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Stimuli-responsive nanoparticles are gaining considerable attention in the field of drug
delivery due to their useful physicochemical changes in response to specific triggers, such as
pH[1], temperature[2], enzymes[3] or redox conditions[4], present in certain physiological or
disease microenvironment of interest. Among these nanoparticles, stimuli-responsive cross-
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linked micelles (SCMs) represent a versatile nanocarrier system for tumor targeting drug
delivery[2c, 4-5]. For instance, SCMs exhibit superior structural stability under physiological
condition compared to the non-crosslinked counterpart. As a result, these nanocarriers are
able to better retain the encapsulated drug and minimize its premature release while
circulating in the blood pool[2c, 4b, 5b]. The introduction of environmentally sensitive
crosslinkers makes SCMs responsive to the local environment of the tumor (e.g. tumor
extra-cellular pH (6.5-7.2), endosomal/lysosomal pH (4.5–6)[5b, 6], and tumor reductive
intra-cellular condition[4-5]). In these instances, the payload drug is released almost
exclusively in the cancerous tissue upon accumulation via the well known enhanced
permeation and retention (EPR) effect[2c, 4b, 5b].

Remarkable progress in this field has led to the development of SCMs responsive to a single
stimulus[4b, 5b]. Various cleavable linkages have been introduced in SCMs, such as reducible
disulfide bonds[4b], pH cleavable[6] or hydrolysable ester bonds[2c]. Currently, second
generation SCMs able to respond to multiple stimuli are being actively pursued as tools for
accomplishing the multistage delivery of drugs to the complex in vivo micro-
environment[7]. Boronic acids are well-known to bind diols forming reversible boronate
esters that exhibit fast dual responsiveness to external pH and competing diols[8]. Based on
this interaction, there has been increasing interest in using boronic acids as building blocks
to design carbohydrate sensors[9], nano-reactor[10], drug delivery systems[11] and self-
healing materials[12]. Among diols, catechols are an excellent reactant for the formation of
complexes with boronic acids, thanks to the favorable syn-peri-planar arrangement of the
aromatic hydroxyl groups combined with their electron-donating character[8a, 13]. Herein,
we present the first report, to our knowledge, on the synthesis of a novel class of dual-
responsive boronate cross-linked micelles (BCM) for drug delivery based on the self-
assembly and in situ complexation of boronic-acid containing polymers and catechol
containing polymers. We hypothesize that these BCMs will retain the encapsulated drug
under physiological conditions, while releasing the payload quickly when triggered by the
lower pH of the tumor environment or when exposed to exogenous competing diols.

Additionally, we are also presenting a Förster resonance energy transfer (FRET) reporter
system to evaluate the in vivo stability of these micelles. This characterization is usually
difficult to accomplish in vivo due to the lack of suitable analytical techniques.

We have previously reported a novel class of micelles for efficient anticancer drug delivery
based on linear polyethylene glycol (PEG) and dendritic cholic acids (CA) block
copolymers (called telodendrimers)[4b, 14]. In the present work, we have improved the
stability of these micelles by crosslinking with boronate esters at the core-shell interface.
The crosslinking reactants (i.e. boronic acid and catechol) were introduced on the block
copolymers through step-wise peptide chemistry via attachment to a hydrophilic linker and
positioned onto adjacent sites of the telodendrimers (Scheme 1, Scheme S1, S2). The
peptide chemistry employed provides a facile strategy to synthesize a number of well-
defined telodendrimers bearing a defined number and derivative of boronic acids and
catechols. Nitro-phenylboronic acid (NBA) and phenylboronic acid (BA) were chosen as
reactants to bind the catechol partners. The resulting boronate esters are known to be stable
at physiological pH[8a, 15] even in the presence of most competing carbohydrates present in
blood[8a, 8b]. The reaction of boronic acid with catechol on distinct telodendrimers in
aqueous conditions takes place concomitantly to the self-assembly of the telodendrimers into
micelles, resulting in boronate ester crosslinked micelles.

The synthetic schemes of a series of boronic acid and catechol-containing telodendrimers
are shown in the Supporting information (Scheme S1-3). A representative crosslinkable
telodendrimer pair, PEG5k-NBA4-CA8 and PEG5k-Catechol4-CA8 consist of, respectively,
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four nitro-phenylboronic acids and four catechols, attached to the α- and ε-amino groups of
pendant lysines positioned at adjacent sites between the linear PEG and dendritic octamer of
cholic acids (Scheme S1-3). The parent telodendrimer, PEG5k-CA8 was also
synthesized[14b] to generate non-crosslinked micelles (NCM) for comparison. The structure
of telodendrimers was confirmed by MALDI-TOF MS, 1H-NMR and a colorimetric assay
based on the indicator of alizarin red S (ARS)[8a, 16](Table S1, Figure S1-3).

ARS is a catechol dye displaying dramatic changes in color and fluorescence intensity upon
binding to boronic acid (Figure S3, S4, Scheme S4)[16]. The introduction of electron
withdrawing group onto the phenyl ring of boronic acid stabilizes the boronate form of the
acid and lowers the pKa value, which in turn favors boronate ester formation at a higher pH
of 7.4[15]. The nitro-phenylboronic acids containing telodendrimer PEG5k-NBA4-CA8
caused more significant color change of ARS (from burgundy to yellow) compared with the
equal concentrations of phenylboronic acids containing telodendrimer PEG5k-BA4-CA8,
indicating the stronger binding of PEG5k-NBA4-CA8 with ARS (Figure S4). We also
observed that the fluorescence intensity of ARS at 580 nm increased significantly upon
binding with PEG5k-NBA4-CA8 and PEG5k-BA4-CA8 (Figure S5).

Next we proceeded to verify the formation of boronate crosslinking within BCMs prepared
via solvent evaporation method[4b, 14]. The fluorescence spectra of ARS were recorded with
micelles comprised of varying ratios of boronic acid- and catechol-containing
telodendemers. When the concentrations of ARS and boronic acid containing telodendrimers
were fixed at 0.1 mM, the fluorescence of ARS was dramatically suppressed with increasing
amounts of PEG5k-Catechol4-CA8 (0 to 0.5 mM) (Figure 1A, S-6). These results are a
qualitative indication of the formation of catechol-boronate crosslinking esters as ARS was
prevented from complexation with boronic acid containing telodendrimers.

A series of BCMs were formed using equal molar ratios of the boronic acid-containing
telodendrimers and catechol-containing telodendrimers and their physical properties are
shown in Table 1. Boronate cross-linking dramatically reduced the critical micelle
concentrations (CMC) as compared with NCM (Table 1). The particle sizes for BCMs were
all in the range of 22 – 27 nm with narrow distribution (Table 1, Figure 1B, 1C1, S7), which
is similar to the parent non-crosslinked PEG5k-CA8 micelles.

We then investigated the interaction of the crosslinked micelles with plasma proteins to
simulate potentially destabilizing conditions for in vivo applications. BCM4 still retained
size uniformity and narrow distribution peaked at 30 nm when exposed to 50% (v/v) human
plasma for 24 h (Figure S-8E). Quite to the opposite, the NCM showed significantly broader
size and bimodal distribution with populations at 81 and 237 nm, indicating the formation of
large aggregates (Figure S-8B). We further investigated whether boronate cross-linking
enhances micellar stability against severe micelle-disrupting conditions. Sodium dodecyl
sulfate (SDS), a strong ionic detergent, has been reported to efficiently break down
polymeric micelles[17]. Micelle solutions were exposed to an aqueous solution of SDS while
continuously monitoring the particle size with dynamic light scattering. The rapid
disappearance (< 10 sec) of the particle size signal for the NCM reflects the loss of integrity
(Figure 1B, S8A, 8C). The BCM1, BCM2 and BCM3 retained the size in SDS for 2 min, 5
min and 30 min, respectively (Table 1). Despite an initial decrease, the constant particle size
was observed over 2 days for BCM4 treated under the same conditions indicating that the
cross-linked micelles self-assembled from the telodendrimer pair of PEG5k-NBA4-CA8 and
PEG5k-Catechol4-CA8 remained intact (Figure 1B, S8D, 8F and S9). BCM3 and BCM4,
containing double the number of boronate esters retained their structural integrity
significantly longer in the presence of SDS, when compared to BCM1 and BCM2,
respectively. BCM2 and BCM4 crosslinked via nitro phenyl boronate esters were more
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stable than the corresponding phenyl boronate esters crosslinked micelles BCM1 and
BCM3. We further investigated the response to pH- and diol- for BCM4 in the presence of
SDS. The particle size signal of BCM4 decreased suddenly (within 2 min) in SDS after 120
min incubation in pH 5.0, indicating that the micelle rapidly dissociated when a critical
percentage of boronate bonds were hydrolyzed (Figure 1B, S8G). We found that mannitol
(containing three cis-diol pairs) could also efficiently cleave the crosslinking boronate bonds
of the BCM4, as evidenced by the rapid reduction in particle size of BCM4 in the presence
of SDS and excess of mannitol (100 mM) (Figure 1A, S8H). On the contrary, the size of
BCM4 persisted in the presence of both SDS and 100 mM glucose (containing one cis-diol)
(Figure S8I). TEM permitted the confirmation that the micellar structure of NCM was
disrupted in SDS solution[4b]. The TEM graphs also demonstrated the micellar structure of
BCM4 was well retained in SDS at pH 7.4 (Figure 1C2) but was rapidly disrupted in SDS at
pH 5.0 or in the presence of 100 mM mannitol (Figure 1C3, 1C4).

We investigated the release profiles from the micelles by using paclitaxel (PTX) as a model
drug. The loading content of PTX into NCM and BCMs was above 9.8% (w/w, drug/
polymer) while the loading efficiency for all micelles above 98% (Table 1). PTX release
from NCM was rapid with almost 30% of PTX released within the first 9 h independently
from the pH of the release medium or the presence of diols (Figure S10). PTX release from
BCM3 crosslinked via phenyl boronate was significantly slower than NCM but faster than
BCM4 with nitro- phenyl boronate crosslinking at pH7.4 (Figure S10A, S10B). PTX release
from BCM3 was promoted when decreasing the pH of the medium from 7.4 to 6.5 while
that of BCM4 was accelerated at pH 5.5 (Figure S10A). In the presence of glucose at its
physiological level (2-10 mM) or even higher concentration (50 mM), PTX release from
BCM3 and BCM4 was similar to that in the release media without glucose (Figure S10B). It
was noted that PTX release was not sensitive to 10 mM mannitol but could be gradually
facilitated as the concentration of mannitol increased up to the range of 50-100 mM (Figure
S10B). This could be attributed to the significantly higher affinity of mannitol with boronic
acids than that of glucose at the same concentration in physiological conditions. Mannitol is
a safe FDA approved drug for diuresis. High blood level of mannitol (> 50 mM) can be
achieved clinically based on the recommended dose. In this study, mannitol can be applied
in vivo as an on-demand cleavage reagent via systemic intravenous injection to trigger drug
release after the drug loaded BCMs have accumulated in tumor sites. In order to simulate the
in vivo situations, the PTX release from BCM4 was first incubated under psychological pH
for a period of time (e.g. 5hr) and then was triggered with acidic pH and/or mannitol. As
shown in Figure 2A, the PTX release from BCM4 was significantly slower than that from
NCMs at the initial 5 h. When 100 mM mannitol was added or the pH of the medium was
adjusted to 5.0 at the 5 hr time point, there was a burst of drug release from the BCM4. It
should be noted that the PTX release can be further accelerated via the combination of 100
mM of mannitol and pH 5.0. This two-stage release strategy can be exploited so that
premature drug release can be minimized during circulation in vivo followed by rapid drug
release triggered by the acidic tumor microenvironment, or upon micelle exposure to the
acidic compartments of cancer cells or by the additional administration of mannitol.

PEG5k-NBA4-CA8 and PEG5k-Catechol4-CA8 and empty BCM4 showed no noticeable
cytotoxicity to SKOV-3 ovarian cancer cells up to 1.0 mg/mL (Figure S11). Confocal laser
scanning microscopic images showed that BCM4 loaded with a hydrophobic near infrared
dye (DiD) were taken up by SKOV-3 ovarian cancer cells and mainly localized in the
cytoplasmic region after 1 hr incubation (Figure S12). The in vitro anticancer activity of
PTX loaded non-cross-linked micelles (PTX-NCM) and PTX loaded BCM4 (PTX-BCM4)
was evaluated on SKOV-3 ovarian cancer cells for 1 hr incubation followed by PBS wash
and 23 hr further incubation. PTX-NCM showed comparable in vitro anti-tumor effects
against SKOV-3 cells as Taxol® (free drug of paclitaxel) (Figure 2B). PTX-BCM4 was
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found to be considerably less cytotoxic than Taxol® and PTX-NCM at equal dose levels.
This reflects the fact that less PTX exposed to cells caused by slower drug release from
BCM4 within the cell culture media at pH 7.4 in the presence of 5.5 mM glucose (Figure
2B). There were minimal changes in the toxicity profile of PTX-NCM and free drug
triggered with acidic pH and mannitol. In contrast, PTX-BCM4 showed significantly
enhanced cancer cell inhibition at pH 5.0 in the presence of mannitol (100 mM) (Figure 2B).
As described above, the combination of acidic pH and mannitol facilitated drug release
because of cleavage of the crosslinking boronates of BCM4 resulting in enhanced
cytotoxicity. Due to the enhanced stability, BCM4 is expected to be able to deliver higher
concentration of PTX to tumor site than NCM for in vivo applications. Subsequent release
on-demand of should result in better anti-tumor effects.

We then proceeded to develop a FRET system to evaluate the in vivo stability of the
crosslinked micelles. FRET is a powerful technique to probe the molecular proximity of a
fluorescent donor-acceptor pair [18] and for this reason FRET has been widely applied in the
investigation of a variety of biological events[18]. Very recently, a few reports utilized FRET
to probe the stability and drug release profile of non-crosslinked micelles[19].

We constructed the FRET reporter system by using a green dye DiO (donor) and a red-
orange dye rhodamine B (acceptor) as a FRET pair to investigate the in vivo stability of
NCM and BCM4 (Figure 3A, S13). DiO was encapsulated in the core of micelles as the
hydrophobic drug surrogate to track the payloads. Rhodamine B was covalently conjugated
to the telodendrimers to track the nanocarriers. When the 20 nm non-crosslinked FRET
micelle (FRET-NCM) was intact, the proximity between DiO and rhodamine B was within
the FRET range allowing efficient energy transfer from DiO to rhodamine B upon excitation
of DiO at 480 nm (Figure 3C, S13). The FRET ratio (Irhodamine B/(Irhodamine B + IDiO)) was
measured to be 80%, where Irhodamine B and IDiO were fluorescence intensity of rhodamine B
at 580 nm and DiO at 530 nm, respectively, in PBS. Upon FRET-NCM dissociation, the
FRET ratio was significantly reduced to 21% as result of the separation between DiO and
rhodamine B (Figure 3C). A FRET signal was also detected from boronate crosslinked
FRET micelles (FRET-BCM4, particle size: 21 nm) with an observed FRET ratio of 89% in
PBS (Figure 3D). Significant DiO emission at 530 nm was observed along with dramatic
reduction of rhodamine B fluorescence when FRET-BCM4 was diluted 20 times via DMSO,
indicating a loss of FRET signal due to the solvation of DiO when the micelle was
dissolved. Upon excitation at 480 nm, the rhodamine B signal of NCM and BCM4 labeled
with rhodamine B alone was negligible in comparison with the corresponding FRET
micelles (Figure S13C, S13D). Therefore, by monitoring the dynamic change of FRET ratio,
we were able to monitor the stability of the micelles in real time[4b, 19a]. FRET micelles
were injected into nude mice via tail vein and the blood was collected at different time
points to investigate their in vivo stability by monitoring FRET efficiency. The FRET ratio
of FRET-NCM decreased rapidly to 46% within 1 min post-injection and dropped to 21%
after 24 min (Figure 3E, Figure S14). One possible reason is the dissociation of NCM upon
extreme dilution in blood stream as the estimated concentration of micelles in blood (100
μg/mL) was close to their CMC (50.1 μg/mL, Table 1)[20]. Moreover, blood flow with a
strong shear stress could mix the micelles thoroughly with blood proteins and lipoprotein
nanoparticles (e.g. LDL, HDL, VLDL), leading to a fast release of core-loaded DiO dye
from the circulating micelles[19a]. In contrast, FRET ratio of FRET-BCM4 decreased much
slower than that of FRET-NCM at the same micelle concentration (Figure 3E, Figure S14),
indicating the boronate crosslinking greatly enhanced the in vivo stability of the micelles,
therefore, will decrease premature payload release.

Rhodamine B labeled NCM and BCM4 were used to study the in vivo blood elimination
kinetics of the micelles (Figure S15). After intravenous injection into mice, rhodamine B
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signal of NCM was rapidly eliminated from blood circulation and fell into the background
level within 10 hr post injection (Figure 3F). Rhodamine B signal of BCM4 in blood was 6
times higher than that of NCM at 10 hr post injection and sustained for more than 24 hr. The
above profiles of elimination kinetics indicated that the cross-linked micelles have longer
blood circulation time than the non-cross-linked micelles. We further demonstrated DiD and
PTX co-loaded BCM4 to be able to preferentially accumulate in SKOV-3 ovarian tumor
(Figure S16). Ex vivo imaging at 32 hr post injection confirmed the preferential uptake of
BCM4 in tumor compared to normal organs (Figure 3G). This is due to the prolonged in
vivo circulation time of the micelles and the size-mediated EPR effect.

In summary, we reported the design and synthesis of a novel class of dual pH- and diol-
responsive crosslinked micelles formed by well-defined telodendrimers containing boronic
acid and catechol respectively. By tuning the pKa and numbers of boronic acids and
catechols in the telodendrimers, we have optimized the stability of the resulting boronate
crosslinked micelles as well as their stimuli-response to cis-diols and acidic pH. The release
of PTX from the boronate cross-linked micelles was significantly slower than that from non-
cross-linked micelles but can be accelerated by the acidic pH and/or mannitol. We
developed a highly efficient FRET system and further demonstrated that BCMs exhibited
enhanced in vivo stability. This novel nano-carrier platform shows great promise for drug
delivery with minimal premature drug release at physiological glucose level (2-10 mM) and
physiological pH values (pH 7.4) in blood circulation but can be activated to release drug on
demand at acidic tumor microenviroment or in the acidic cellular compartments upon uptake
in target tumor cells, and/or by the additional intravenous administration of mannitol as
triggering agent.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The fluorescent intensity of ARS (0.1 mM) upon mixing with micelles formed by
PEG5k-NBA4-CA8 (0.1 mM) with different ratios of PEG5k-Catechol4-CA8 (0-0.5 mM) in
PBS at pH7.4. Excitation: 468 nm. (B) Continuous dynamic light scattering measurements
of NCM in SDS and BCM4 in SDS for 120 min, at which time mannitol was added or pH of
the solution was adjusted to 5.0 (see arrow). TEM images of BCM4 in PBS(C1), BCM4 in
SDS for 120 min (C2), BCM4 in SDS for 120 min and then adjusted the pH of the solution
to 5.0 for 20 min (C3), and BCM4 in SDS for 120 min and then treated with mannitol (100
mM) for 20 min (C4), (scale bar: 100 nm).
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Figure 2.
(A) pH- and diol- responsive paclitaxel (PTX) release profiles of BCM4 by treating with
diols (mannitiol and glucose) and/or pH 5.0 at 5hr compared with that of NCM. (B) MTT
assays showing the viability of SKOV-3 cells after 1hr incubation with Taxol®, PTX-NCM
and PTX-BCM4 with or without treatment with 100 mM mannitol at pH5.0, followed by 3
times wash with PBS and additional 23hr incubation. *: p < 0.05, **: p < 0.01, ***: p <
0.001.
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Figure 3.
Schematic illustration of FRET-NCM in PBS (A) and in DMSO (B) at pH7.4; (C)
Fluorescence emission spectra of FRET-NCM in PBS (red line) and DMSO (black line)
with 480 nm excitation. (D) Emission spectra of FRET-BCM4 in PBS (red line) and DMSO
(black line) with 480 nm excitation. (E)The FRET ratio (Irfhodamine B/(Irhodamine B + IDiO)) in
blood of nude mice (n=3) over time after intravenous injection of 100 μL FRET-NCM and
FRET-BCM4 (2.0 mg/mL).Excitation: 480 nm. (F) The fluorescence signal changes of
rhodamine B conjugated NCM and BCM4 in the blood collected at different time points
after intravenous injection in the nude mice (n=3). Excitation: 540 nm. (G) Ex vivo near
infrared fluorescence (NIRF) images of SKOV-3 xenograft bearing mouse obtained after
intravenous injection of BCM4 co-loaded with PTX and DiD.
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Scheme 1.
Schematic representation of the telodendrimer pair [PEG5k-(boronic acid/catechol)4-CA8]
and the resulting boronate crosslinked micelles (BCM) in response to mannitol and/or acidic
pH.
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