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Oxidative instability of boronic acid-installed polycarbonate 
nanoparticles
Elena A. Garcia,a Diogo Pessoab and Margarita Herrera-Alonsoa†

Oxidative stress, caused by the overproduction of reactive oxygen species (ROS), is often observed in degenerative and/or 
metabolic diseases, tumors, and inflamed tissues. Boronic acids are emerging as a unique class of responsive biomaterials 
targeting ROS because of their reactivity toward H2O2. Herein, we examine the oxidative reactivity of nanoparticles from a 
boronic acid-installed polycarbonate. The extent of oxidation under different concentrations of H2O2 was tracked by the 
change in fluorescence intensity of an encapsulated solvatochromic reporter dye, demonstrating their sensitivity to 
biologically-relevant concentrations of hydrogen peroxide. Oxidation-triggered particle destabilization, however, was 
shown to be highly dependent on the concentration of the final oxidized polymer product, and was only achieved if it fell 
below polymer critical micelle concentration. Our results indicate that these nanocarriers serve as an excellent dual 
pH/H2O2 responsive vehicle for drug delivery.

Introduction
Stimuli-responsive nanocarriers for the targeted delivery of 
therapeutics have recently attracted a great deal of attention 
in the field of nanomedicine.1-3  One of the advantages of 
environmentally sensitive delivery vehicles is their ability to 
undergo physicochemical changes upon exposure to external 
signals and to subsequently release their payload at target 
sites.4 Although a variety of nanocarriers can be fabricated 
from different materials such as lipids and metals2, polymeric 
nanoparticles in particular have gained significant interest due 
to their chemical versatility. Recent advances in 
polymerization techniques have allowed the design and 
synthesis of polymers with well-defined chemistry and 
architecture that can be easily modified to render them 
responsive to a variety of physical5-8 (e.g. light, temperature, 
ultrasound, magnetic field, electric field) or chemical9-10 (e.g. 
enzymatic activity, ionic strength, redox potential, pH, 
oxidative conditions) external stimuli.2-3 As often times 
observed in nature, many biological processes result from 
adjustment not to one, but several environmental changes.3 
Therefore, it is of great interest to design polymeric materials 
that are capable of responding to multiple stimuli. Some of the 
most commonly studied multi-responsive systems are 

formulated from macromolecules triggered by 
temperature/light,11-12 temperature/pH,13-16 pH/redox17-20 and 
pH/salt.21 Far less explored are dual-responsive systems that 
use temperature, redox potential or pH in combination with 
oxidation.
Reactive oxygen species (such as hydrogen peroxide, 
superoxide and hypochlorite) play a crucial role in a variety of 
physiological processes such as cell signaling and defense 
against infections.22-23 However, oxidative stress, which is 
caused by the overproduction of ROS (particularly H2O2), is 
often observed in degenerative and/or metabolic diseases, 
tumorous and inflamed tissue, and is known to modulate 
cancer metastasis.22-25 Not only is hydrogen peroxide 
concentration inside cancerous cells elevated to as high as 100 
μM H2O2, but some cancer cells can tolerate extracellular H2O2 
concentration up to 10 mM.26 
Boronic acids and their derivatives are emerging as a unique 
class of responsive materials for biomedical applications. The 
growing appeal of boronic acids stems from their ability to 
form reversible boronic esters with 1,2- or 1,3-diols and 
catechol-containing molecules, as well as their pH sensitivity 
and reactivity toward H2O2.27-33 Although the application of 
boronic acid-based oxidation-sensitive materials for the 
“smart” delivery of therapeutics is relatively new, this area of 
research is expanding at a rather fast pace partially due the 
ease of functionalization of boronate moieties as well as their 
commercial availability.22, 24-25, 28, 34-38

The most commonly used synthetic techniques39 for the 
preparation of organoboron polymers include either direct 
free radical living polymerization of boronic ester-containing 
acrylate, acrylamide, or styrene monomers through RAFT40-46 
and ATRP47-49 mechanisms, or post-modification28, 50-52 of 
preformed polymers with boronic acid-bearing moieties. One 
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drawback of polymers prepared by these methods is 
biodegradability. Therefore, for biomedical applications it 
would be most advantageous to utilize polymer backbones 
capable of undergoing complete degradation over time. In 
particular, aliphatic polycarbonates (PCs) serve as a great 
alternative due to their excellent biocompatibility, 
biodegradability, good mechanical properties, low toxicity and 
non-acidity of their degradation by-products.53-55 Part of their 
appeal stems from the ease with which a great variety of 
functionalities can be appended to the PC backbone to render 
the polymer responsive to external stimuli.56-58 Our group was 
the first to report on the synthesis of boronic acid-installed 
polymers by ring-opening polymerization,59 and show their pH-
triggered drug release capability in a nanoparticle form.31 
Since, other groups have developed alternative methods for 
their synthesis,60-61 and studied their properties primarily in 
the context of biomedical applications.24, 33, 62-65 
Herein, we examine the oxidative reactivity of nanoparticles 
from a boronic acid-installed polycarbonate. The extent of 
oxidation under different concentrations of H2O2 was tracked 
by the change in fluorescence intensity of an encapsulated 
solvatochromic reporter dye, showing that nanoparticles were 
sensitive to biologically-relevant concentrations of hydrogen 
peroxide and that the extent of oxidation directly reflects the 
amount of the oxidant present. Notably, oxidation-triggered 
particle destabilization was shown to be highly dependent on 
the concentration of the final oxidized polymer product, and 
was only achieved if it fell below the critical micelle 
concentration of the oxidized polymer. Our results indicate 
that these nanocarriers serve as an excellent dual pH/H2O2 
responsive vehicle for drug delivery and highlight the 
importance of polymer concentration on particle 
destabilization.

Experimental
Details regarding materials synthesis and characterization are 
provided in the Supporting Information.

Results and Discussion
Monomer oxidation
To study the oxidation of boronic acid-installed polycarbonates 
in a nanoparticle form, we first examined monomer oxidation 
in either deuterium oxide or deuterated phosphate buffer 
(0.5x PBS) by 1H NMR. Due to its poor solubility in polar 
solvents, monomer oxidation was examined in solutions of d6-
DMSO and D2O. Oxidation experiments were carried out at 37 
°C with different H2O2 concentrations.
The mechanism of oxidation of monomer 1 (Figure 1) follows 
that previously observed for the oxidation of a carbamate-
linked phenylboronic acid derivative of trimethylene 
carbonate,25 and for the H2O2-triggered oxidation of a 
phenylboronic acid-installed acrylate monomer.23 As the NMR 
spectra show, monomer 1 and its hydrolyzed analog 2, are 
oxidized to 4-hydroxybenzyl cyclic carbonate 3 and pinacol 

boric ester. The latter is further hydrolyzed to free pinacol and 
boric acid, which is evidenced by the gradual conversion of 
signal g’ to g’’. Since mildly basic conditions are required for 
the decomposition of 4-hydroxybenzyl cyclic carbonate,23 
when in PBS, compound 3 quickly breaks down to form 2-
methyl-2-carboxyl-propylene carbonate 4 (MCC) and the highly 
reactive intermediate p-quinone methide 5. The latter can 
then either react directly with H2O to form 4-
(hydroxymethyl)phenol 6, or it can first react with HPO4

2- (or 
H2PO4

-) to form 4-hydroxybenzyl phosphate 7, which in turn is 
gradually hydrolyzed to 6. The extent of monomer oxidation 
can be calculated with the relative amounts of 6 and 7.

Figure 1. Top: Oxidation of monomer 1 in phosphate buffer and water (excluding 
the dotted region). Bottom: Oxidation of monomer 1 at 50 mM H2O2 in 
deuterated PBS/d6-DMSO tracked by 1H NMR. Spectrum A corresponds to 
monomer 1; spectra B and C correspond to oxidation periods of 5 h and 6 days, 
respectively.

Monomer oxidation in water showed a slightly different 
behavior to that previously discussed for the buffered system. 
As expected in the absence of PBS, signals corresponding to 4-
hydroxybenzyl phosphate 7 were not detected. Instead, peaks 
corresponding to 4-hydroxybenzyl cyclic carbonate 3 were 
directly observed. As oxidation proceeded, the pH of the 
system gradually drops because the acidic MCC product 4 
cannot be neutralized. Since mildly basic conditions are 
required for complete decomposition of 3 into p-quinone 
methide 5, the decrease in pH leads to eventual accumulation 
of the oxidation intermediate. The most notable difference 
between the oxidation behavior of 1 and 2 in buffered and 
non-buffered systems, is that as the pH drops below the pKa of 
the boronic ester in the non-buffered case, the complex is 
converted from its tetrahedral form to a much less 
hydrolytically stable trigonal neutral form, which leads to its 
dissociation. Since boronic esters are much more acidic than 
their parent free acids, the loss of the diol renders the boronic 
center less electrophilic. Considering that oxidation by 
hydrogen peroxide is a nucleophilic attack on boron, the 
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decrease in electrophilicity of the boron center, therefore, 
slows down the oxidation process.

Oxidation of unloaded nanoparticles
The oxidation kinetics of PEG45-b-PPBC26 (P1) nanoparticles 
(unloaded) was analyzed by 1H NMR to < 30 h. Details 
regarding sample preparation (i.e., incubation, lyophilization 
and NMR acquisition) are provided in the Supporting 
Information and selected spectra are presented in Figure 2. 
The extent of polymer oxidation was calculated using the 
relative amounts of the methylene peak of 4-
(hydroxymethyl)phenol (signal d6) and P3, to the remaining 
species. A similar protocol was used to analyze copolymer 
oxidation in phosphate buffer, with the exception that 
nanoparticles were dialyzed against 0.1X PBS for 3.5 h prior to 
incubation studies.

Figure 2. Top: oxidation of PEG45-b-PPBC26 (P1) nanoparticles in water. Bottom: 
oxidation of P1 nanoparticles at 500 μM H2O2 tracked by 1H NMR. Spectrum A 
corresponds to polymer P1; spectra B, C and D correspond to oxidation periods 
of 2.5 h and 20 h respectively.

Oxidation of un-loaded polymer nanoparticles was initially 
examined with a hydrogen peroxide concentration of 500 μM, 
which in this case corresponds to a H2O2:B molar ratio of 0.56. 
Samples analyzed after nanoparticle preparation, and in the 
absence of hydrogen peroxide, showed limited oxidation (~ 
6%), which we attributed to the presence of peroxides in the 
solvent (THF) that was used to dissolve the polymer for self-
assembly. Subsequent experiments were carried out using THF 
stabilized with BHT to preclude this “unwanted” reaction. 
Regardless of oxidation time, NMR spectra showed no 
evidence of backbone degradation under the examined 
conditions which is consistent with the fact that alkaline 
environments are required for carbonate hydrolysis.55

Oxidation in both H2O and 0.1X PBS exhibited a similar trend: 
~30% of polymer oxidized after 7 h of incubation reaching a 
plateau at 50% within 30 h (Figure S6). This result shows that 
all of the hydrogen peroxide in the system was consumed and 

further demonstrates that it is possible to control the extent of 
polymer oxidation by varying the molar equivalents of H2O2 to 
boronic acid. If the goal at hand is to design a system where a 
payload is released from the nanoparticle core upon 
encountering an oxidative environment, we predict that 
micelles prepared from PEG45-b-PPBC26 copolymer can be an 
excellent candidate as oxidation-sensitive delivery vehicles.

Oxidation of nile red encapsulated PEG45-b-PPBC26 
nanoparticles
Nile red (NR) nanoparticles stabilized by P1 (PEG45-b-PPBC26) 
were prepared by flash nanoprecipitation as described in the 
Supporting Information. The final polymer concentration after 
dialysis was ~ 0.41% wp/w and the concentration of nile red 
was 0.1% w/wp. Nanoparticle size and polydispersity, after 
dialysis to remove the organic solvent, were 39 nm and 0.11, 
respectively (Figure S7). TEM also showed well-defined 
particles with no aggregation. To track the decrease in 
fluorescence intensity, NR emission was measured from 550 to 
800 nm with an excitation wavelength of λex = 550 nm. 
Nanoparticle oxidation in 1X PBS was examined for three 
hydrogen peroxide concentrations (0, 250 and 1000 μM H2O2) 
and up to 24 h (Figure 3). While most of these concentrations 
are higher than the physiologically relevant range (50-100 
μM),22, 24, 66 for the particular experimental conditions 
examined they correspond to H2O2:B molar ratios of 0, 0.28 
and 1.16. The effect of hydrogen peroxide concentration on 
the fluorescence of Nile Red is also included in the Supporting 
information (Figure S8). As shown, there is no observable 
effect of H2O2 concentration on NR fluorescence, aside from 
the shift in peak position which results from a change in the 
polarity of the solvent (see comparison with water).

Figure 3. Fluorescence of nile red-loaded P1 nanoparticles in PBS. Also shown 
are the corresponding H2O2:B molar ratios for each sample.

As shown in Figure 3, a clear decrease in NR fluorescence 
intensity was observed over time, the extent of which 
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depended on the H2O2:B molar ratio. Regardless of H2O2 
concentration, the decay in fluorescence plateaus at ~ 3 h, 
with insignificant changes up to 24 h. As also shown in Figure 
3, the fluorescence intensity of the sample incubated in PBS in 
the absence of hydrogen peroxide decreased by ~ 12% in 3 h, 
which we attribute to hydrolysis of the boronic ester moiety 
resulting in an increase of the hydrophilic character of the 
core. The increase of core hydrophilicity is further confirmed 
by the slight red-shift in the fluorescence emission maximum 
of NR (Figure S9).

The sample containing 250 μM H2O2 shows a final fluorescence 
intensity of 52% which is lower than the predicted value of 
72% based on the H2O2:B molar ratio used. The difference 
between experimental and theoretical values is attributed to 
hydrolysis. As oxidation proceeds, P1 (PEG45-b-PPBC26, Figure 
2) and its hydrolyzed analog P2, are gradually converted into 
P3 and ultimately P4 (PEG45-b-PCC26). As oxidation proceeds, 
the hydrophilic character of the core is expected to increase, 
particularly so when contrasting P1 and P4; this difference is 
less pronounced when comparing P2 and P4. Nevertheless, 
increased core hydrophilicity caused by pendant carboxylates 
resulting from oxidation could facilitate the influx of water and 
thus enable hydrolysis to proceed to a greater extent than 
observed for the sample free of hydrogen peroxide.
Zeta potential measurements were also used to assess 
nanoparticle oxidation in PBS. The zeta potential of 
nanoparticles in PBS was initially (prior to oxidation) -34 mV. 
Since the pKa of the phenylboronic acid pinacol ester is 
expected to be 2-4 units lower than the pKa of its deprotected 
acid form (pKa ~ 9.3),27 it is possible that at pH 7.4, the phenyl 
boronic ester can act as a Lewis acid and coordinate an OH 
group to form a tetrahedral anionic species yielding a initial 
negative zeta potential. Upon oxidation, zeta potentials drop 
to ~ -70 mV and are seemingly insensitive to H2O2 
concentration (Figure S10). This result is consistent with the 
presence of exposed carboxylic acids, resulting from polymer 
oxidation.
Oxidation of nanoparticles in Milli-Q water (pH ~ 6) was also 
examined (Figure 4). Similar to PBS, a decrease in NR 
fluorescence intensity with H2O2 concentration was observed 
over time and attributed to a combination of hydrolysis and 
oxidation. In this case, the decrease in fluorescence intensity 
assigned purely to hydrolysis reached 25% over a 30 h period. 
We had previously observed a similar pH-dependent trend for 
the release of capecitabine from PEG-b-PPBC nanoparticles.31 
Comparing Figures 3 and 4, it is clear that the combined rates 
of hydrolysis and oxidation are considerably slower in water 
than in PBS for the same H2O2 concentration. Furthermore, the 
difference of fluorescence intensity between samples 
containing H2O2 and those free of the the oxidant are greater 
for reactions in PBS. These differences are attributed to both 
the higher electrophilicity of the boronic ester compared to its 
deprotected parent acid,67 as well as the increased rate of 
decomposition of the phenolic intermediate under mildly basic 
conditions.

Figure 4. Fluorescence of nile red-loaded P1 nanoparticles in water at 37 °C and 
different H2O2 concentrations. Also shown are the corresponding H2O2:B ratios 
for each sample. Closed and open symbols correspond to samples where the 
final polymer concentration was higher or lower than the CCMC of the fully 
oxidized copolymer, respectively.

Although hydrolysis and/or oxidation increase the polarity 
inside nanoparticle cores resulting in the quenching of nile red 
fluorescence, this decrease does not necessarily imply nile red 
release from the core as a result of nanoparticle degradation. 
To examine this, dynamic light scattering measurements were 
taken throughout the oxidation process to interrogate for 
changes in particle size and dispersity. Size distributions of 
nanoparticles oxidized in water at different concentrations and 
times are provided in Figure 5. Interestingly, the sample run at 
1000 µM (H2O2:B = 1.16, A in Figure 5) showed little to no 
change in particle size but a slight broadening of the 
distribution at long reaction times. This result is unexpected as 
the polarity inside the core is considerably enhanced upon 
oxidation. Prior examples of oxidation-triggered nanocarrier 
disassembly have shown to be induced by the change in 
polymer solubility due to cleavage of hydrophobic pendant 
groups24, 28, 37, 68-69 or complete degradation of the polymer 
backbone.25, 35, 38, 70 Fu, et al.,24 for example, studied the 
fluorescence behavior of a series of triblock copolymers 
consisting of polycarbonate backbones with side-chains of 
diethylene glycol and either boronic acid-containing aliphatic 
or aromatic moieties. They showed that phenylboronic acid-
containing polymers, in contrast to their aliphatic 
counterparts, underwent disassembly upon oxidation. A few 
important considerations must be made at this point to 
explain our results in light of Fu’s work. Firstly, polymer 
architecture is known to have a highly consequential effect on 
the properties of their self-assemblies. Diblock and triblock 
copolymers with similar hydrophobic/hydrophilic compositions 
have, for example, different critical micelle concentrations, 
generally lower for diblocks, as well as different intermicellar 
exchange rates, considerably faster for the triblock.71-76 
Explaining our differences in terms of the thermodynamic 
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stability of the assemblies based on the structure of the 
building blocks is not direct, as there exist important 
differences in terms of monomer arrangement (triblock vs. 
diblock), hydrophilic block chemistry, hydrophobic block length 
(which differs by a factor of 2), and hydrophilic contribution 
(i.e., number of ethylene glycol repeats which differ by a factor 
of 6). Second, though not explicitly mentioned by the Authors, 
we estimated that the H2O2:B ratio used by Fu was several 
orders of magnitude higher than the maximum used in our 
case, roughly 445 times higher than the nearly-stoichiometric 
ratio used by us. Lastly, the presence of unimers was observed 
by Fu et al. after 48 h of exposure to H2O2 under these 
conditions; our experiments were limited to < 30 h. Combined, 
these results help to explain the different behavior observed in 
both cases.

Figure 5. Size distributions of nile red encapsulated P1 nanoparticles incubated 
at 37 °C in water. (A) Nanoparticles oxidized in 1000 μM H2O2 with a H2O2:B ratio 
of 1.16. (B) Nanoparticles oxidized in 250 μM H2O2 with a H2O2:B ratio of 5. (C) 
Nanoparticles oxidized in 100 μM H2O2 with a H2O2:B ratio of 5.

To further probe conditions leading to disassembly, we 
examined the effect of polymer concentration. For this, we 
first measured the critical micelle concentration of the fully 
oxidized copolymer P4 (CCMC,P4 = 68.5 µg/mL, Figure S4), and 
found it to be substantially higher than either that of the 
precursor polymer P1 (CCMC,P1 = 1.45 µg/mL) or of the 
hydrolyzed copolymer P2 (CCMC,P2 = 3.65 µg/mL). A roughly 
similar increase in critical micelle concentration had been 
reported for benzyl-protected vs. deprotected PEG-b-PCC.54 
While it is true that the polarity of the polycarbonate block 
changes upon oxidation, the hydrophobic character of the 
backbone continues to contribute to the overall water-
solubility of this block. Despite the significant change in CCMC of 
P4, the final polymer concentration of sample A in Figure 5 
exceeded the CCMC of the fully oxidized copolymer therefore 
contributing to NP stability.
Oxidation was, therefore examined for samples whose 
supersaturation decreased below their CCMC upon complete 
reaction. Supersaturation (S) is defined as the ratio of the 
polymer concentration to its critical micelle concentration. The 
concentration of H2O2 in these samples was 100 µM and 250 
µM, such that the H2O2:B molar ratio in both cases was 5, 
exceeding the H2O2:B ratio previously discussed. For the 100 
µM sample, Sinitial(P1)=6.2 and Sfinal(P4)=0.055, whereas for the 
250 µM case, Sinitial(P1)=15.4 and Sfinal(P4)=0.138. As a reference, 
supersaturations for the previously discussed 1000 µM sample 
were Sinitial(P1) = 266 and Sfinal(P4) = 2.4. As shown in Figure 4 

(open symbols), a considerably faster decay in fluorescence 
intensity was observed for samples oxidized in the presence of 
a 5-fold excess H2O2, with little difference between the 100 
µM and 250 µM samples. At long reaction times, the 
fluorescence intensity of all samples at or above the 
stoichiometric ratio of H2O2:B plateau at the lowest attainable 
value (~7.5%).
Dynamic light scattering experiments of dilute nanoparticles 
revealed broadening distributions as oxidation proceeded, 
indicating either particle swelling or agglomeration. A more 
pronounced effect was noted for the sample with lower 
supersaturation values (C in Figure 5), wherein observable 
destabilization was evident even at short reaction times (3 h). 
Samples oxidized at higher polymer concentration (i.e., below 
the stoichiometric ratio of H2O2:B), showed little to no 
variation in particle size over 32 h.
Scattered light intensity measurements from DLS also provide 
useful information regarding nanoparticle concentration and 
number. The derived photon count rate, given as kilo counts 
per second (kCPS), can be used to monitor the kinetics of 
nanoparticle disassembly.77-81 As shown in Figure 6, the 
derived count rate decreased during oxidation, with a faster 
decay for the sample with lowest supersaturation. In contrast, 
the sample incubated in the absence of H2O2 showed no 
considerable variation over time. The decay in derived photon 
count rate is indicative of a reduction in particle number 
and/or size.82 As the electrostatic repulsion of negatively 
charged carboxylate groups, resulting from oxidation, would 
contribute to core swelling, the decay can only be explained by 
a decrease in the number of particles thus confirming that 
oxidation leads to destabilization and disassembly under the 
conditions examined.

Figure 6. Derived count rate of nile red-loaded P1 nanoparticles in water at 37 °C 
and different H2O2 concentrations.
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Conclusions
We have systematically studied the oxidation of nanoparticles 
formed from diblock copolymers containing a phenylboronic 
acid-functionalized polycarbonate (PPBC) in the presence of 
hydrogen peroxide at physiologically-relevant concentrations. 
Our results show that the extent and rate of oxidation are not 
only directly dependent on the ratio of hydrogen peroxide to 
boron, but also appear to be faster in buffered environments. 
However, and despite the change in core polarity due to 
oxidation, particle destabilization was strongly dependent on 
polymer concentration and was only achieved if the final 
concentration fell below the critical micelle concentration of 
the oxidized polymer. When designing a system for cargo 
release in an oxidative environment, it is important to keep in 
mind the mechanism by which this payload should be 
delivered. If the goal is to release the payload complexed to 
the polymer backbone, it can be readily accomplished by 
exposing nanoparticles to an oxidative environment; in this 
case, the amount of bound cargo detached will be directly 
related to the concentration of the oxidant. If particle 
destabilization and disassembly is desired, polymer 
concentration relative to the critical micelle concentration of 
the end product will play a critical role. A variety of drugs or 
imaging agents bearing a 1,2-diol can be readily complexed to 
phenylboronic acid-containing polymers resulting in polymer-
drug conjugates which are reactive toward physiologically-
relevant changes in pH and, as we show here, H2O2 levels.
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