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Boronic acid-rich dendrimer for efficient intracellular
peptide delivery
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ABSTRACT Interests in intracellular peptide delivery have
continued to grow, significantly fueled by the importance of
peptides and their mimetics in modern cell biology and
pharmaceutical industry. However, efficient intracellular de-
livery of membrane-impermeable peptides of different pola-
rities remains a challenging task. In this study, we develop a
general and robust strategy for intracellular peptide delivery
by using a boronic acid-rich dendrimer. The designed material
is capable of transporting peptides with different polarities
and charge properties into the cytosol of various cell lines
without inducing additional cytotoxicity. The transduction
efficacy and proteolytic stability of cargo peptides delivered by
the boronic acid-rich dendrimer are much superior to pep-
tides conjugated with cell penetrant peptides such as octaar-
ginine. In addition, the bioactivities of pro-apoptotic peptides
are maintained after intracellular delivery. This study pro-
vides a versatile and robust platform for the intracellular de-
livery of membrane-impermeable peptides.

Keywords: intracellular peptide delivery, dendrimer, boronic
acid

INTRODUCTION
Peptides are short amino acid sequences that could
maintain the same or partial biological functions of nat-
ural proteins, and have drawn great interests as promising
tools in molecular cell biology or drug candidates in
clinical trials [1–4]. They were reported to play critical
roles in cell adhesive and penetrating, tumor targeting,
signal transduction, homeostasis and reproduction, cell
apoptosis, nuclear localization, and immunity regulation,
i.e., induction of T-cell response against pathogens [5–
16]. Compared with traditional small molecule drugs,
peptide-based therapeutics are particularly preferred due
to higher specificity towards drug targets, higher safety

such as limited adverse effects and immunogenicity, and
faster clinical development [17]. As a result, the number
of FDA-approved peptide-based drugs is increasing in
recent years [5]. The current peptide drugs mainly exert
their effect on extracellular membrane targets like ion
channels and receptors existing on cell membranes, where
they exert their bioactivity through intracellular signaling
cascades [1]. Although peptides hold great promise in
modern pharmacy, they usually cannot reach intracellular
protein targets due to limited membrane-permeability of
most peptides [18]. New strategies that are available for
the intracellular delivery of membrane-impermeable
peptides are highly desired [19].

To facilitate the intracellular delivery, cargo peptides
were usually fused with cell penetrant peptides (CPPs),
i.e., the transactivator of transcription (TAT) of HIV and
octaarginine R8 [20]. The CPP-tagged peptides could
translocate cell membranes predominantly via endocytic
pathways [21,22]. Alternatively, the cargo peptides were
linked to an anthrax lethal factor, which could further
bind to protective antigens on cell surface to initiate en-
docytosis [23]. However, the strategies always require a
high dose of peptides to achieve moderate transduction
efficiency due to the entrapment of cargoes within en-
dolysosomes in the cells. To address this issue, various
peptide delivery carriers such as amphiphilic chemicals,
lipid nanoparticles, polymers, nanogels and inorganic
nanoparticles were developed [5,17,24–27]. For example,
a host-[2]rotaxane containing both cationic arginine and
aromatic moieties to host cargo peptides with various
polarities was developed, and the complex could enter
cells via passive translocation [18]. In a separate study, an
endosomolytic anionic polymer was complexed with ca-
tionic cargo peptides via electrostatic interactions to form
nanoparticles for efficient cytosolic delivery [17]. Alter-
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natively, peptides to be delivered were incorporated into
activatable protein nanoparticles formed through coiled-
coil dimerization of polypeptides, and the cargo peptides
can be released from the nanoparticles triggered by en-
vironment specific enzymes [28]. Very recently, our la-
boratory developed several cationic polymers such as
guanidium-rich polymers and fluoropolymers for effi-
cient intracellular peptide and protein delivery [24,29–
35]. Despite these advances, the development of an effi-
cient material for cytosolic delivery of peptides with
various polarities and charge properties is still a major
challenge in this emerging area.

For peptides with short amino acid sequences, there are
limited binding sites for the polymeric carriers. In addi-
tion, the peptides usually have distinct polarities and
charge properties, so it is difficult for peptides to be de-
livered via ionic interactions just like nucleic acids [36–
38]. Here, we developed a boronic acid-rich cationic
dendrimer for efficient internalization of peptides into
different cell lines. Boronic acid is an electron deficient
group which could interact with the electron-rich re-
sidues on the peptides such as amine and hydroxyl groups
via coordination bonding between Lewis acid and base
[39–43]. In addition, the cationic dendrimer could bind
with anionic groups of cargo peptides via ionic interac-
tions. The combination of these interacting forces facil-
itates the binding of cargo peptides to the designed
material for intracellular peptide delivery. Besides peptide
binding, boronic acid-rich materials were reported to
successfully circumvent numerous extracellular and in-
tracellular barriers existing in intracellular delivery of
biomacromolecules, such as cell targeting, cellular uptake,
endosomal escape and cytosolic cargo release [39,44–48].
Based on these rationales, the designed boronic acid-rich
dendrimer was expected to have high intracellular
translocation efficiency towards peptides with various
polarities and isoelectric points (pIs).

EXPERIMENTAL SECTION

Materials
Generation 5 polyamidoamine dendrimer (G5 PAMAM)
was bought from Dendritech (Midland, USA). Peptides
and fluorescein isothiocyanate (FITC)-labelled peptides
were synthesized by GL Biochem. (China). 4-(Bromo-
methyl)phenylboronic acid was obtained from Macklin
Biochem. (China). Rhodamine B isothiocyanate (RBITC),
genistein, chlorpromazine (CPZ), methyl-β-cyclodextrin
(MβCD) and Hoechst 33342 were bought from Sigma-
Aldrich (USA). Ethylisopropylamiloride (EIPA) was

purchased from MedChem Express (USA). Lactate de-
hydrogenase (LDH) assay kit, annexin V-FITC apoptosis
kit, Lysotracker Red were provided by Beyotime (China).
Trypsin was purchased from Macklin (China).

Synthesis of BDP and RBITC-labeled BDP
4-(Bromomethyl)phenylboronic acid (128 μmol) was re-
acted with dendrimer at a molar ratio of 128:1 in di-
methyl sulfoxide at 70°C for 24 h followed by dialysis and
freeze-drying. The purified material was characterized by
1H NMR spectroscopy (Bruker, 500 MHz). For synthesis
of RBITC-labeled boronic acid-decorated dendrimer
(BDP), 0.25 μmol BDP was reacted with 0.75 μmol
RBITC in deionized water for 24 h followed by dialysis
and freeze-drying to obtain BDP-RBITC.

Preparation and characterization of BDP/peptide
complexes
BDP was added into peptide solutions at various mass
ratios. The complex solutions were incubated for 30 min.
The formed particles were characterized by dynamic light
scattering (Malvern, UK) and transmission electron mi-
croscope (HITACHI, Japan), respectively. Polymer/pep-
tide binding and in vitro peptide release were tested by
fluorescence resonance energy transfer (FRET). BDP-
RBITC was mixed with peptide-FITC (1.5:1, mass ratio)
and incubated for 30 min. The fluorescence spectrum of
the sample was tested by fluorescence spectrophotometer
(F4500, HITACHI, Japan). Peptide binding ratios of BDP
were tested as follows: the BDP/peptide complexes were
incubated for 30 min, and then diluted with distilled
water or cell culture buffer (cell culture medium without
phenol red). The solutions were centrifuged at
12,000 r min−1 for 20 min, and the concentrations of
peptides in the supernatant were measured. The corre-
sponding peptides without addition of polymer were
tested as controls. The peptide binding ratio (%) of BDP
to each peptide was calculated as follows: (Ccontrol−
CBDP/peptide complexes)/Ccontrol×100, where C represents the
concentrations of peptides in the corresponding super-
natant. For in vitro peptide release, the BDP-RBITC/
peptide-FITC complexes were added with a competitor
protein bovine serum albumin (0.5 mg mL−1) and then
the fluorescence spectrum of the yielding mixture solu-
tion was measured.

Cell culture and cytosolic peptide delivery
The cells were cultured in media (Dulbecco’s modified
Eagle medium (DMEM) for human cervical cancer cells
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(HeLa), human embryonic kidney cells (HEK293), hu-
man breast cancer cells (MCF-7), mouse brown adipose
tissue cells (BAT) and inguinal white adipocytes cells
(iWAT), and minimum essential medium (MEM) for
human breast cancer cells (MDA-MB-231), GIBCO)
containing 10% fetal bovine serum (FBS, Gemini, USA).
For intracellular peptide delivery experiments, the cells
(~25,000 each well) were cultured in 48-well plate over-
night till 90% confluence. Cargo peptides were complexed
with BDP at various mass ratios. The complex solution
was diluted with 50 μL N-2-hydroxyethylpipera-zine-N'-
2-ethanesulfonic acid (HEPES) buffer and further in-
cubated for 30 min before the addition of 250 μL serum-
free medium. The cells were then incubated with the
complex for different periods, and the internalized pep-
tides by cells were analyzed via confocal microscopy
(LeicaSP8, Germany) and flow cytometry (BD LSRFor-
tessa, USA). The cytotoxicity of BDP (0–30 μg mL−1) on
the treated cells as described in the intracellular peptide
delivery experiments was measured by 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT)
assay.

LDH release and apoptosis assay
The HeLa cells were seeded in 96-well plate (~5000 each
well) overnight till 50% confluence, and then treated with
the DBP/peptide complexes or control peptides for 4 h in
the absence of serum. Then, the medium was removed
and replenished with 250 μL medium (10% FBS) and
cultured for 20 h. LDH release from the treated cells was
tested according to the manufacturer’s protocol (Beyo-
time, China). For the apoptosis assay, cells were cultured
with the formulations as described above, then stained by
the FITC-Annexin V apoptosis kit (Beyotime, China) and
analyzed by flow cytometry. For cell membrane leakage
assay, HeLa cells were cultured with the complexes as
described above. After being washed with phosphate
buffer saline (PBS) thrice, the treated cells were cultured
with 10 μmol L−1 calcein for 10 min, and then washed
with PBS thrice before observation by confocal micro-
scopy.

Internalization mechanism
The HeLa cells were pretreated with inhibitors such as
EIPA (30 μg mL−1), genistein (189 μg mL−1), CPZ
(7 μg mL−1) and MβCD (13 mg mL−1) for 1 h before the
addition of complexes. Fluorescence of treated cells was
analyzed by flow cytometry and confocal microscopy.
Cells treated with BDP/peptide complex at 37°C without
any inhibitor were tested as control (100% fluorescence

intensity). The intracellular peptide delivery experiment
was also conducted at 4°C to reveal the role of energy
during internalization. To monitor intracellular localiza-
tion of the cargo peptides, cells were treated with BDP/
peptide complex for 2 and 4 h, respectively. The acidic
compartments and nuclei of the treated cells were stained
by Lysotracker red (200 nmol L−1) and Hoechst 33342
(2.5 μg mL−1) at 37°C for 20 and 10 min, respectively.
Then the treated cells were washed with PBS thrice before
being observed by confocal microscopy.

Proteolytic stability
BDP (6 μg) was mixed with peptides at a weight ratio of
1.5:1, added with 50 μL HEPES buffer and further in-
cubated for 0.5 h. The complex was treated with 0.2 μg
trypsin for 2 h. After that, the complex solution was di-
luted with 250 μL medium without FBS and incubated
with the cells. After incubation for 4 h, the medium was
removed and the treated cells were washed with PBS
thrice. The internalized peptides were measured by flow
cytometry. R8- or TAT-conjugated peptides were tested
as described above.

Data analysis
The data were presented as mean±SD (n=3 for the pep-
tide delivery experiments, and n=5 for MTT assay). Sta-
tistically significant difference was analyzed by student’s
t-test. n.s. p≥0.05, * p<0.05, ** p<0.01 and *** p<0.001.

RESULTS AND DISCUSSION
The dendrimer was conjugated with 4-(bromomethyl)
phenylboronic acid by a facile chemistry. According to
the 1H NMR result (Fig. S1), a BDP with 68 phenyl-
boronic acid modified on each dendrimer was obtained
(Fig. 1a). Peptides with various polarities and pIs were
labeled with FITC at the N-terminal during synthesis to
monitor the intracellular peptide delivery (Fig. 1b). BDP
was complexed with the cargo peptides in Fig. 1b by
gently mixing the two species together at a weight ratio of
1.5:1 (polymer to peptide). All the peptides alone showed
poor translocation efficiency on HeLa cells; however, the
presence of BDP significantly improved the translocation
efficiencies of the investigated peptides as confirmed by
flow cytometry analysis (Fig. 1c) and confocal images
(Fig. 1d). The addition of trypan blue, a membrane-im-
permeable fluorescence quencher, only slightly decreased
the fluorescence on the treated cells (Fig. S2), which
suggested the internalization of cargo peptides by the
treated cells. The peptides P2, P4 and P5 with distinct
charge properties and hydrophobicities were selected as
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model peptides in further studies.
As shown in Fig. 2a, the peptide delivery efficacies of

BDP are comparable or much superior to those of CPP-
tagged peptides such as TAT- and R8-conjugated pep-
tides. The binding of cargo peptides with BDP was con-
firmed by FRET (Fig. S3), dynamic light scattering and
transmission electron microscopy analyses (Fig. S4). The
binding ratios of BDP to the peptides were around or
above 60% in distilled water, and diluting with cell culture
buffer only slightly reduced the peptide binding ratios of
BDP (Fig. S5). The successful binding of cargo peptides
with BDP not only facilitates their membrane transport-
ing but also protects them from enzymatic degradation.
To confirm this hypothesis, TAT- and R8-conjugated

peptides and BDP/peptide complexes were pre-incubated
with trypsin for 2 h, and then used to treat HeLa cells for
4 h before being measured by flow cytometry. The
fluorescence intensities of cells treated with R8- and
TAT-conjugated peptides were significantly decreased in
the presence of trypsin, while those with BDP/peptide
complexes were slightly changed under the same condi-
tion (Fig. 2b, c and Fig. S6). These results clearly de-
monstrated the excellent proteolytic stability of BDP/
peptide complexes, which is critical for maintaining the
bioactivity of peptides during intracellular delivery.
Moreover, the carrier BDP shows minimal cytotoxicity at
various concentrations (Fig. S7). Further studies sug-
gested that the internalization of BDP/P2 complexes by

Figure 1 Synthesis of BDP and its efficacies in cytosolic delivery of peptides with various properties. (a) Synthesis of BDP and the preparation of
BDP/peptide complexes. (b) Properties of cargo peptides P1–P6, the hydrophobicity was calculated according to Kyte-Doolittle hydrophobicity value
(Kd) [48]. Intracellular peptide delivery into HeLa cells by BDP for 4 h was measured by flow cytometry (c) and confocal microscopy (d). Peptides
without addition of BDP (peptide only) were used as negative controls. The concentrations of peptides and BDP were 13.3 and 20 μg mL−1,
respectively.
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HeLa cells was energy-dependent and involved with
multiple pathways including macropinocytosis-, caveolin-
dependent endocytosis and clathrin-dependent en-
docytosis (Fig. 3a, b). Boronic acid-rich polymers were
reported to circumvent multiple intracellular barriers
existing during gene and protein delivery [39,44,49–52].
The internalized BDP/peptide complexes showed efficient
endosomal escape after 4 h incubation with the cells (Fig.
S8). The bound peptides could be released from BDP in
the presence of abundant proteins in the cytoplasm (Fig.
S9). We further investigated the effects of peptide dosage
and incubation time on the intracellular delivery efficacy.
As shown in Fig. S10, fluorescence intensity of the BDP/
P2 complex-treated cells increased in proportion to
peptide dosage, and the internalization was saturated at

8 μg peptide. In addition, the intracellular peptide deliv-
ery by BDP also depended on the incubation time. The
fluorescence intensity of cells increased with incubation
time, and was saturated when the incubation time
reached 8 h. Besides HeLa cells, BDP was effective when
delivering P2 into various cells such as HEK293, MDA-
MB-231, MCF-7, BAT, and iWAT (Fig. 3c).

We further investigated whether the bioactivity of cargo
peptides could be maintained after intracellular delivery
by BDP. A membrane-impermeable peptide ACSAG
(AG5) with potential pro-apoptotic activity was used as
the model peptide to test the feasibility of BDP in the
delivery of bioactive peptides [53,54]. As shown in Fig. 4a,
b, AG5-FITC showed minimal cellular uptake; however,
the BDP/AG5-FITC complex exhibited dramatically in-

Figure 2 The comparison of BDP with CPP. (a) Confocal images of HeLa cells incubated with BDP/peptide, TAT- and R8-conjugated peptides for
4 h. (b) Flow cytometry of cells incubated by BDP/P4, R8-P4, TAT-P4, respectively, for 4 h. The samples were pre-treated without or with 4 μg mL−1

trypsin (Trp) for 2 h before incubation with cells. (c) Relative fluorescence intensities of HeLa cells treated with BDP/peptide, R8-peptide, or TAT-
peptide, respectively, for 4 h. The samples were pre-treated without or with 4 μg mL−1 trypsin for 2 h before incubation with cells. For the samples
without trypsin treatment, the relative fluorescence intensity was set as 100%. The concentrations of peptides (P2, P4 and P5) and BDP were 13.3 and
20 μg mL−1, respectively. The molar concentrations of R8- and TAT-conjugated peptides were equal to those of P2, P4 and P5 in the BDP complexes,
respectively.
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Figure 3 Internalization pathways of BDP/P2 complex by HeLa cells and peptide delivery efficacy of BDP on other cell lines. Cells were pre-incubated
with inhibitors including EIPA (inhibitor of macropinocytosis), genistein (inhibitor of caveolin-involved pathway), CPZ (inhibitor of clathrin-
involved pathway) and MβCD (inhibitor of lipid raft) for 1 h before intracellular peptide delivery. The cells treated with BDP/P2 complex for 4 h were
observed by confocal microscope (a) or quantitatively measured with flow cytometry (b). (c) Confocal images of HEK 293, MDA-MB-231, MCF-7,
BAT, and iWAT treated with BDP/P2 complexes for 4 h. The concentrations of P2 and BDP were 13.3 and 20 μg mL−1, respectively. The scale bar is
30 μm.

Figure 4 Intracellular delivery of AG5 by BDP. Fluorescence images (a) and intensity (b) of HeLa cells treated with BDP/AG5-FITC, R8-AG5-FITC,
and AG5-FITC, respectively, for 4 h. (c) LDH release from cells treated with AG5, BDP, BDP/AG5 complex and R8-AG5 for 24 h. (d) Confocal images
of cells with calcein treatment after incubation with AG5, BDP, BDP/AG5 complex and R8-AG5 for 24 h, respectively. (e) Apoptosis of cells treated
with AG5, BDP, BDP/AG5 complex, and R8-AG5 for 24 h. The concentrations of BDP, AG5-FITC and AG5 were 20, 13.3, and 83.3 μg mL−1,
respectively. The molar concentration of R8-AG5 was equal to that of AG5 used in BDP/AG5 complex.
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creased cellular internalization, which was much higher
than that of R8-conjugated AG5-FITC. We further tested
the anti-cancer activities of AG5, R8-AG5 and BDP/AG5
on HeLa cells. As shown in Fig. 4c–e, BDP/AG5 complex
caused much increased membrane leakage, cell apoptosis
and death on HeLa cells in comparison with AG5 and R8-
AG5, and the toxicity of complex was not caused by the
carrier BDP. The peptide CWMSPRHLGTC (CC11) is a
cyclic pro-apoptotic peptide that can block the protein
kinase CK2 phosphorylation and induce apoptosis in
cancer cells [55]. As shown in Fig. 5a, b, FITC-labeled
CC11 itself showed poor membrane permeability into
HeLa cells, while BDP could efficiently translocate the
peptide into cytosol of the treated cells. More im-
portantly, the cancer cells treated with BDP/CC11 com-
plex showed significant apoptosis, while CC11 and BDP
only induced minimal apoptosis in the treated cells
(Fig. 5c, d). These results suggest that BDP-mediated
intracellular peptide delivery can preserve the bioactivity
of cargo peptides.

CONCLUSIONS
In summary, the designed material BDP permits the ef-
ficient translocation of cargo peptides with various
properties across plasma membranes to exert their
functions inside the cells. The delivered cargo peptides
maintain their bioactivities after intracellular release. In
addition, the designed material shows low toxicity on

treated cells. The current study provides an efficient and
robust strategy to design vectors for intracellular peptide
delivery.
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苯硼酸修饰的树形高分子作为高效的多肽胞内递
送载体
吕佳1, 刘崇懿2, 吕可歆2, 王辉1, 程义云1,2*

摘要 小肽及其类似物在生命活动中发挥着至关重要的作用. 开发
高效、安全的小肽胞内递送技术对于生物医药以及生命科学基础
研究都具有重要意义. 当前, 将不同性质的小肽高效递送到细胞中
并使其发挥生物学功能仍然面临挑战. 本文通过在树形高分子表
面修饰苯硼酸基团得到一种小肽胞内递送载体. 该载体可以将不
同极性和带电性质的小肽高效、安全地递送到多种细胞系中. 与
传统的穿膜肽相比, 该方法对小肽的递送效率更高, 同时能够更加
有效地保护小肽避免其被蛋白酶降解, 维持其生物学活性. 通过该
研究, 我们得到了一种高效、通用的小肽胞内递送方法, 为小肽递
送载体的理性设计提供了新的思路.

ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

628 April 2020 | Vol. 63 No. 4© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019

https://doi.org/10.1016/0022-2836(82)90515-0
https://doi.org/10.7150/thno.16855
https://doi.org/10.1016/j.biomaterials.2015.10.022
https://doi.org/10.1021/acsami.5b11866
https://doi.org/10.1039/C5BM00532A
https://doi.org/10.1016/j.ejsobi.2007.08.048
https://doi.org/10.1093/abbs/36.4.297
https://doi.org/10.1093/abbs/36.4.297
https://doi.org/10.1158/0008-5472.CAN-04-2086

	Boronic acid-rich dendrimer for efficient intracellular peptide delivery 
	INTRODUCTION
	EXPERIMENTAL SECTION
	Materials
	Synthesis of BDP and RBITC-labeled BDP
	Preparation and characterization of BDP/peptide complexes
	Cell culture and cytosolic peptide delivery
	LDH release and apoptosis assay 
	Internalization mechanism
	Proteolytic stability
	Data analysis

	RESULTS AND DISCUSSION
	CONCLUSIONS


