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ABSTRACT: Boronic acids are widely used in materials science
because of their ability to reversibly bind with diol and catechol
moieties through dynamic covalent interactions in a pH- and
oxidative-dependent manner. Considerably fewer studies focus on
property modulation of boronic acid−based materials in the
absence of a biding pair. Herein, we discuss the effects of the
boronic acid-containing polymer block length on solute release
kinetics from nanoparticles in a stimuli-responsive manner for on-
demand delivery. In this study, ABC-type linear amphiphiles of
poly(D,L-lactide) and poly(2-methacryloyloxyethyl phosphorylcho-
line) containing a middle block functionalized with 3-amino-
phenylboronic acid were synthesized by a combination of ring-
opening and controlled free radical polymerizations. Nile red-
loaded nanoparticles were self-assembled using a multi-inlet vortex mixer in a well-controlled manner. Release was evaluated at pH
above and below the pKa of the boronic acid and in the presence of hydrogen peroxide. Our results show that release kinetics from
nanoparticles incorporating a boronic acid-functionalized interlayer were slower than those without it, and the rate could be
modulated according to pH and oxidative conditions. These effects can be attributed to several factors, including the hydrophobicity
of the boronic acid block as well as hydrogen bonding interactions existing between locally confined boronic acids. While boronic
acids are generally utilized as boronic/boronate esters, their stabilizing effects in the absence of appropriate binding pairs are relevant
and should be considered in the design of boronic acid-based technologies.

■ INTRODUCTION
Phenylboronic acids are important structural motifs for the
construction of functional polymers and supramolecular
networks, with applications in sensing, separation, responsive
biomaterials, and drug delivery.1−8 Their widespread interest is
2-fold. First is their ability to reversibly bind with vicinal diols.
The formation of boronic esters (neutral) or boronate esters
(anionic) is not only pH-responsive but also sensitive to
hydrolysis or competitive binding interactions with other diol-
containing molecules. Other nucleophilic compounds with
good binding affinity to boronic acids include dicarboxylic
acids and alpha-hydroxy-carboxylic acids, but are far less
reported than diol- or catechol-based systems.3 In multivalent
forms, phenylboronic acid- and diol-containing polymers yield
cross-linked networks, widely used the synthesis of self-healing
polymers and environmentally responsive hydrogels,9−16 and
for the development of smart materials.17,18 A second
important attribute of phenylboronic acids is their suscepti-
bility toward H2O2, yielding phenol and boric acids as
oxidation products. The overproduction of reactive oxygen
species, in particular, H2O2, is often observed in degenerative
or metabolic diseases and inflamed tissue and is known to
modulate cancer metastasis. In this sense, boronic acid-
containing polymers have been designed to enable H2O2

detection, as theranostic agents for thrombosed vessels, and
to induce triggered degradation in H2O2-rich media.19−22

In the contest of drug carriers, boronic acids have been used
as polymeric substrates for the encapsulation and environ-
mentally triggered release of diol/catechol-containing pay-
loads,23,24 as targeting motifs for bacterial detection or selective
binding to sialylated epitopes on cancer cells,25−30 and in
micellar stabilization.7,31−37 Stabilization, generally achieved
through the formation of permanent (nondegradable) covalent
bonds, is intended to prevent dissociation under high dilution
and modulate drug release kinetics.33,38−44 More recently, the
emphasis toward reversible cross-linking has triggered
incorporation of functionalities amenable to dynamic-covalent
interactions due to their inherent reversibility but also their
stimuli-responsiveness. The choice of the dynamic-covalent
interaction is crucial in these applications, as the type of bond
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will define the kinetic and thermodynamic features of the
system. Most dynamic-covalent cross-linked micelles are based
on disulfide cross-linking because of its responsiveness toward
glutathione. Other examples, of which fewer cases exist, target
the use of boronic ester condensation as the cross-linking
motif. Noteworthy examples include acid-responsive shell-
cross-linked micelles of boronic acid/dextran for the delivery of
doxorubicin,37 boronic acid/mannitol for the delivery of
paclitaxel,45 phenylboronate/gluconamide for pDNA deliv-
ery,46 and phenylboronic acid/dopamine for the delivery of
camptothecin.47
In the absence of binding pairs, boronic acid−based

polymers can still establish noncovalent interactions via
hydrogen bonding. Hydrogen bonds are formed through
−O···H−O− interaction in homodimers, generally studied for
free acids in which the boron atom preserves its trigonal
neutral form.48−50 This secondary interaction of boronic acids
has only scarcely been used as a physicochemical property
modulator despite its environmental sensitivity. Examples in
which property enhancement was attributed to boronic acid
hydrogen bonding include the enhanced activation of boronic
acid organocatalysts,51 control of the elastic properties of
silicone-boronate polymers,52 direct supramolecular construc-
tion,53 and the high strength of Pickering emulsions stabilized
by boronic acid homopolymers.54
Herein we explore the use of boronic acid-containing

triblock copolymers to control solute partitioning from
nanoparticles in the absence of binding pairs. For this, ABC-
type amphiphilic copolymers of poly(D,L-lactide) and poly(2-
methacryloyloxyethyl phosphocholine) containing a middle
block functionalized with 3-aminophenylboronic acid were
used for the formation of Nile red-loaded nanoparticles
through self-assembly in a multi-inlet vortex mixer. Solute
release kinetics were evaluated under different conditions to
establish the role of the boronic acid block length as the
determinant of solute release kinetics. We observed a solute
stabilization effect from boronic acid-containing copolymers to
delay release over a 48 h period, sensitive to block length,
system pH, and the presence of H2O2.

■ EXPERIMENTAL SECTION
Materials. All chemical and solvents were commercially available

and purchased from Fisher Scientific, TCI, and Sigma-Aldrich unless
otherwise noted. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl]-
pentanoic acid (CDTPA) was purchased from Angina Chemical. 2-
(Methacryloyloxy)ethyl 2-(trimethylammonio) ethyl phosphate
(MPC) and 3-metacrylamidophenylboronic acid (APBMA) were
purchased from Ambeed. D,L-Lactide and AIBN were recrystallized
from hot methanol and ethyl acetate, respectively. Nanopure water
was purified in a Barnstead Nanopure system with a final resistance of
18.2 MΩ. 1,8-Diazabicyclo [5.4.0]undec-7-ene (DBU) was dried over
molecular sieves (3 Å) for no less than 12 h.

Synthesis of Poly(D,L-lactide) (PLA). Copolymers based on PLA
of three different lengths were used in this study: PLA68, PLA79, and
PLA138. To synthesize PLA68, D,L-lactide (5 g, 34.69 mmol) was
loaded into a dry Schlenk flask and placed under a high vacuum at 40
°C for 3 h. After backfilling with argon, the monomer was dissolved in
∼10 mL of anhydrous dichloromethane (DCM). Octanol (75.79 μL,
0.48 mmol) and DBU (52.81 μL, 0.35 mmol) were sequentially
injected into the flask. Polymerization was conducted at room
temperature for 2 h under argon. The reaction was quenched by
opening it to atmosphere and on the addition of benzoic acid (211.8
mg, 1.73 mmol). An aliquot of the mixture was taken to calculate
monomer conversion. The solution was concentrated with a rotary
evaporator and precipitated into cold methanol three times. The
resulting polymer was dried under vacuum at room temperature
overnight. Yield: 90.2%. Monomer conversion was 94.0%, determined
by 1H NMR, and the degree of polymerization of PLA was evaluated
by end-group analysis. This procedure was followed for the synthesis
of PLA79 and PLA138 using the following: (a) for PLA79: D,L-lactide (6
g, 41.6 mmol), octanol (59.53 μL, 0.038 mmol), DBU (62.26 μL, 0.42
mmol); (b) for PLA138: D,L-lactide (6 g, 41.6 mmol), octanol (46.77
μL, 0.03 mmol), and DBU (62.26 μL, 0.42 mmol). PLA79 yield was
89.3% and monomer conversion was 98.8%, whereas for PLA138 these
were 84.4 and 98.6%, respectively. 1H NMR of PLA and peak
assignments are provided in Figure S1, and chromatograms of all
polymers are included in Figure S2.

Synthesis of PLA-macroCTA (PLA-CTA). PLA-CTA was
synthesized by DCC/DMAP-mediated coupling of carboxylic acid-
CTA with PLA. The molar ratio of PLA to CDTPA, N,N’-
dicyclohexylcarbodiimide (DCC), and dimethylpyridine (DMAP)
was 1:3:3:0.3, respectively. For example, to synthesize PLA68-CTA,
PLA (3 g, 0.30 mmol), CDTPA (365.82 mg, 0.91 mmol), DCC
(186.99 mg, 0.91 mmol), and DMAP (11.07 mg, 0.091 mmol) were
dissolved in 30 mL of anhydrous THF, and the reaction was carried
out at 40 °C for 18 h with continuous stirring. The resulting mixture
was filtered to remove salts, and the filtrate was concentrated by
rotary evaporation. The concentrated mixture was precipitated into
cold methanol three times. The resulting materials were dried under a
vacuum at room temperature overnight. Yield: 97.5%. 1H NMR of
PLA-CTA is provided in Figure S3.

Synthesis of PLA-b-PMPC (ZP1, ZP2, ZP3). To synthesize
PLA68-b-PMPC94 (ZP1), PLA68-CTA (1 g, 0.097 mmol) and MPC
(3.14 g, 10.64 mmol) were added to a dry Schlenk flask and dissolved
in 17 mL of methanol and N,N’-dimethylformamide (DMF) (50% v/
v). AIBN (3.18 mg, 0.019 mmol) was dissolved in DMF (0.74 mL).
The AIBN solution was injected into a Schlenk flask and bubbled with
argon at room temperature for 30 min. Polymerization was conducted
at 65 °C for 18 h. The reaction was stopped by submerging the flask
in an ice bath and opening it to atmosphere. An aliquot was taken to
calculate the monomer conversion. Yield: 92.0%. This procedure was
followed for the synthesis of diblock copolymers of PMPC and PLA79
or PLA138. For PLA79-b-PMPC94 (ZP2): PLA79-CTA (0.4 g, 0.03
mmol), MPC (1.0 g, 3.4 mmol), AIBN (1.2 mg, 0.01 mmol),
methanol/DMF (8.49 mL, 50% v/v); yield: 85.0%. For PLA138-b-
PMPC94 (ZP3): PLA138-CTA (0.6 g, 0.03 mmol), MPC (867 mg,
2.94 mmol), AIBN (0.96 mg, 0.01 mmol), and methanol/DMF (7.34
mL, 50% v/v); yield 87.0%. Conversions were estimated by 1H NMR

Table 1. Characterization of the ZP and ZPB Block Copolymers Studied Herein

polymer
PAPBMA PMPC Mn, theory CCMC

conv. (%)a DPa conv. (%)a DPa (Da)a (μg/mL)b

ZP1 PLA68-b-PMPC94 0 0 94.1 94 38,091 3.96
ZPB1 PLA68-b-PAPBMA8-b-PMPC98 82.5 8 97.9 98 40,784 4.06
ZPB2 PLA68-b-PAPBMA27-b-PMPC95 91.7 27 95.1 95 43,490 4.26
ZPB3 PLA68-b-PAPBMA46-b-PMPC97 92.3 46 97.3 97 47,672 4.74
ZP2 PLA79-b-PMPC94 0 0 94.2 94 39,528 3.77
ZP3 PLA138-b-PMPC94 0 0 94.2 94 48,032 2.39

aDetermined by 1H NMR. bCritical micelle concentration (CCMC) was measured by fluorescence spectroscopy using pyrene as a probe.
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as shown in Table 1. 1H NMR peak assignments of PLA-b-PMPC are
provided in Figure S4, and the GPC data is included in Figure S2.
Synthesis of PLA-b-PAPBMA. PLA68-CTA (1.0 g, 0.10 mmol)

and APBMA (198.37 mg, 0.97 mmol) were placed in a Schlenk flask
and dissolved in DMF (1.53 mL) and DIW (80.6 μL) with vigorous
stirring. AIBN (2.22 mg, 0.01 mmol) was dissolved in DMF (500 μL)
and added to the flask. The mixture was bubbled with argon for 30
min. After bubbling, the flask was submerged in an oil bath at 70 °C
to conduct polymerization for 18 h under argon. The polymerization
was quenched by removing the rubber septum, bubbling air into the
flask, and submerging it in an ice bath. The degree of polymerization
of APBMA was 8 repeat units, determined by 1H NMR. The synthesis
of diblock macro-CTAs with longer APBMA segments was carried out
using the same protocol and the same amounts of PLA68-CTA and
AIBN as mentioned above, but with the following changes: (a) for the
synthesis of PLA68-b-PAPBMA27, APBMA (595.1 mg, 2.90 mmol),
DMF (4.5 mL), and DIW (242 μL) were used; (b) for the synthesis
of PLA68-b-PAPBMA46, APBMA (991.83 mg, 4.84 mmol), DMF (7.6
mL), and DIW (403.1 μL) were used. Monomer conversion was
determined by the 1H NMR of an aliquot. The resulting solution was
concentrated using a rotary evaporator and then precipitated into cold
diethyl ether three times. The final product was collected by vacuum
filtration after precipitation and dried under vacuum overnight. Yield:
91.4, 87.2, and 86.7%, respectively. Monomer conversion and the
degree of polymerization are summarized in Table 1. 1H NMR peak
assignments of PLA-b-PAPBMA are shown in Figure S5.
Synthesis of PLA-b-PAPBMA-b-PMPC (ZPB1, ZPB2, ZPB3).

For the synthesis of PLA68-b-PAPBMA8-b-PMPC98 (ZPB1), PLA68-b-
PAPBMA8 macro-CTA (0.5 g, 0.042 mmol), MPC (1.23 g, 4.18
mmol), and AIBN (1.37 mg, 0.008 mmol) were loaded into a Schlenk
flask. A solvent combination of DMF (4.70 mL, 45% v/v), MeOH
(5.22 mL, 50% v/v), and deionized water (DIW, 0.52 mL, 5% v/v)
was injected into the flask and mixed with the reagents under stirring.
The solution was bubbled with argon for 30 min at room temperature,
and the flask was then immersed in an oil bath at 65 °C for 18 h. The
reaction was quenched by removing the rubber septum and cooling
the flask in an ice bath. The syntheses of triblock copolymers from
PLA68-b-PAPBMA27 and PLA68-b-PAPBMA46 macro-CTAs were
conducted following the same procedure as described above, with
the following amounts of reagents: (a) PLA68-b-PAPBMA27 (0.6 g,
0.038 mmol), MPC (1.12 g, 3.78 mmol), AIBN (1.24 mg, 0.008
mmol), DMF (4.253 mL, 45% v/v), MeOH (4.72 mL, 50% v/v),
DIW (0.47 mL, 5% v/v); (b) PLA68-b-PAPBMA46 (1.0 g, 0.051
mmol), MPC (1.48 g, 5.06 mmol), AIBN (1.66 mg, 0.01 mmol),
DMF (5.69 mL, 45% v/v), MeOH (6.32 mL, 50% v/v), and DIW
(0.63 mL, 5% v/v). In all cases, aliquots were collected to calculate
MPC conversion by 1H NMR. The resulting solutions were directly
loaded into dialysis bags (6−8 kDa MWCO, SpectraPor) and dialyzed
against a mixture of methanol/acetone (50% v/v). The solvent
mixture was replenished every 3 h and changed to Nanopure water
after 24 h. Polymers were further dialyzed against Nanopure water for
another 24 h and lyophilized. Yields: 85.6, 81.2, and 80.2%,
respectively. A summary of the characterization of these polymers is
presented in Table 1. 1H NMR peak assignments of triblocks are
shown in Figure S6.
Critical Micelle Concentration. Critical micelle concentrations

(CCMC) of polymers were determined by fluorescence spectroscopy
using pyrene as a probe. First, a pyrene stock solution was prepared at
a concentration of 1.8 × 10−4 M in acetone. Fifteen μL of this stock
solution was added to a 5 mL scintillation vial and the solvent was
allowed to evaporate completely prior to the addition of 50 μL of a
solution of varying concentration of polymer in acetone/methanol
(50% v/v). Nanopure water (3 mL) was then added dropwise, and
the samples were stirred with a vortex mixer for 1 min. The final
concentration of polymer ranged from 0.05 to 0.5 mg/mL. The
solvent was allowed to evaporate at room temperature and the
samples were equilibrated for 18 h at room temperature under a dark
fume hood prior to measurements. Pyrene excitation was recorded
from 300 to 360 nm with an emission wavelength of 390 nm. The
intensity ratio from fluorescence spectroscopy signals at 336 and 334

nm (I336/I334) was read and plotted as a function of polymer
concentration. CCMC was estimated from the intersection between
curve tangents at low and high concentration (Figure S7).

Nanoparticle Formation from a Multi-Inlet Vortex Mixer
(MIVM). Nanoparticles were prepared by triggering a large and rapid
change in the solvent quality inside a four-stream vortex mixer
(MIVM). First, the polymer stock solution (10 mg/mL in methanol/
dimethylformamide, 50% v/v) was prepared at room temperature and
filtered through a 0.45 μm hydrophilic PVDF syringe filter
(Millipore). This solution was loaded into a 10 mL syringe
(Hamilton) and mounted on a syringe pump (Harvard Apparatus).
Nanopure water was loaded into three 50 mL syringes (Hamilton),
which were mounted on a separate pump (Harvard Apparatus).
Organic and aqueous lines were then carefully connected to the four-
stream mixer. The MeOH/DMF:water volumetric ratio used was 1:9,
with mixing speeds of 12 and 108 mL/min for the organic and water
streams, respectively. Samples were collected 6 s after the start of the
mixing process to ensure steady operation of the mixer. Nanoparticle
suspensions were dialyzed (6−8 kDa MWCO, SpectraPor) against
Nanopure water for 12 h to eliminate the organic solvent. Water was
replenished six times during the dialysis process. Nanoparticle
suspensions were stored in clean vials for further characterization.

Nile Red-Loaded Nanoparticles from MIVM. Nile red (NR)-
loaded nanoparticles were prepared by using the MIVM, as described
above. In this case, NR (0.1% w/wp) and the polymer in question
were dissolved together in MeOH/DMF (50% v/v) at room
temperature. This solution was loaded into a 10 mL syringe
(Hamilton). Subsequent steps were followed, as described above.
Nanoparticle suspensions were stored in clean vials for further
characterization by DLS and TEM (Figure S8).

Alizarin Red Fluorescence Studies. Alizarin red S (ARS) is a
catechol dye that binds to boronic acids, resulting in a significant
change in the ARS fluorescence intensity. ARS solutions were
prepared at a concentration of 1.8 × 10−6 M in phosphate buffered
saline (PBS) at pH 7.4. Nanoparticle solution was prepared at a
concentration of 1 mg/mL in PBS. 1.0 mL of ARS solution and 1.0
mL of nanoparticle solution were mixed in a 5 mL vial and allowed to
reach equilibrium for 30 min. Fluorescence intensity was recorded at
575 nm with an excitation wavelength of 470 nm. All experiments
were repeated in triplicate.

Nile Red Release Profile. Nile red (NR) release was examined
for the nanoparticles from ZP1 and ZPB1−3. For these experiments,
5 mL of NR-encapsulated nanoparticle suspensions was loaded into
dialysis bags (6−8 kDa MWCO, SpectraPor) and dialyzed against
buffers prepared with different pH values (5.5, 6.4, 7.4, and 9.2). The
release medium was stirred at 500 rpm. Aliquots (2 mL) were taken at
predetermined time points from the suspension for measurement and
reintroduced to the dialysis bag after measurement to maintain a
constant suspension volume. NR fluorescence intensity was measured
at 615 nm with an excitation wavelength of 535 nm. Values are
reported as the averages of three independent replicates and plotted as
functions of time. To evaluate NR release under oxidative conditions,
hydrogen peroxide was added to different pH buffers to reach the
concentration of 1 mM and the same procedure as described above
was followed. All experiments were repeated in triplicate.

PAPBMA Solubility in Nanoparticles. Boronic acids ionize
upon exposure to an environment pKa < pH, resulting in an anionic
tetrahedral form with an enhanced affinity toward water. To examine
the solubility of the PAPBMA block, the pH of D2O was adjusted
with either TEA or PBS to achieve a pH of 9.2 or 7.4, respectively.
Lyophilized nanoparticles were dispersed in each solution for 1H
NMR acquisition (Figure S9).

Nanoparticle Stability. Nanoparticles were prepared by MIVM
and dialyzed against Nanopure water for 12 h. The medium was then
changed to buffered solutions to achieve suspensions at pH values of
5.5, 6.4, 7.4, and 9.2. Nanoparticle size was measured at
predetermined time points for each medium and plotted as the
average particle size over time.
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■ RESULTS AND DISCUSSION
Nanoparticle Characterization. Zwitterionic amphiphiles

were synthesized by a combination of ring-opening polymer-
ization (ROP) of D,L-lactide and the sequential reversible
addition−fragmentation chain-transfer (RAFT) polymerization
of 3-methacrylamidophenylboronic acid (APBMA) and 2-
methacryloyloxyethyl phosphorylcholine (MPC) (Scheme 1).
First, D,L-lactide was polymerized by ROP with a conversion of
97%. The terminal hydroxyl was used to conjugate a chain
transfer agent for RAFT. This was achieved by DCC/DMAP
coupling with high efficiency, as assessed by 1H NMR
(quantitive conversion). Then, different block lengths of
APBMA were polymerized by controlling the feed ratio of
monomer to macro-chain transfer agent. Successful polymer-
ization of APBMA was confirmed by 1H NMR (Figures S1,
S3−S6), yielding boronic acid-containing block lengths
between 0 and 46 repeat units. Polymerization of the
zwitterionic block was carried out in a cosolvent system of
methanol/dimethylformamide (50% v/v) due to the differ-
ences in solubility between poly(D,L-lactide) and the
zwitterionic monomer (eventually, polymer). This difference
in solubilities of polyesters and PMPC had previously been
observed for copolymers of PMPC-b-PCL and PMPC-b-
PLA.55−60 MPC was polymerized to yield a block length of
approximately 95 repeat units.
A summary of the copolymer studied is provided in Table 1,

and details regarding their characterization are included in the
Supporting Information. GPC analysis was carried out
exclusively for PLA and PLA-b-PMPC (Figure S2) because
copolymers containing the boronic acid monomer were
observed to interact with the columns. The results showed

both samples had low polydispersities, and in the case of the
PLA-b-PMPC diblock copolymer, no macroinitiator peak was
observed, confirming the effectiveness of conjugation with the
CTA (4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-
pentanoic acid). For further reference, zwitterionic diblock
copolymers of PLA-b-PMPC are denoted as ZP1, ZP2, and
ZP3 with increasing block length of PLA, whereas triblock
copolymers of PLA-b-PAPBMA-b-PMPC are identified in
terms of increasing length of the boronic acid segment as
ZPB1, ZPB2, and ZPB3.
Critical micelle concentrations (CCMC) of all copolymers

were measured in Nanopure water (pH ∼ 6) using pyrene as
the fluorescent probe. As shown in Table 1, we observed a
small but consistent increase in CCMC of PLA-b-PAPBMA-b-
PMPC triblocks with PAPBMA block length, ranging from
4.06 to 4.74 μg/mL. This trend was unexpected since pH ∼ 6
is lower than the pKa of APBMA (pKa ∼ 8.2), hence the
boronic acid exists primarily in its neutral hydrophobic form
with only a few moieties present as anionic (hydrophilic)
boronates. Conversely to this trend, PLA-b-PMPC diblocks
shows an expected decrease in CCMC with increasing PLA block
length, from 3.96 to 2.39 μg/mL. Comparing di- and triblocks
with similar number of non-PMPC repeats suggests that the
strongest contributor to the hydrophobic character of these
polymers is PLA. This can be observed when comparing the
CCMC of ZPB1 with ZP2 (with 79 and 76 non-PMPC repeats,
respectively), or ZPB3 with ZP3 (with 114 and 138 non-
PMPC repeats, respectively); in both cases, replacement of
PAPBMA for PLA resulted in a decrease in CCMC.
Di- and triblock copolymers were self-assembled by

imposing a large and rapid change in solvent quality inside a
multi-inlet vortex mixer (MIVM), schematically shown in

Scheme 1. Synthesis of Zwitterionic Di- and Triblock Copolymers by a Combination of Ring-Opening and Reversible
Addition−Fragmentation Chain-Transfer Polymerizationsa

aThe triblock copolymers contain a middle block functionalized with an aminophenylboronic acid moiety.
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Figure 1A. In this process, the mixing velocity, solvent:non-
solvent ratio, and polymer concentration contribute to
nanoparticle size and size distribution. Self-assembly was
carried out under conditions of high supersaturation (>100)
with the copolymer dissolved in an organic, water-miscible
solventin this case, DMF/MeOH 50% v/vand mixed
against water to yield nanoparticle suspensions of 1 mg/mL.
Spherical nanoparticles were obtained in all cases, as verified by
transmission electron microscopy (Figure 1B−E), and narrow
particle size distributions with an average hydrodynamic
diameter (Dh) of ∼40 nm were measured by dynamic light
scattering (Figure 1F and Table 2). The smallest nanoparticles,
with the narrowest polydispersity, corresponded to those from
the diblock (Dh ∼ 38 nm). This size is consistent with
nanoparticles from PLA87-b-PEG75 (Dh = 24 nm), self-
assembled by the same process and mixer as that described
herein.61 The difference between these two sets of nano-
particles could be attributed to a difference in the length of the
hydrophobic block (68 vs 87 repeat units) and to the fact that,
for the same number of repeat units, PMPC layers have been
reported to be thicker than their PEG analogs.62 On the other
hand, nanoparticles from triblocks showed a consistent

decrease in diameter with PAPBMA length. We attribute this
behavior to intra- and intermolecular noncovalent interactions
between boronic acids, similar to shell clicked-cross-linked
nanoparticles where a decrease in particle size resulted from an
increase in the degree of cross-linking.63 Nile red was loaded in
the core of nanoparticles from diblock or triblock copolymers
by hydrophobic interaction. Loaded nanoparticles showed the
same behavior as those described above, exhibiting slightly
larger sizes and lower polydispersities than their unloaded
analogs.
The solubility of the boronic acid block was evaluated by 1H

NMR of nanoparticles in D2O at pHs above and below the pKa
of the boronic acid (pKa ∼ 8.2). As shown in Figure 2, the only
clearly observable signals at pH below the pKa of APBMA
corresponded to those of PMPC; PLA is unobservable because
of its insolubility in water. Under these conditions (pH 5.5 and
7.4), APBMA is primarily present in the trigonal (neutral)
state, exhibiting limited solubility in the aqueous environment.
At pH 9.2, the boronic acid is present in the tetrahedral anionic
state with enhanced solubility, as evidenced by the character-
istic signals of phenyl boronic acid between 6.75 and 7.25 ppm.
At this high pH condition, the area corresponding to the

Figure 1. (A) Schematic of the self-assembly of amphiphiles into nanoparticles using a multi-inlet vortex mixer (MIVM), triggered by a rapid
change in solvent quality. (B−E) TEM images of nanoparticles with spherical morphologies from ZM (B), ZMB1 (C), ZMB2 (D), and ZMB3 (E).
In all cases, scale bars correspond to 200 nm. (F) Size distributions of nanoparticles measured by dynamic light scattering, showing relatively
narrow size distributions regardless of the boronic acid block length.

Table 2. Dynamic Light Scattering Characterization of Nanoparticles from Diblock and Triblock Copolymers

polymer
unloaded NPs Nile red-loaded NPs

Dh (nm) PDI Dh (nm) PDI
ZM PLA68-b-PMPC94 38.2 0.13 39.2 0.11
ZMB1 PLA68-b-PAPBMA8-b-PMPC98 47.2 0.22 48.1 0.11
ZMB2 PLA68-b-PAPBMA27-b-PMPC95 39.7 0.23 40.1 0.13
ZMB3 PLA68-b-PAPBMA46-b-PMPC97 35.5 0.19 37.7 0.13
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boronic acid signals from ZMB1 nanoparticles corresponded
exactly to the value obtained from the polymer in solution (i.e.,
8 APMBA repeat units); a slight difference was observed for
ZMB2 nanoparticles and ZPB2 polymer, wherein the number
of APBMA repeats was 22 and 27, respectively. The greatest

difference was for ZPB3, in which case, only 29 of the 47
APMBA repeats were quantified from nanoparticle experi-
ments. The reduced solubility of the PAPBMA block under
acidic and neutral pH may be due to limited water diffusion at
the boronic acid-rich interlayer given the neutral and

Figure 2. 1H NMR spectra of ZMB3 nanoparticles at pH values above and below the pKa of the boronic acid showing the signals characteristic of
the interlayer block when it is present in the anionic form.

Figure 3. Binding studies of nanoparticles and Alizarin red S (ARS). (A) Schematic of the fluorescent ARS complex. (B) Fluorescence spectra of
the complexes formed between ARS (10 μM) and nanoparticles (ZM and ZMB) in PBS. The excitation used was 468 nm. (C) Normalized
fluorescence intensity of ARS.
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hydrophobic character of the polymer under those conditions,
combined with noncovalent associative interactions between
boronic acids. These effects would be more important with the
PAPBMA block length, as the data show.
The accessibility of boronic acids to the aqueous phase was

also examined by Alizarin red S (ARS) binding studies at pH
7.4. ARS is a water-soluble catechol dye, which is non-
fluorescent until it complexes with boronic acid; once bound, it
fluoresces at an excitation wavelength of 468 nm (Figure 3A).
Formation of the boronic ester is particularly favorable,
because of the strong interaction between catechols and
boronic acids. As shown in Figure 3B, the fluorescence
intensity of ARS in a suspension of nanoparticles gradually
increases with PAPBMA block length, indicating a higher
concentration of boronic acids in the case of nanoparticles
from the longest block (ZMB3), in line with the NMR
experiment previously discussed. ARS alone and ARS in the
presence of nanoparticles from the diblock copolymer ZM,
showed a very small signal at 575 nm, whereas no fluorescence
was observed for any of the copolymers in the absence of the
fluorophore (Figure 3C).
Solute Release Experiments. Nile red was chosen as the

hydrophobic solute and loaded into the nanoparticles using the
rapid method described above. Solute release was measured
over 48 h for nanoparticles from di- and triblock copolymers at
pH values above and below the pKa of APBMA; experiments
were run at room temperature and in triplicate. The interaction
between Nile red and APBMA was evaluated by 11B and 1H

NMR (Figure S10). As there was no shift of the characteristic
signals of the monomer in the presence of Nile red, we
conclude there is no interaction between the polymer and the
solute. Solute release profiles are presented as the filled
symbols and solid lines in Figure 4(A−D). As observed, a
considerable decrease in the Nile red release rate occurred with
increasing PAPBMA block length. For example, after 48 h,
nanoparticles from the diblock released 90% of the solute,
whereas nanoparticles from triblock copolymers with 8, 27,
and 46 APMBA repeats released 85, 73, and 35% of the solute,
respectively. A similar trend was observed for shorter times.
Additionally, pH was noted to have an effect in modulating the
release from APBMA-containing nanoparticles: a higher pH
led to faster release. This behavior was more important for
nanoparticles from the copolymer with the longest boronic
acid block (Figure 4D). The observed differences in release
kinetics with the PAPBMA block length and pH also support
limited diffusion through the interface due to the combined
effects of polymer hydrophobicity and hydrogen bonding.
These results are interesting since boronic acids can strongly
contribute to solute stabilization even in the absence of
binding pairs.
Finally, we investigated the release profile of Nile red-loaded

nanoparticles in an oxidative environment. For this, nano-
particles were suspended in an aqueous solution of H2O2 (1
mM) and the release was measured over 48 h. The
concentration of H2O2 used resulted in a H2O2:B molar
ratio of 147, 49, and 31 for ZMB1, ZMB2, and ZMB3

Figure 4. Nile red release kinetic profiles from nanoparticles with increasing PAPBMA block lengths (A−D) at different pH values (solid lines) and
in the presence of hydrogen peroxide (dotted lines).
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nanoparticles, respectively. The large excess of H2O2 used
ensured complete oxidation of the PAPBMA block. As shown
by the open symbols and dotted lines in Figure 4, the oxidative
environment triggered rapid release of the solute from all
nanoparticles, except for those assembled from the copolymer
without the boronic acid moiety, in which case the oxidant had
no effect on the release kinetics. For example, after 48 h at pH
7.4 and in the presence of H2O2, the relative amount of Nile
red released increased from 88 to 98% for ZMB1, from 81 to
99% for ZMB2, and from 38 to 88% for ZMB3 nanoparticles
(Figure 4A−D). This accelerated release can be attributed to
two coupled effects. First is the change in the hydrophobicity
of the PAPBMA block with oxidation. Comparing the water
solubilities of phenylboronic acid (1 g/100 mL) and phenol
(8.3 g/100 mL)the two pendant groups of the PAPBMA
block before and after oxidation, respectivelywould suggest
that the hydrophobicity of the interlayer block decreases with
oxidation. This change is dependent on medium pH because of
the ionizable character of PAPBMA, such that the difference in
water solubility on oxidation would be smaller in more basic
environments. The second effect is disruption of the hydrogen-
bonded network that occurs with the release of boric acid upon
oxidation, eliminating the possibility of hydrogen-bonding at
the core−shell interface. Both effects contribute to a solute
release behavior similar to that observed for ZMB1 nano-
particles, which lack the functional moiety. The results from
Figure 4 also show that release rate increased with pH,
consistent with previous reports showing that boronic acid
oxidation is more favorable in basic environments.64,65
Nanoparticle size and size distribution were also tracked by
dynamic light scattering experiments during this period and
over 7 days, revealing no change regardless of system pH or the
presence of the oxidant (Figure S11).

■ CONCLUSIONS
In conclusion, we successfully developed zwitterionic nano-
particles incorporating a boronic acid-containing middle block
through a combination of ROP and RAFT polymerizations.
Boronic acid block length was observed to have a direct effect
on release kinetics, and nanoparticles from polymers with
longer functional blocks showed slower release kinetics
compared with nanoparticles from polymers without this
moiety. Delayed release was attributed to hydrophobic effects
and noncovalent hydrogen bonding associations, which were
slightly sensitive to the pH of the environment and strongly
influenced by the presence of hydrogen peroxide. In this sense,
zwitterionic triblock copolymers incorporating a boronic acid-
containing segment can generate pH and H2O2 stimuli-
responsive nanoparticles even in the absence of binding pairs
containing vicinal diols, demonstrating a great potential as
target delivery vehicles. Moreover, our results show that the
secondary interactions of boronic acids, including hydrophobic
effects and hydrogen bonding, should be considered in the
design of technologies based on this biologically relevant
functionality.
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