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Due to the formation of dynamic boronate ester bonds between phenylboronic acid (PBA) and 1,2- and 1,3-diols, PBA-
containing biomaterials show increasing applications in biomedical areas, including responsive nanobiomaterials for targeting
delivery of chemical drugs, protein drugs, gene drugs and imaging agents in vitro and in vivo for detection of various bioactive
molecules such as sialic acid, saccharides, adenosine triphosphate (ATP) and dopamine. With the specific reaction between PBA
and sialic acid, which is overexpressed in many kinds of cancer cells, PBA has been used as a targeting moiety for tumor-
targeting drug delivery. Additionally, PBA as an electron acceptor affords nanomaterials Lewis acid-base coordination with
electron donor atoms such as nitrogen and oxygen, which can be exploited for developing drug delivery systems with high drug
loading. Furthermore, PBA-containing materials can stoichiometric consume reactive oxygen species (ROS) and show a nucleus
targeting ability. This current review outlined PBA-containing biomaterials with various responsive abilities including sialic
acid-targeting, sugars-binding, ROS-response, ATP-response, dopamine-binding, and nuclear targeting. On this basis, their

biomedical applications were summarized.
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1 Introduction

Organoboron (aryl boronic acid especially for PBA) is an
important group in organic reaction and shows significant
potentials in biological fields [1,2]. PBAs are initially used
for the separation of saccharides and related compounds
through a chromatographic method [3]. With the develop-
ment of material science and biomedical technology, more
and more molecules with bioactivity are found to interact
with PBAs including sialic acid overexpressed on the surface
of cancer cells [4], ROS overproduced in inflammation and
tumorigenesis [5], ATP, which is a general energy source for
life activities [6], and dopamine, which is an important
neurotransmitter and involved in cellular communications
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and signals transductions [7]. Thus, all of them can be used
as targets for disease therapy and diagnosis through PBA-
containing biomaterials since PBA groups can form dynamic
boronate ester bonds with diol molecules including sialic
acid, saccharides, ATP, dopamine, and can interact with
electron donor groups such as amines, and also can stoi-
chiometrically consume ROS [8-11].

In this review, we will summarize the recent advances in
the development of responsive boron biomaterials for bio-
medical applications including: 1) PBA-containing bioma-
terials targeting sialic acid for tumor-targeting drug delivery
and detection; 2) saccharides-binding PBA-containing bio-
materials exploited for glucose-responsive insulin release,
capture and release of various cells, and self-healing mate-
rials; 3) N-B coordination of PBA-containing drug delivery
systems with high drug loading; 4) ROS-responsive PBA-
containing nanocarriers for drug delivery and ROS sensors;
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5) ATP-responsive PBA-containing drug carriers and ATP
detectors with ATP-responsive property; 6) dopamine-re-
sponsive PBA-containing detection systems; 7) nuclear tar-
geting PBA-containing nano biomaterials for nuclear-
targeting drug delivery (Figure 1). Finally, we analyze the
potential challenges and perspectives of PBA-containing
nanobiomaterials in the biomedical area.

2 Responsive boron biomaterials and their ap-
plications in biomedical areas

2.1 Structures of PBA in PBA-containing biomaterials

In aqueous media, there is an equilibrium between trigonal
form (SPZ) and the tetrahedral form (SP3) of PBAs (Figure
2). PBAs in the trigonal form are nonionic and hydrophobic,
which can become hydrophilic after interaction with a hy-
droxide ion in an alkaline solution [12]. The pH-induced
hydrophilic-hydrophobic transformation can be utilized to
control the assembly and disassembly of boron copolymers
into micelles as well as drug release. The complexation be-
tween PBA and polyol compounds is also an equilibrium and
is affected by pH [13]. Stable boronate ester bonds are
formed in solutions with pH higher than the pK, of PBA and
will dissociate as pH reduced. This reversible reaction allows
PBA containing materials to act as pH-sensitive or diol-
sensitive materials to react with biomolecules such as sialic
acid [14], saccharides [15], ATP [16] and dopamine. These
properties are the foundation for exploiting PBA-containing
materials with targeting abilities and stimulus-responsive-
ness.

However, pK, of PBA is about 8.8 and the optimal pH
associated with sugars is generally above 9.0, which is not
suitable for applications in a physiological environment.
There is a wealth of research exploiting to modify PBA into
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materials responsive to the physiological pH range. The pK,
values of PBAs can be adjusted from 4.2 to 9.0 through the
introduction of electron-withdrawing groups including
fluoro and nitro or electron-donating groups [17]. Comparing
to PBA, 5-amino-2-hydroxymethylphenylboronic acid
(benzoxaborole) has a higher affinity for saccharides [18].

The affinity constants of PBA for D-fructose, D-glucose,
and Neu5SAc are 128, 5 and 13 M/, respectively [18].
However, the affinity constants of benzoxaborole for D-
fructose, D-glucose, and Neu5Ac are much higher, which are
336,28 and 43 M, respectively [18]. It should be noted that
PBAs with different substituents have different binding af-
finities with diols and the optimal binding pH is not always
above the pK, of PBAs especially for a multicomponent
complex system.

2.2 Sialic acid-binding PBA-containing biomaterials

Sialic acid, also known as N-acetylneuraminic acid
(Neu5Ac), usually links with the outside of glycan chains
[19]. The sialylation modification is very vital for many
bioprocesses including cellular signaling, adhesion, and re-
cognition [20,21]. Sialic acid, which is overexpressed in
various cancers such as breast, lung, and colon cancers [22],
is highly related to cancer progression, metastases, and poor
prognosis [4]. Therefore, sialic acid is an ideal target for
cancer therapy.

The conformation of the complex between 3-(propiona-
mido) phenylboronic acid (PAPBA) and sialic acid is shown
in Figure 3. Sialic acid binds PAPBA through the glycerol
side chain and there is an equilibrium between the two type
complexes. Otsuka et al. [23] found that the equilibrium
constant (K) of PAPBA complexation with NeuS5Ac (37.6
M) at pH 7.4 was significantly higher than that of PAPBA
complexation with glucose (5.1 Mfl). When the pH in-
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Figure 1

The responsive boron biomaterials mentioned in this review and their applications in biomedical areas (color online).
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Figure 2 The equilibrium interaction between PBA and diols in aqueous
solution influenced by pH alteration.
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Figure 3 The interaction between PAPBA and sialic acid, adapted with
permission from Ref. [23], copyright by American Chemical Society
(2003).

creased from 4 to 10, the equilibrium constant for the com-
plexation between PAPBA and sialic acid decreased gradu-
ally from 40 to 20 M. For the complexation between
PAPBA and glucose, the equilibrium constant increased
gently (from 0 to 5.1 Mfl) before pH 7.4 and dramatically
(from 5.1 to 70 Mfl) after pH 7.4. The larger retention time
for sialic acid on boronate affinity chromatography at pH 6.5
further verified the high complexing ability of sialic acid
with APBA. The high selectivity of APBA for sialic acid in
low pH is suitable for tumor targeting due to the weak acid
tumor microenvironment (pH=6.5).

2.2.1 Tumor targeting drug delivery
Taking advantage of the high association constant between
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PBA and sialic acid at the weak acidic environment, PBA-
containing materials have been widely utilized for tumor
targeting therapy [24-26]. Due to the development of a
simple and environmental-friend method for preparing PBA-
incorporated nanoparticles without using any organic sol-
vent, PBA-containing biomaterials were firstly applied for
tumor-targeting drug delivery in vivo [27,28]. The poly-
merization of APBA was processed in the presence of bovine
serum albumin (BSA) or chitosan (CS), and then poly-APBA
(PAPBA)-riched nanoparticles were produced spontaneously
in water. PBA-contained BSA nanoparticles with different
diameters were synthesized by simply adjusting the solution
pH. The PBA-rich BSA nanoparticles could retent in the
tumor site as long as 13 days, which was much longer than 8
days for BSA nanoparticles, through the interaction between
PBA groups and the overexpressed sialic acid in tumors.
PBA-based CS nanoparticles were further synthesized, fol-
lowing modification with iRGD to obtain a dual tumor-
targeting ability and an enhanced tumor penetration ability
verified both in multicellular spheroids and subcutaneous
H22 tumor. After the encapsulation of DOX, PBA-decorated
CS nanoparticles showed a higher tumor accumulation and
preferable anticancer efficacy for subcutaneous H22 tumors
than non-decorated CS nanoparticles, due to the PBA med-
iate tumor-targeting ability [29].

Further, elastin-like polypeptide (ELP) with lysine re-
sidues was expressed from Escherichia coli and PBA-in-
corporation ELP nanoparticles were prepared through the
coordination between PBA and the amino in ELP [30]. As
shown in Figure 4, PAPBA-ELP nanoparticles showed efti-
cient cellular uptake in SH-SY5Y cells and tumor-targeting
ability in H22 tumor-bearing mice. When the cancer cells
were pre-administrated with free PBA or sialic acid, the
cellular internalization of PAPBA-ELP nanoparticles was
significantly decreased, indicating that the PAPBA-ELP
nanoparticles entered into tumor cells via the binding of PBA
and the overexpressed sialic acid on the surface of tumor
cells. The nanoformulation could improve tumor accumu-
lation and decrease cardiotoxicity, comparing to free dox-
orubicin (DOX). The tumor growth inhibition rates of drug-
loaded nanoparticles and free drug in an H22 tumor model,
are 81% and 48%, respectively, indicating that PAPBA na-
noparticles exhibited a superior anticancer efficacy com-
paring to free DOX. Zhang et al. [31] synthesized a variety of
giant multi-arm block copolymers with different hydrophilic
blocks including polyethylene glycol (PEG) and poly(car-
boxybetaine) with or without PBA-functionalization. PBA-
introduced multi-arm copolymer showed improved capa-
cities in cellular internalization, tumor accumulation, and
penetration.

The penetration behaviors of drugs and nanocarriers in
solid tumors are a great challenge and is vital for the effective
delivery of drugs into tumors. Degradation of the condense
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Figure 4 PBA-containing materials-based drug delivery systems used for sialic acid-targeting tumor therapy. (a) Illustration of the synthesis of PBA-rich
ELP nanoparticles. (b) CLSM images of PBA-rich ELP nanoparticles incubated in SY5Y cells with or without pretreatment of free PBA and sialic acid. (c)
Real-time NIR imaging of PBA-rich ELP nanoparticles in H22 tumor-bearing mice. The biodistribution (d) and anticancer effect (¢) of DOX-loaded PBA-
rich ELP nanoparticles in mice bearing H22 tumors, adapted with permission from Ref. [30], copyright by the Royal Society of Chemistry (2017). (f)
Schematic diagram of the synthesis and tumor targeting of PBA/Gal dual-target micelles. (g) NIR images of tumor-bearing mice at different times after
intravenous injection with a different formulation. (h) Quantitative analysis of the fluorescence intensity change of different micelles in tumor sites at
different times. (i) Measurement of ZnPc content in tumors and livers of mice with different treatments. (j) Antitumor efficacy of different formulations,
adapted with permission from Ref. [36], copyright by American Chemical Society (2019) (color online).

extracellular matrix and alleviation of the large tumor in-
terstitial fluid pressure (IFP) and tumor stress are optional
strategies. More recently, Qian et al. [32] prepared PBA-
decorated soy protein (SPB) nanoparticles with various
diameters through the interaction between PBA and soy
protein (SP). It is noted that when SPB nanoparticles with
a size of 30 nm were intravenously injected into mice bear-
ing H22 tumor, the tumor IFP decreased gradually with the
dosage of nanoparticles increased from 50 mg/kg, and
reached plateau when the dosage increased to 150 mg/kg
demonstrating that 150 mg/kg was the optimal dosage. This
dosage was further used for evaluating the capacity of SPB
nanoparticles to reduce the solid stress of CT26 tumors.

Comparing to SPB nanoparticles with 50 and 150 nm, SPB
nanoparticles with 30 nm lowered the tumor stress by about
50%. The ability of SPB nanoparticles to reduce tumor IFP
and solid stress offers the opportunity to deliver more drugs
to tumors. Collaborating with the sialic acid-targeting ability
of PBA groups, DOX-loaded SPB nanoparticles (with a drug
loading content as high as 27%) showed a favorable tumor
accumulation, resulting in a great anticancer effect in H22
tumor-bearing mice.

Recently, Pan’s group [33] reported PBA modified PE-
Gylated polydopamine (PDA) nanoparticles through the
dynamic interaction between PBA and diols. Owing to the
acid-cleavable feature of the borate ester bonds, the nano-
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particles could be dePEGylated once reaching the weakly
acidic tumor environment, leading to the exposure of PBA
groups for tumor targeting. Moreover, the PDA core and the
loaded chemical drug provide a combination of photothermal
therapy and chemotherapy. With the nitrogen-boron (N-B)
coordination between PBA groups and amine groups in
drugs, the incorporation of PBA moiety into polymers can
promote drug loading, resulting in pH-induced drug release
[34]. His group introduced fructose to block the PBA-affinity
chemistry in normal tissues, thus reducing the drug accu-
mulation and side effects in normal tissues [35]. The fructose
moiety departed in the weak acid tumor environment, al-
lowing exposure of PBA groups in nanoparticles to interact
with the overexpressed sialic acid on cancer cells thus en-
hancing the accumulation of the nanoparticles in tumor sites.
To improve tumor targeting ability, a dual-targeting strategy
can be applied. For example, Yuan and co-worker [36] have
prepared sialic acid and asialoglycoprotein receptor
(ASGPR) dual-target micelles through the assembly of PBA-
conjugated poly(ethylene glycol)-b-poly(e-caprolactone)
(PBA-PEG-PCL) and galactose-conjugated poly(ethylene
glycol)-b-poly(e-caprolactone) (Gal-PEG-PCL). In the neu-
tral physiological environment, PBA groups are binding with
Gal groups through boronate ester bonds. When the micelles
reached weak acid tumor microenvironment with a pH of
about 6.8, the boronate ester bonds could be broken, allow-
ing the exposure of the PBA groups and Gal groups to bind
sialic acid and ASGPR, respectively, achieving a dual-tar-
geting function (Figure 4(f)). The dual-target micelles can be
applied as nanocarriers for photosensitizer zinc phthalocya-
nine (ZnPc) encapsulation and photodynamic therapy (PDT).
After reduced the tumor extracellular pH by glucose infu-
sion, the tumor accumulation of ZnPC-loaded micelles was
enhanced. This tumor acidification-induced tumor-targeting
micelles significantly promoted anticancer efficacy. PBA-
containing materials also can be combined with im-
munotherapy for tumor treatment. For example, Shi’s group
[37] have designed an immunomodulating nanoparticle with
modification of polymer-coated BSA with PBA and im-
munoglobulin G, which can in situ activate the tumor-
infiltrating natural killer cells through the interaction be-
tween PBA groups in nanoparticles and the overexpressed
sialic acid in cancer cells, leading to a remarkable anticancer
effect in mice.

2.2.2  Detection of tumor cells

Molecular imaging is very helpful for the early detection of
diseases and can provide continuous monitoring of the pro-
gression of cancers after different treatments. Accurate
analysis of the sialic acid expression in tumor cells is vital for
early recognition of cancers and the estimation of cancer
metastasis [38,39]. Many various PBA-incorporated mate-
rials were reported for the detection of sialic acid expressed
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on the cancer cells or distinguishing cancer cells from normal
cells by fluorescence imaging [40—42]. Introduction of PBA
group into magnetic resonance imaging (MRI) contrast
agents affords sialic acid targeted MRI [43]. Recently, PBA
group was conjugated to 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) through a spacer of ethy-
lenediamine (en) to form DOTA-en-PBA, which can be used
to detect the overexpressed sialic acid in tumor area via MRI
and PET [44,45]. As showed in Figure 5, PBA incorporated
agent showed superior MRI imaging property than analo-
gous Gd-HPDO3A (a commercial MRI agent). Additionally,
Liu’s group [46] has developed molecularly imprinted
polymers (MIPs), which consisted of glycan imprinting PBA
functionalized nanoparticles and could specifically distin-
guish an intact glycoprotein and its distinctive fragments.
Taking advantage of the interaction between PBA and sac-
charide, glycans templates obtained from the digestion of
target glycoprotein could immobilize onto the nanoparticles.
Then, a layer of a predetermined polymer was coated on the
glycans’ surface. After eluting by an acidic solution, the
glycans templates inserted into nanoparticles could be re-
moved by the dissociation of boronate ester bonds, resulting
in glycan-imprinted nanoparticles, which can recognize
glycoproteins, glycopeptides, and glycans. Integrating PBA
modified materials with surface-enhanced Raman scattering
(SERS) technology, which is a non-invasive tool with high
sensitivity for imaging and detection, is another effective
strategy for detection and recognition of sialic acid and
glycoprotein [47,48]. Sialic acid imprinted Ag @SiO, na-
noparticles showed distinguished SERS signals for specific
detection of cancer cells and tissues (Figure 5) [49]. Sialic
acid imprinted core-shell particles decorated with different
fluorophores were also developed for selective labeling of
the sialic acid on the surface of different cell lines [50].
Similarly, Liu et al. [S1] have prepared a kind of sialic acid
imprinted nanoparticles. Comparing to non-sialic acid im-
printed nanoparticles, sialic acid imprinted nanoparticles
could distinguish the sialic acid overexpressed DU 145 cells
and sialic acid less expressed HelLa cells via fluorescence
imaging (Figure 5(f)). To achieve a high selectively imaging
of cancer cells from normal cells, PBA targeting often in-
tegrated with other target agents such as somatostatin re-
ceptor and cathepsin B to obtain a dual-targeting even
multitargeting imaging system [52].

2.3 Saccharides-responsive PBA-containing biomater-
ials

Saccharides have an important impact on life activities and
abnormal metabolism of carbohydrates and are highly as-
sociated with diseases such as diabetes and cancers. Sugar-
responsive biomaterials can be utilized to develop sugar-
responsive insulin delivery systems, which act as artificial
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pancreas and can release insulin to control the blood glucose
level in a normal range as it elevated [53]. On the other hand,
the cancer cell surface is covered with a layer of glycans and
glycoproteins, referred to as the glycocalyx, which is asso-
ciated with malignancy and metastasis of tumors [54,55].
Targeting therapeutic agents to these polysaccharides may
enhance intracellular drug delivery, especially for large
protein drugs. PBA shows great potential in the preparation
of sugar-response biomaterials since it can bind the diol
structures in sugars to form dynamic boronate ester bonds
(Figure 6). In an alkaline solution, PBA firstly combines with
a hydroxide, exists as tetrahedral monoboronate form and
then forms a cyclic ester with diol moiety in a sugar mole-
cule. The binding constant is affected by pK,’s of sugars and
PBAs and the solution pH. When PBA moiety acts as a
crosslinker, the structure of nanomaterials will loose and
even dissociate and then release cargos, as soon as sugars
binding.

2.3.1 Insulin delivery
The most effective way to treat diabetes is subcutaneous
injection of insulin daily. However, there are still some
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Figure 6 The sugar-binding ability of PBA-containing materials.

challenges such as patient compliance, injection doses of
insulin are closely related to carbohydrate intake and activity,
and hypoglycemia needs to be addressed. Designing an in-
telligent system that can on-demand delivery and release of
insulin, similar to the pancreas, is very necessary [56]. Due to
the glucose-responsive, PBA containing biomaterials can be
used for insulin delivery in the diabetic therapy [57-59].
Insulin derivatives, modified with an aliphatic portion and a
PBA moiety, showed long-acting and glucose-responsive
abilities [60]. The introduction of fluorine, nitro, and sulfo in
PBA derivatives can provide low pK,, which could facilitate
glucose-binding at physiologic pH. Gu’s group have made
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many efforts on the on-demand delivery of insulin and in-
hibition of hyperglycemia and hypoglycemia, including
glucose oxidase-based glucose-sensing systems [61-63],
glucose transporter inhibitor-conjugated insulin [64], and
oral insulin delivery system [65]. Specifically, a PBA-con-
taining polymer with charge reversal was designed for in-

Sci China Chem May (2020) Vol.63 No.5

sulin delivery in mice and pigs and showed fast glucose-
response (Figure 7) [66]. After the polymerization and sub-
sequent deprotection of tert-butyl(2-acrylamidoethyl) car-
bamate (Boc-EDAA), 4-carboxy-3-fluorophenylboronic
acid (FPBA) was conjugated onto the polymers, resulting in
poly(EDAAO0.4-FPBAO0.6). The =zeta potential of poly
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Figure 7 PBA-containing materials utilized for glucose-sensitive insulin delivery and cell capture. (a) Schematic of glucose-responsive PBA-containing
biomaterials for insulin delivery. (b-f) In vivo evaluation of the blood glucose controlling capacity of F-insulin for type 1 diabetic mice, adapted with
permission from Ref. [66], copyright by Advancement of Science (2019). (g) Synthesis and TEM image of SINW array with a polyAAPBA brush. Illustration
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American Chemical Society (2013) (color online).
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(EDAAO0.4-FPBA0.6) was positive in phosphate buffer sal-
ine (PBS) (pH 7.4) and decreased as the glucose con-
centration increased in solutions. Poly(EDAAO0.4-FPBAO.6)
was able to load insulin as a complex (F-insulin) with high
loading content and the glucose-response charge reversal
was suitable for glucose-controlled insulin release. Under
hyperglycemic situations, the charge of the polymer changed
from positive to negative, expediting the fast release of in-
sulin. In addition, when the blood glucose level returned to
the normal range, this charge reversal was prohibited, thus
decreasing the insulin release and subsequently lowering the
risk of hypoglycemia. Comparing to native insulin, F-insulin
can lower the blood glucose level to the normal range for
about 8 h after subcutaneously injected into type 1 diabetic
mice. Moreover, F-insulin can be co-injected with in-situ
shaped gel or loaded into a microneedle array patch for in
vivo applications. Microneedles, which have sharp needles,
pave a way for subcutaneous delivering insulin and non-
invasively modulating glucose levels [67,68]. Combining
PBA-contained silk fibroin and acrylamide derivative, Chen
et al. [69] reported a microneedle, which showed long-term
on-demand insulin delivery. Except for microneedles, PBA-
containing polymer gel is able to cooperate with other
medical equipment like catheters, to provide a pancreas-like
function for diabetic [70].

2.3.2 Capture and release
By virtue of the dynamic boronate-affinity with diol mole-
cules, nanomaterials with surface engineered of PBA groups,
are supposed to achieve selectively capture and release
specific biomolecules and cells “on-demand” [71-74]. Wang
and co-workers [75] have reported a pH and glucose dual-
responsive surface through modification of aligned silicon
nanowire (SiNW) array with a poly(acrylamidophe-
nylboronic acid) (polyAAPBA) brush. At pH 6.8, poly-
AAPBA showed specific interaction with sialic acid on the
tumor cells and thus could capture them. When the pH was
elevated and glucose was further added, the boronate ester
bonds between polyAAPBA and sialic acid would be re-
placed by stable binding between polyAAPBA and glucose
and thus the cells would be released. This capture and release
process is reversible and can be repeated for several times.
Furthermore, Chen and co-workers [76] have utilized PBA-
containing polymer brushes to derivatize a gold surface. A
series of functional B-CD derivatives modified with various
biomolecules (CD-X) can adhere to the surface of gold
through the interaction between PBA and secondary hydro-
xyls on B-CD. Due to the dynamic characteristic of the
boronate ester bonds, the CD-X molecule can be captured
and released or replaced with other cis-diol containing bio-
molecules that have a higher affinity for PBA.

Taking advantage of the capture and release properties,
Liu’s group [77] has synthesized PBA conjugated meso-
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porous silica nanoparticles (MSNs) which can be applied as a
nanoscale reactor. Through boronate affinity interaction,
PBA functionalized MSNss initially captured target sacchar-
ides from a mixture solution. Subsequently, the labeling
agents were introduced and reacted with the glycans in situ.
The labeling reaction could be accomplished in 2 min and
the reaction speed was 210-fold of that in liquid-phase la-
beling. The excessive reagent could be removed by simply
washing with a fresh buffer, resulting in products with good
purity. In addition, the labeling products could be eluted with
a solution with pH<3 and regenerating the PBA functiona-
lized MSNs for further use. Hashimoto et al. [78] synthe-
sized two probes in which phenylboronic acid was
conjugated with pyrene or anthracene, respectively. These
PBA conjugated probes showed great potential in the de-
tection of sugar molecules. Further, a sensor array can be
designed for rapidly discriminating different ginsengs with
massive diols through reversible covalent association [79].

2.3.3 Self-healing biomaterials

Materials bearing dynamic covalent bonds or noncovalent
supramolecular interactions show self-healing capabilities
and tailorable mechanical properties. Owing to their great
cytocompatibility, self-healing hydrogels have been applied
in various biological fields including cellular matrix, tissue
engineering, and drug delivery carriers. The boronate/boro-
nic esters structure formed between PBA and diols can dis-
sociate reversibly in aqueous media, which have been
successfully exploited for the construction of diverse self-
healing materials [80—83].

For example, Anderson’s group [84] synthesized an in-
jectable hydrogel with self-healing property through the
PBA-glucose complexation. Recently, Li et al. [85] reported
a telechelic multifunctional PEG (MF-PEG) modified with
PBA and benzaldehyde groups. The MF-PEG was then used
to cross-link poly(vinyl alcohol) and glycol chitosan via
borate ester and imine bonds, respectively, leading to a
double-dynamic-network (DDN) self-healing hydrogel with
heightened mechanical properties and adhesion capacity
(Figure 8). The DDN hydrogels with two dynamic linkages
showed self-healing and self-adapting abilities and could
transform from tree-shape to star-shape with almost com-
plete strength recovery. The excellent cytocompatibility and
biosafety of the DDN hydrogels were validated in both
SMMC-7721 human hepatoma cell and L929 mouse fibro-
blast cell. When injected under the skin of mice, the DDN
hydrogels could degrade gradually and no inflammation or
disease was found in the tissues around. Boroxines, which
can dissociate to boronic acid under basic aqueous solution
or heating, also have been applied to prepare self-healing
polymers. Sun and co-authors [86] used ortho-aminomethyl-
PBA to crosslink poly(propylene glycol) and obtained a
polymer network with self-healing property through the
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forming of nitrogen-coordinated boroxines. By virtue of the
high reversibility of nitrogen-coordinated boroxine, the
cross-linked network showed distinguished self-healing
property at room temperature and can be repeated several
times under low pressure (0.4 kPa) without losing original
mechanical strength.

2.4 N-B coordination of PBA-containing biomaterials

PBA, as a common Lewis acid, is able to form Lewis acid-
base reaction with donor atoms such as nitrogen and oxygen.
Although the exact nature of the boronic acid-amino base has
been debated much, it is clear that this interaction shows
some advantages. Firstly, this N-B interaction decreases the
pK, of PBAs, allowing them to bind diols in a neutral en-
vironment, which is very important for biological applica-
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tions. Secondly, this interaction can be enhanced by the
increased acidity at the boron atom after the saccharide
binding [87]. The reversible and specific coordination in-
teractions between PBAs and electron-donating groups can
be utilized for crosslinking the materials and improving the
drug loading capacity for electron-donating chemo-drugs.

Wang et al. [88] have developed BSA nanoparticles cross-
linked by poly(N-3-acrylamidophenylboronic acid) by virtue
of the coordination between PBA groups and the amines in
the BSA. To illuminate such interactions, PBA with different
amount of BSA was mixed in deionized water and the mix-
ture was subsequently investigated by "B NMR. Only one
peak appeared regardless of the BSA content, because the
peaks of free PBA and PBA complexed with BSA were in-
distinguishable. Furthermore, with the increased BSA con-
tent in the mixture, the peak shifted upfield significantly and
became broad gradually due to the Lewis acid-base reaction
between the PBA and BSA. By virtue of the coordination
between the PBA group and the amino group in DOX, a
satisfactory drug loading of about 11.2% was obtained. The
DOX-loaded PBA-rich BSA nanoparticles improved the li-
ver accumulation of DOX from 15 pg/g tissue for free DOX
to 40 pg/g tissue and eventually exhibited significant antic-
ancer efficacy for mice bearing orthotopic liver tumors with
a high expression level of sialic acid. Especially, a 30% re-
duction in the tumor size of the mice treated with this 40 nm
PBA-rich drug-loaded nanoparticles was found, which was
significantly different from the increasing tumor sizes of
mice treated with other formulations. Polymers modification
with PBA and its derivatives can improve their drug loading
capacity for drugs with amines groups. Yin and co-workers
[89] have synthesized an amphiphilic copolymer (named P-
PBA) with pendant PBA groups on the side-chain ends of the
hydrophobic segment, which showed high drug loading ca-
pacity with DOX due to the N-B coordination between DOX
and PBA (Figure 9). "B NMR was used to study the inter-
action between DOX and PBA. For the PBA molecule, a
typical chemical shift was found at 29-30 ppm. Due to the
coordination between PBA and the amine of DOX, a peak at
~20 ppm appeared with or without the addition of water. The
coordination of PBA with various amines was further eval-
uated and showed selectivity for primary, secondary and
tertiary amine. DOX and epirubicin, which have primary
amines, can be encapsulated into P-PBA micelles with high
loading (~50%). Irinotecan with a tertiary amine can also be
loaded with high capacity, but camptothecin can not be
loaded due to the lack of amines in the structure. In addition,
comparing to copolymer without PBA moiety (C-PBA), the
hydrodynamic size of P-PBA micelles with different DOX
feeding content was significantly smaller (<50 nm) than that
of C-PBA micelles (>700 nm).

Cytosolic protein delivery is very important for biolo-
gical medicine and protein-based therapeutics. However,
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efficient intracellular delivery of intact proteins by a uni-
versal approach is still a challenge since the protein activity
highly depends on the structures. The larger size and the
different isoelectric points are other factors that need to be
considered. Cheng and co-workers [90] have synthesized a
PBA-rich cationic dendrimer that is able to bind various
proteins with high binding affinity through a combination
of N-B coordination, cation-mt, and ionic interactions and
allowing efficient cytosolic delivery (Figure 9). The
structure of the PBA compound used and the conjugation
density on the dendrimers significantly affected the cyto-
solic delivery efficacy. The dendrimer conjugated with p-
aminomethyl PBA showed superior cytosolic delivery ef-
ficacy than those conjugated with o-aminomethyl PBA and
m-aminomethyl PBA. Comparing to dendrimers un-
modified or conjugated with little PBA groups, the den-
drimer conjugated with 60 PBA molecules showed a
markedly cytosolic delivery efficacy of BSA, suggesting
plenty of PBA groups in dendrimers are essential for ef-
ficient proteins delivery. Thirteen proteins with molecular
weight varied from 12.4 to 430 kD and isoelectric points
changed from 4.3 to 10.8, kept their bioactivities after
being delivered into the cytosol by this PBA-rich den-
drimer. Further, Cas9 protein was efficiently delivered into
different cells by the dendrimer which revealed high effi-
cacy in CRISPR-Cas9 genome editing.

2.5 ROS-responsive PBA-containing biomaterials

ROS overproduction is found in the inflammatory site and
associated with cancer progression and metastasis [91]. ROS
shows a cytotoxic effect and can lead to cell death, thus the
ROS detection and depletion in inflammatory sites are par-
ticularly necessary. However, cancer cells become adapted to
oxidative stress [92]. In cancer cells, the overexpressed ROS
can be used to selectively induce drug release. For example,
drug delivery systems with ROS-liable drug release could be
designed to enhance their antitumor efficacy and reduce
toxicity in normal tissues. The reaction between hydrogen
peroxide (H,0,) and PBA has been regarded as the basis of
H,0,-selective probes, ROS-liable drug release, and prodrug
strategies.

2.5.1 ROS-responsive drug delivery

H,0, produced in living organisms has an ability to kill cells
and play important roles in cellular signaling, but an over-
production of H,0, is highly associated with inflammation in
injury, and diseases. Due to the stoichiometric consumption
of H,O,, PBA and its derivatives are widely used to modify
materials to afford H,O,-responsive ability [93]. For in-
stance, He et al. [94] modified RNase A with PBA to form an
H,0,-cleavable prodrug. Under light irradiation, hemato-
porphyrin in the system could generate high levels of H,0,
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that facilitates the complete recovery of protein activity of
RNase A by cleaving the PBA group. Owing to the vigorous
metabolic activation, the ROS production increased and the
pH values lowed in inflammatory regions comparing to
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flammatory drug delivery [95]. Hoang ef al. [96] conjugated
angiogenin (ANG) with PBA through a thiol-ene reaction
between the inserted cysteine in ANG and the allyl in PBA
(Figure 10). The reactivity of ANG was cloaked at normal

physiological conditions and recovered in the presence of
ROS, making the PBA conjugated ANG suitable for target-

normal tissues. PBA modified materials with ROS and pH
dual-responsive ability are suitable carriers for anti-in-
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ing therapy for amyotrophic lateral sclerosis (ALS), which is
associated with the high accumulation of H,O,. Pretreatment
of human astrocytes with PBA-masking ANG protects them
from subsequent oxidative stress from phorbol 12-myristate
13-acetate (PMA) and H,0,. And the bioactivity of ANG
recovered from PBA-masking ANG was similar to that of
wild-type ANG, suggesting the ROS-responsive recovery of
bioactivity of PBA-masking ANG. PBA moieties in mate-
rials also afford opportunities for the cytosolic delivery of
gene drugs [97,98].

Shen’s group [99,100] has explored many methods on the
preparation of ROS-responsive polymers for gene delivery
through PBA-containing cationic polymers. For example,
polysulfonium modified with PBA groups was synthesized
and it could be degraded when exposure to a high level of
H,0,. This polysulfonium condensed plasmid DNA into
polyplexes with ROS-induced pDNA release [101]. After
cellular internalization, the overexpressed ROS could
disintegrate the polyplex and release the loaded DNA
molecules. Shi’s group [102] have developed pH and H,0,
dual-responsive nanoparticles through the complexation of
4-(hydroxymethyl) phenylboronic acid (HPBA)-modified
polyethyleneimine with plasmid DNA encoding the
CRISPR/Cas13a system, following coating of cis-aconitic
anhydride and sodium glucoheptonate dehydrate-modified
poly(ethylene glycol)-b-polylysine (mPEG-pLys-CA/
SGD) through the interaction between PBA and SGD.
Upon low pH and high concentration of H,O, in the tumor
site, the outside mPEG-pLys-CA/SGD coating splits, re-
leasing the CRISPR/Cas13a polyplex and thus enhancing
the cancer immunotherapy through disruption of the PD-1/
PD-L1 pathway. The photosensitizer (PS) could be in-
volved to produce exogenous ROS to improve ROS-re-
sponsiveness. Yin and co-workers [94] caged RNase A in a
nanocarrier through a ROS-responsive PBA-containing
material. With 635 nm light irradiation, ROS were gener-
ated by PS, thus the nanocarrier disassembled and released
the caged RNase A.

2.5.2 Detection of ROS

ROS detection is important for monitoring inflammation
development and PBA-containing materials offer opportu-
nities for this [103,104]. Chang and co-workers [105] have
reported a chemoselective bioluminescent probe, peroxy
caged luciferin-1 (PCL-1), for the real-time detection of
H,0, in vivo. The H,0,-responsive PBA was conjugated
with firefly luciferin via a self-immolative linker. In the
presence of high concentration H,0,, the linker could be
cleaved and release the luciferin, resulting in an H,0O,-sen-
sitive probe. Almutairi and co-workers [106] have developed
a nanoprobe with ROS and pH dual-responsive abilities,
consist of a PBA-modified dextran and an acetylated dex-
tran. This nanoprobe is enabled to distinguish inflamed areas
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with a high target-to-background ratio of about 22 as early as
3 h after administration. This H,O,-responsiveness can also
induce the structural transitions of different assembly na-
noarchitectures [107].

2.6 ATP-responsive PBA-containing materials

ATP plays a crucial role in a range of biological processes
such as energy-dependent metabolism and signaling. The
intracellular concentration (1-10 mM) of ATP is sig-
nificantly higher than that in the extracellular environment
(<5 uM), suggesting that ATP can be a stimulus for the in-
tracellular release of cargos [108,109]. For example, Qian
et al. [110] have reported a 3-fluoro-4-carboxyphenylboronic
acid-modified conjugated polymer as a nanocarrier to deliver
DOX into cancer cells. Through binding with overexpressed
sialic acid on tumor cells, the nanocarriers achieved tumor-
specific accumulation. After internalization into cancer cells,
the PBA groups in nanocarriers could interact with a high
concentration of ATP in the cells, leading to the dissociation
of nanocarriers and drug release.

A supramolecular assembly with ATP-trigged dissociation
and siRNA release behaviors have been reported [111]. The
supramolecular assembly formed via host-guest interaction
between polyethyleneimine (PEI) 1.8k-a-cyclodextrin (o-
CD) conjugates and PEIl.8k-phenylboronic acid (PBA)
conjugates, which were utilized as siRNA delivery carriers.
After internalized into cells, the assembly fell apart gradually
and siRNA released in response to intracellular ATP with
high concentration. Polyplex micelles from cationic copo-
lymers modified with 4-carboxy-3-fluorophenylboronic acid
(FPBA) and D-gluconamide with crosslinked cores were
prepared by Kataoka and co-workers [112] and further ap-
plied for ATP-responsive intracellular delivery of plasmid
DNA. Sun’s group [113] synthesized a PBA containing
crosslinked polymer with strongly positively charged, which
could package siRNA effectively and became degraded and
charger reversed once expose to the intracellular concentra-
tion ATP. To improve the serum stability, ATP-grafted hya-
luronic acid was used to crosslink polyplexes through a
reversible covalent between ATP and PBA conjugated onto
PEI (Figure 11) [114]. This HA-PEI/siRNA complex with
covalent crosslinking showed great luciferase silence in
B16F10-Luc tumor-bearing mice comparing to the complex
with non-covalent crosslinking.

PBA-containing materials with ATP-responsive property
also have been used to develop ATP sensors [115]. Self-
assembled sensors based on ZnlI-dipicolylamine-attached to
PBA were developed [116]. In the presence of phosphates
including PPi, ATP, and AMP, these sensors exhibited dif-
ferent color diversity that enables quantitative assessment of
the phosphate concentrations and resulting in an ATP-de-
tection probe, which could achieve the specific detection of
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ATP through multiple interactions including covalent bond-
ing between boronic acid and ribose, -7 interactions be-
tween xanthene and adenine, and electronic attraction
between amino and phosphate groups (Figure 11) [117].
When rhodamine B was linked at ortho-position, the ob-
tained probe ATP-Red 1 showed a strong fluorescence re-
sponse to ATP at intracellular concentrations.

2.7 Dopamine-responsive PBA-containing materials

Dopamine, which has a catechol structure, also can form
dynamic covalent bonds with PBAs. As a neurotransmitter,
dopamine regulates multiple physiological functions of the
central nervous system. Boronic acid derivatives can be in-
troduced into various probes and nanomaterials for dopa-
mine detection [118,119]. Shen’s group [120] introduced
PBA groups into conjugated polymer nanoparticles to image
the amount change of dopamine in living cells, zebrafish and
mice. The PBA-containing conjugated polymer showed
high-sensitivity for dopamine detection both in vitro and in
vivo. Further, the conjugated polymers were applied for
analyzing the neural activity in alcohol-activated mice via
imaging the dopamine-producing in brains [121].

2.8 Nuclear-targeting PBA-containing nanobiomater-
ials

Nuclear targeting drug delivery is of much importance in
disease therapy, especially in cancer therapy, since lots of
anti-cancer drugs including DOX, camptothecin, and cis-
platin, need to bind nuclear DNA or enzymes to exert their
functions. Most of the traditional drug delivery systems
concern cytoplasmic delivery and the loaded drugs need to
be released in the cytoplasm and subsequently entered into

the nucleus through diffusion. Since they can deliver drugs
into the nucleus directly, nuclear targeting drug delivery
systems are attracting much attention [122]. A variety of
strategies have been developed for the nuclear targeting drug
delivery system such as cationic poly(L-lysine) modification
[123], cell penetration peptide conjugation [124,125], pho-
todynamic assistance [126,127]. However, achieving effec-
tive nuclear delivery still remains a challenge, especially for
proteins with large size, which is hard to transport the nu-
pores through passive pathways.

Tang et al. [128] reported that benzyl boronate (BB)
conjugation drove the nuclear targeting delivery of proteins
through active transportation pathway as shown in Figure
12. Comparing to benzyl modified green fluorescent protein
(GFP-B), a large amount of PBA modified green fluor-
escent protein (GFP-BB) accumulated in the cellular nu-
cleus after intracellular delivery using gold nanoparticles
stabilized capsules (NPSCs). When cells were pretreated
with ivermectin to block the importin o/f pathway or the
ATP in HeLa cells was depleted, the nuclear accumulation
of GFP-BB was highly decreased, suggesting the PBA
mediated nuclear targeting was energy-dependent and
mainly regulated by the importin o/f} pathway through the
binding of GFP-BB with importin. Pan and coworkers
[129] further used catechol-borane interaction to modify the
carbon nanodot, resulting in an ultrafine-sized nanocarrier
with nuclear target ability. The dynamic covalent network
formed through boronic ester bonds of the interaction be-
tween catechol groups and boronic acid groups, would
dissociate at the weak acid tumor environment and resulting
in the exposure of PBA groups to bind glucosamine pre-
sented at nucleoporin 62 (NUP62) and thus targeting nu-
cleus. After incubation for 4 h, all the nanocarriers were
located in the nucleus.
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3 Conclusions and outlook

In summary, PBA-containing biomaterials have many ad-
vantageous features, such as sialic acid-binding, sugar-
binding, ROS-responsive, pH-responsive, ATP-responsive,
dopamine-responsive and nuclear-targeting. They also be
able to bind with other glycols, showing great potential in a
wide range of biomedical applications such as drug deliv-
ery, cell and tumor imaging, sensors and detections, and
self-healing. PBA shows a high associated constant with
sialic acid especially in a weak acid environment, which is
suitable for application in the tumor microenvironment,
where the pH is usually about 6.5. Besides, PBA containing
biomaterials can bind saccharides through boronate ester
bonds, allowing for sugar detection in a physiological en-
vironment. In general, the introduction of electron-with-
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drawing groups could reduce the pK, of PBA, and then
reduce the optimal pH for binding to sugar molecules. Due
to the interaction between PBA and the diol groups in
siRNA and the N-B coordination between PBA and amines,
PBA containing materials showed high drug loading ca-
pacity for siRNA and electron-donating chemo-drugs. The
high concentration of ATP and ROS in diseased cells could
subsequently stimulate the drug-loaded nanocarriers’ dis-
sociation and release drugs. We also review the PBA con-
taining biomaterials applied as sensors for the detection of
sialic acid, glucose, ATP in vitro. The exclusive property of
PBAs to bind to diol-molecules reversibly at physiologic pH
endows the further development of self-healing materials.
The major PBA-containing biomaterials mentioned in this
review for biomedical applications were summarized in Ta-
ble 1.

GFP-BB GFP-BB Iver

GFP-BB ATP

GFP-B GFP-B lver GFP-B ATP

Figure 12 The nuclear targeting ability of PBA-containing materials. (a) The nuclear targeting delivery of proteins with BB conjugation after intracellular
delivery by NPSCs. (b) The nucleus targeting the ability of GFP-BB and GFP-B in HeLa cells with or without pretreatment with ivermectin or ATP depletion,
evaluated by CLSM imaging, adapted with permission from Ref. [128], copyright by American Chemical Society (2017) (color online).

Table 1

Summary of the major PBA-containing biomaterials mentioned in this review for biomedical applications

Responsiveness Biomolecules

Applications Refs.

Sialic acid-binding Sialic acid

Tumor targeting drug delivery

[29-32, 35,36,88]

Detection of tumor cells

[43-46, 49-51]

Insulin delivery [60,66,69,70]
Sugars-responsive Saccharides Capture and release [75-77]
Self-healing materials [84-86]
N-B coordination Amines High drug loading for drug delivery [89,90]
. ROS-responsive drug delivery [94-96, 102]
ROS-responsive H,0, .
Detection of H,0, [105-107]
. ATP-responsive drug delivery [110-112, 114]
ATP-responsive ATP .
Detection of ATP [115-117]
Dopamine-responsive Dopamine Detection of dopamine [120,121]
Nuclear targeting Importin Drug delivery [128]
Nucleoporin 62 Drug delivery [129]
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There are still many applications for PBA containing
biomaterials that remain to be explored. Glycans regulate a
wealth of bioprocesses essential for cell differentiation, mi-
gration, invasion, metabolic and gene regulation. ROS in-
volved in many cellular signaling and associated with
inflammation-related diseases. Further, inflammation and
immunity are closely related. ATP is the most energy re-
source and involved in the metabolism of fats, proteins, su-
gars, nucleic acids, and nucleotides. Through interaction
with these biomolecules, PBA-containing biomaterials can
be involved in and put an impact on many bioprocesses.
Glycans especially glycoproteins play vital roles in immune
reactions and are becoming drug targets for immunotherapy.
ROS is the main mediator of phagocytic effects and highly
associated with an oxidative stress response. It is possible
that PBA containing biomaterials are applied with im-
munotherapy through modulating the tumor immune mi-
croenvironments. On the other hand, there are also many
challenges. The physiological environment is very compli-
cated and the biomolecules mentioned above are usually
involved in many different bioprocesses. Multifunctional
PBA-containing biomaterials are desirable since single ma-
terials can not achieve a satisfactory outcome. Multitargeting
is mostly used in tumor treatment and screening targets that
can cooperate with each other are very important and not
easy. Also, the rational precise control of the ratios between
the different components is very difficult. On the other hand,
it is hard to determine the underlying mechanism since PBA
can react with many biological molecules.
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