus-transfection (France). TransEx was obtained 
from Cenji Biotech (Shanghai, China). Lipofectamine CMAX 
Transfection Reagent was bought from Thermo Fisher Scientific 
(Germany). R-phycoerythrin (R-PE) was purchased from Cayman 
Chemical (Michigan, USA). GFP, YFP, and RFP were gifts from N. Chen 
in CAS. HRP and TMB were purchased from Yuanye Biotechnology 
(Shanghai, China). LysoTracker Red (DND-99, Invitrogen) was 
purchased from Thermo Fisher Scientific (Germany).

Synthesis and characterization of PBA-modified dendrimers
G5 PAMAM dendrimer was reacted with 4-(bromomethyl)phenyl-
boronic acid at various molar ratios in anhydrous methanol for 
24 hours. The yielding products were intensively dialyzed against 
methanol and distilled water. Then, the products were ultrafiltrated 
for concentration or lyophilized directly to obtain PBA-decorated 
dendrimers. PBA analog materials including 3-(bromomethyl)
phenylboronic acid–, 2-(bromomethyl)phenylboronic acid–, and 
4-(bromobutyl)boronic acid–modified dendrimer were synthesized 
by a similar procedure. For benzoic acid–modified dendrimer, 
dicyclohexylcarbodiimide, N-hydroxysuccinimide, and benzoic acid 
were dissolved in dimethylformamide. The solution was stirred for 
6 hours at room temperature. Then, G5 dendrimer and trimethylamine 
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dissolved in dimethyl sulfoxide were added, and the reaction was 
continued for 7 days. The product was extensively dialyzed against 
dimethyl sulfoxide and distilled water and followed by lyophilization 
to obtain white powders. The purified materials were further character-
ized by 1H NMR spectroscopy (Varian, 699.804 MHz) to determine 
the average conjugated numbers of ligands on each G5 dendrimer. 
RBITC-labeled dendrimers were synthesized by stirring the mixture of 
dendrimers and RBITC in the dark at an RBITC/dendrimer molar ratio 
of 3:1 for 24 hours. The products were intensively dialyzed against 
distilled water and lyophilized to obtain RBITC-labeled dendrimers.

Synthesis of fluorescent dye–labeled proteins
Briefly, BSA, Cyt C, and trypsin were dissolved in phosphate-buffered 
saline (PBS) buffer (pH 7.4), respectively. The protein solutions were 
mixed with FITC at a FITC/protein molar ratio of 3:1. The reaction 
solutions were stirred for 24 hours at room temperature in the dark. 
The yielding products were intensively dialyzed against PBS and 
distilled water, respectively. The purified products were lyophilized 
to obtain FITC-labeled proteins BSA-FITC, Cyt C–FITC, and trypsin- 
FITC, respectively. RBITC-labeled lysozyme was synthesized with a 
similar method. The molar ratio of RBITC to lysozyme was 2:1. The 
fluorescent dye–labeled proteins were stored at −20°C before further 
experiments.

Protein/dendrimer complex formation and characterization
The boronic acid–decorated dendrimers were mixed with model 
proteins and incubated for 30 min, respectively. Then, the mixtures 
were diluted with deionized water for further characterization. The 
size and zeta potential of the formed complexes were characterized 
by DLS using Malvern Zetasizer (Nano ZS 90, Malvern, UK) at 
25°C. The morphology of the nanoparticles was observed by TEM 
(HT7700, Hitachi Ltd., Japan). FRET assay was conducted to evaluate 
the formation of the protein/dendrimer complex and in vitro protein 
release. RBITC-labeled dendrimer was used to quench the fluores-
cence of BSA-FITC in the formed complex. Heparin sodium or native 
BSA was added into the complex solution to trigger the release of 
proteins. The fluorescence spectra were recorded by a Hitachi 
F-4500 fluorescence spectrophotometer (Hitachi Ltd., Japan) at 
excitation and emission wavelengths of ex = 470 nm and em = 500 – 
700 nm, respectively.

Cell culture and cytosolic protein delivery
HeLa cells [a human cervical carcinoma cell line, American Type 
Culture Collection (ATCC)] and NIH3T3 cells (a mouse embryo 
fibroblast cell line, ATCC) were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco). MDA-MB-231 cells (a human 
mammary cancer cell line, ATCC) were cultured in minimum 
essential medium (MEM, GIBO). The cell culture media contain 
10% fetal bovine serum (FBS, Gemini), penicillin (100 g/ml), and 
streptomycin (100 g/ml) at 37°C under 5% CO2.

HeLa cells were seeded in 48-well plates before cytosolic protein 
delivery. The protein solutions were mixed with dendrimer at various 
weight ratios. The complex solutions were diluted with 100 l of 
serum-free DMEM and incubated for 30 min at room temperature 
and further diluted with 150 l of serum-free DMEM. The culture 
media were removed, and the cells were washed twice with PBS, 
before adding the protein complex solutions into the wells. After 
incubation for 4 hours, the culture media containing proteins were 
removed, and the cells were washed twice with PBS. The fluorescence 

intensity of the treated cells was determined by flow cytometry 
(BD FACSCalibur, San Jose). The cells were also observed by laser 
scanning confocal microscopy (LSCM, Leica SP5, Germany). The 
commercial protein delivery reagents such as PULSin and TransEx 
were used as positive controls according to the manufacturers’ pro-
tocols. Naked proteins without complexation with the dendrimers 
were used as negative controls. In a separate study, trypan blue 
(0.04%) was added to the treated cells before flow cytometry analysis 
to quench the fluorescence of proteins physically adsorbed on cell 
membrane. The time-dependent intracellular delivery of dendrimer/
protein complexes into HeLa cells was observed by LCSM. The cells 
were incubated with dendrimer/BSA-FITC complexes for 1, 2, 3, 4, 
6, and 12 hours, respectively. The acidic organelles in the treated 
cells were stained by LysoTracker Red (DND-99, Invitrogen) before 
confocal imaging. To investigate the internalization mechanism of 
protein/dendrimer complexes, we used BSA-FITC as the model protein. 
HeLa cells were preincubated with endocytosis inhibitors such as 
cytochalasin D (10 M), chlorpromazine (20 M), genistein (700 M), 
and methyl--cyclodextrin (10 mM) for 2 hours before protein 
transduction experiments, respectively, or incubated at 4°C during 
cytosolic protein delivery. The cells treated without any inhibitors 
and transduced at 37°C were tested as a control.

Cell viability assay
The viability of cells incubated with dendrimer/protein complexes 
was evaluated by a standard 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay. Briefly, HeLa cells or 
NIH3T3 cells were seeded in a 96-well plate overnight. Then, the 
culture medium in each well was replaced by 100 l of serum-free 
DMEM containing dendrimer/protein complexes, native proteins, 
or dendrimers. The concentrations of proteins and dendrimers were 
equal to the optimal concentrations during protein delivery. The 
cells were incubated for 4 hours, and the media were replaced by 
100 l of fresh DMEM containing 10% FBS. After another 20 hours 
of incubation, the cells were further tested by MTT assay to deter-
mine the cell viability. Five repeats were performed for each sample.

-Gal staining and activity assay
Cytosolic delivery of enzymes such as -Gal into HeLa cells was 
determined by intracellular -Gal enzymatic activity measurements. 
In situ X-Gal staining kit and a quantitative -Gal enzyme activity 
assay kit (Beyotime Biotech) were conducted according to the manufac-
turer’s protocols. Briefly, HeLa cells were treated with dendrimer/-Gal 
complexes for 4 hours with a similar procedure as described above. 
Then, the treated cells were washed twice with PBS and fixed for 
10 min at room temperature. The cells were further washed three times 
with PBS and incubated with the working solution containing 5% 
X-Gal for 2 hours at 37°C in the absence of CO2. The treated cells 
were further washed with PBS and observed by an optical microscope 
(Olympus, Japan). The intracellular -Gal activity of the treated 
cells was quantitatively analyzed using a -Gal enzyme activity assay 
kit. Generally, the treated cells were lysed with cell lysis buffer. 
Then, 50 l of cell lysates was mixed with 50 l of working solution 
containing enzyme substrate O-nitrophenyl--d-galactopyranoside 
and incubated for 30 min at 37°C. After incubation, 150 l of stop 
reaction solution was added in each well. The enzyme activity was 
determined by measurement of the absorbance of the solution at 
420 nm using a microplate reader (Thermo Fisher Scientific, Germany). 
The enzyme activity of native -Gal at the same concentration was 
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measured as control and defined as 100%. For in vitro -Gal activity 
assay, the enzyme activity was measured by X-Gal staining assay. 
Generally, the enzyme/P4 complex solutions were incubated with 
substrate solution containing X-Gal at 37°C for 1 hour. Dimethyl 
sulfoxide was added to dissolve the yielding product, and the absor-
bance of the solutions at 633 nm was recorded by a microplate reader. 
Native -Gal activity was measured as control. The recovery of 
enzyme activity was conducted by the addition of BSA (0.1 mg/ml) 
or heparin sodium (0.1 mg/ml) into the complex solutions.

HRP staining and activity
The cytosolic HRP delivery was determined by intracellular HRP 
enzymatic activity assay. Intracellularly delivered HRP catalyzed a 
nonfluorescent substrate, Amplex Red, to a fluorescent product, 
resorufin, in the presence of hydrogen peroxide. Briefly, HeLa cells 
were treated with dendrimer/HRP complexes for 4 hours with a 
similar procedure. Then, the cells were washed three times with PBS 
and incubated in PBS containing Amplex Red (50 M) and hydrogen 
peroxide (500 M). After 30 min of incubation at room temperature, 
the treated cells were washed three times and observed by LSCM. In 
another typical intracellular enzyme activity assay, TMB was used 
as a colorless substrate and turned into a blue product in the presence 
of HRP. Generally, cytosolic HRP delivery was performed with a 
similar procedure, and the treated cells were washed five times with 
PBS. TMB substrate (0.5 ml; 10 g/ml) dissolved in acetate buffer 
(pH 5) with 3 mM hydrogen peroxide was added into each well. 
After 10 min of incubation at room temperature, the mixture solution 
in each well was imaged by an optical camera. Cytosolic enzyme 
activity of native HRP without dendrimer complexion was measured 
as a control. The in vitro HRP enzymatic activity was measured by 
TMB staining assay. Generally, the native HRP and HRP/P4 complex 
solutions were centrifuged at 13,000 rpm for 30 min. The superna-
tants were diluted with distilled water and incubated with TMB 
solution. The enzyme activity of HRP was determined by measure-
ment of the absorbance of the solution at 630 nm by a microplate 
reader at 30-s intervals for 11 min. The recovery of enzyme activity 
was conducted by the addition of BSA (0.1 mg/ml) or heparin sodium 
(0.1 mg/ml) into the complex solutions.

Cytosolic delivery of saporin, RNase A, and trypsin
The cytosolic delivery of toxic proteins was tested on MDA-MB-231 
cells (saporin and RNase A) and HeLa cells (trypsin). The cells were 
cultured in 96-well plates overnight. Saporin, RNase A, and trypsin 
complexes with P4 were prepared as described above. The dendrimer/
protein complexes were diluted with 100 l of serum-free MEM and 
incubated for 30 min. Then, the mixtures were further diluted with 
500 l of serum-free MEM. The cell culture media were removed, 
and the cells were washed with PBS. Protein complexes (100 l) 
were added into each well. After 6 hours of incubation, the media 
were replaced with 100 l of fresh MEM containing 10% FBS, and 
the cells were further incubated for 42 hours. The cytotoxicity of cells 
treated with saporin, RNase A, and trypsin complexes was evaluated 
by MTT assay. Five repeats were tested for each sample. Proteins 
were tested at various concentrations. Naked saporin, RNase A, 
trypsin, and dendrimers at equal concentrations were tested as controls. 
For in vitro RNase A activity assay, the enzyme activity was measured 
by an RNaseAlert Kit according to the manufacturer’s protocol. 
Briefly, RNaseAlert substrate dissolved in assay buffer was incubated 
with native enzyme or the RNase A/P4 complex in RNase-free buffer. 

The recovery of enzyme activity was conducted by the addition of 
BSA (0.1 mg/ml) or heparin sodium (0.1 mg/ml) into the complex 
solutions. The fluorescence intensity was recorded at 5-min intervals 
for 30 min. The excitation and emission wavelengths were ex = 490 nm 
and em = 520 nm, respectively.

sgRNA design and synthesis
Transcription templates were designed by online tools (http://crispr.
mit.edu/ and http://chopchop.cbu.uib.no/). A 65-nucleotiode (nt) 
specific Cas9 forward primer containing the T7 promoter and the 
20-nt AAVS1, HBB, EGFP, and CTNNB1 targeting sequence and an 
83-nt universal reverse primer (table S1) containing the 3′ tail 
sequence of sgRNA were mixed for the polymerase chain reaction 
(PCR). The PCR was set up in the thermal cycler under the following 
conditions: 97°C for 3 min; 40 cycles of 97°C for 30 s, 55°C for 30 s, and 
68°C for 10 s; and 68°C for 10 s. After the PCR program was completed, 
the PCR sample was purified by the MiniElute PCR Purification 
Kit (Qiagen) and then used as a DNA template for in vitro transcrip-
tion reaction. The in vitro transcription reaction to generate sgRNA 
was performed with DNA template for 12 hours at a 37°C water bath 
using the MEGAscript T7 Transcription Kit (Invitrogen). The sgRNA 
product was then purified by the RNeasy Mini Kit (Qiagen). After the 
purification, the sample was ran on a polyacrylamide gel electrophoresis 
gel to visualize the sgRNA products and quantified with NanoDrop 
(Thermo Fisher Scientific, Germany).

AAVS1, HBB, and CTNNB1 gene disruption assay
The 293T cells, 293T-EGFP cells, HCT-116 cells, and HT-29 cells 
were cultured in DMEM (Gibco). The cell culture medium contains 
10% FBS (Gemini), penicillin (100 g/ml), and streptomycin (100 g/ml) 
at 37°C under 5% CO2. P4/RNP-mediated transfection was conducted 
by seeding into a six-well plate at a density of 2 × 105 cells per well 
the day before transfection. The doses of Cas9 protein, sgRNA, and 
P4 in each well were 4, 2, and 8 g, respectively. Six hours after 
transfection, transfection mixtures were replaced with DMEM con-
taining 10% FBS and further incubated for 48 hours.

EGFP gene disruption assay
293T-EGFP cells were established by infecting 293T cells with lenti-
virus harboring an EGFP-expressing cassette. P4/RNP-mediated 
transfection was conducted by seeding into a glass-bottom cell well 
at a density of 104 cells per well the day before transfection. The 
doses of Cas9 protein, sgRNA, and P4 in each well were 2, 1, and 
4 g, respectively. After 4 hours of incubation, the Cas9-containing 
medium was replaced with fresh DMEM containing 10% FBS and 
incubated for 48 hours before analyzed by LSCM (ZEISS LSM 880, 
Germany). For flow cytometer analysis, 293T-EGFP cells were seeded 
into a six-well plate at a density of 2 × 105 cells per well. The doses 
of Cas9 protein, sgRNA, and P4 in each well were 4, 2, and 8 g, 
respectively. After 48 hours of incubation, the cells were rinsed 
three times with 1 × PBS and trypsinized with 0.25% trypsin. Subse-
quently, the cells were resuspended in 200 l of 1 × PBS and subjected 
to flow cytometry analysis (Beckman Coulter DxFLEX, USA).

In vitro T7E1 assay
After the treatment of 293T cells, 293T-EGFP cells, HCT-116 cells, 
and HT-29 cells for 48 hours, genomic DNA of cells was isolated using a 
DNeasy Blood & Tissue Kit (Qiagen) according to the manufacturer’s 
recommended protocol. The specific PCR amplicons were generated 

http://crispr.mit.edu/
http://crispr.mit.edu/
http://chopchop.cbu.uib.no/
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using the primers listed in table S2 and were purified with the 
QIAquick PCR Purification Kit (Qiagen). The PCR was set up in the 
thermal cycler with the following conditions: 97°C for 5 min; 
40 cycles of 97°C for 30 s, 62°C for 15 s, and 68°C for 30 s. Afterward, 
a total of 200 ng of PCR products were mixed in 20 l of nuclease- 
free ddH2O with 1 × NEBuffer 2, and the mixtures underwent a de-
nature/annealing process to form a heteroduplex: 95°C for 5 min, 
−2°C s−1 to 85°C, and −0.1°C s−1 to 25°C. Two hundred nanograms 
of reannealed PCR products was mixed with 0.3 l of T7E1 in the 
200-l PCR tubes and incubated at 37°C for 30 min following the 
recommended protocol. Digestion PCR products were analyzed on 
2% agarose gels. The gray levels of the undigested band and the digested 
band were quantified with ImageJ. Indel percentage analysis was calcu-
lated on the basis of the following formula: 100 × (1 − (1 − fraction 
cleaved)1/2), where fraction cleaved = band intensity of each digested 
band/(band intensity of each digested band + band intensity of 
undigested band).

Statistical analysis
The data for mean fluorescence intensity, enzyme activity, and cell 
viability were presented as means ± SD. Statistically significant differ-
ence was analyzed by Student’s t test. P < 0.05 was considered signifi-
cant. N.S., P > 0.05; *P < 0.05, **P < 0.01, and ***P < 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/6/eaaw8922/DC1
Fig. S1. Characterization of the modified dendrimers by 1H NMR.
Fig. S2. Cytosolic delivery of BSA.
Fig. S3. Characterization of the BSA-FITC/dendrimer-RBITC complex by FRET.
Fig. S4. Confocal images of HeLa cells treated with the BSA-FITC/P4 complex at different times.
Fig. S5. Characterization of the protein/dendrimer complexes by DLS and TEM.
Fig. S6. Enzyme activity of -Gal, HRP, and RNase A.
Fig. S7. CRISPR-Cas9 gene editing in different cells.
Table S1. Sequences of sgRNA used in this study.
Table S2. Primer sequences for PCR amplification of target genes.
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