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ABSTRACT: Boronic acids have been widely applied in various
biological fields, particularly achieving significant practical progress
in boronic acid−based glucose sensing. However, boronic acids
exhibit nonspecific binding to other nucleophiles, and the inherent
lability of boronic esters in biological systems limits their further
applications. Herein, we developed a stimuli-responsive control-
lable caging strategy to achieve photoresponsive spatiotemporally
and nitroreductase-responsive cancer cell-selective glucose sensing.
We introduced o-/p-nitroaryl-containing self-immolative linkers
onto δ-pinanediol derivatives, effectively caging boronic acids and
blocking glucose recognition. Upon triggering by specific stimuli,
the caged boronic esters decompose, releasing boronic acids and thereby restoring glucose recognition of the diboronic acid−based
sensor. The proof of concept was confirmed through intracellular glucose bioimaging in living cells. Upon regional UV irradiation,
we could monitor intracellular glucose with excellent spatiotemporal selectivity. Furthermore, we used the cancer biomarker
nitroreductases as the internal stimuli and utilized the caged glucose sensor to selectively label hypoxic cancer cells in a cocultured
living cell sample. We believe that our stimuli-responsive caging strategies will hold promising potential for the controlled release of
other boronic acids in various biological contexts.
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Boronic acids have garnered significant attention in
chemical biology due to their promising applications in

biological systems.1−10 Their selective reactivity with diol- and
triol-containing compounds makes boronic acids highly
attractive for the design of biological sensors targeting specific
diol species.11−15 In particular, their reversible covalent
binding mechanism with glucose enables boronic acids to be
used in continuous glucose monitoring applications and has
become a popular topic in recent decades.16 To achieve
selectivity to glucose, the structure of diboronic acid (DBA)
has been explored to differentiate glucose from other
monosaccharides.17 The design of DBA derivatives matches
both the distance between the two potential binding sites of
glucose and the orientation of the hydroxyl groups, thereby
providing strong binding affinity to glucose and inducing a
rearrangement into the thermodynamically more stable sensor-
glucopyranose complex under aqueous conditions, enabling
selective glucose recognition.18 Subsequent research further
optimized glucose selectivity and biocompatibility, facilitating
boronic acid−based glucose sensing in living cells and even in
living animals.19

Nevertheless, boronic acid−based glucose sensing remains
largely unexplored and faces significant challenges. For
instance, cancer cells are reported to have an increased glucose

demand under hypoxic conditions, and several studies have
suggested that glucose metabolism in cancerous cells is
altered.20,21 Therefore, it is important for glucose sensors to
distinguish between different cell types or cells in varying
physiological states to better understand cellular heterogeneity.
On the other hand, the lack of spatiotemporal selectivity poses
challenges as well.22,23 Due to the inherent lability of boronic
esters in biological systems,24 current probes may struggle to
meet the requirements for both high temporal and spatial
resolution simultaneously, making precise spatiotemporal
measurements in complex biological systems difficult.25,26

To address these challenges, we introduced light and
nitroreductases (NTR) as external and internal stimuli,
respectively, to achieve controllable activity manipulation.
Light has been regarded as an attractive trigger to achieve that
due to its ability to precisely induce reactions within specific

Received: October 10, 2024
Revised: November 28, 2024
Accepted: December 23, 2024
Published: January 3, 2025

Articlepubs.acs.org/acssensors

© 2025 The Authors. Published by
American Chemical Society

470
https://doi.org/10.1021/acssensors.4c02811

ACS Sens. 2025, 10, 470−479

This article is licensed under CC-BY 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chih-Yao+Kao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ying-Wei+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Cheng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jen-Hsuan+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsung-Shing+Andrew+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.4c02811&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c02811?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c02811?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c02811?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c02811?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.4c02811?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascefj/10/1?ref=pdf
https://pubs.acs.org/toc/ascefj/10/1?ref=pdf
https://pubs.acs.org/toc/ascefj/10/1?ref=pdf
https://pubs.acs.org/toc/ascefj/10/1?ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssensors.4c02811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


spatial and temporal ranges.27 Meanwhile, NTR, which can be
overexpressed in hypoxic cancer cells,28−31 serve as an internal
stimulus ideal for selectively distinguishing between normal
and tumor cells.32,33 On the other hand, reactive oxygen
species (ROS) is also recognized as an important potential
trigger.34 Although ROS-responsive strategies for boronic acids
and esters are already well-established and widely applied, the
reaction with ROS ultimately converts the boronic group into a
hydroxyl group, resulting in the loss of glucose recognition
capability. Therefore, both light and NTR were incorporated
into our strategy to achieve spatiotemporal and cellular
selectivity. We aim to improve the spatiotemporal selectivity
of boronic acid−based glucose sensing through regioselective
irradiation and differentiate normal and tumor cells under
complex conditions using NTR overexpressed in cancer cells
(Figure 1a).
Herein, we selected pinanediol as the cage scaffold to design

cages to block glucose recognition of the DBA-based glucose
sensor, because it is known to form kinetically and
thermodynamically stable boronic esters.24,35 Furthermore,
o-/p-nitroaryl groups were introduced as stimuli-responsive
self-immolative linkers. Upon irradiation with UV light36,37 or
reduced by NTR,38,39 the self-immolative phenyl/anilino
moieties are exposed, leading the caged boronic ester to
convert to a less stable intermediate that is prone to
elimination, thereby releasing the boronic acid cargo and
restoring glucose recognition (Figure 1b).

■ RESULTS AND DISCUSSION
Using δ-Pinanediol as the Cage Scaffold. According to

previous research, steric hindrance around the boron atom
might be the most important factor in the stability of boronic
esters.35 Pinanediol is considered a strong candidate for the
main scaffold of the cage because of its bulky structure.24

Therefore, we prepared α-pinanediol and its regioisomer, δ-
pinanediol, as cage scaffolds to investigate the stability of
boronic esters (Scheme S1).
We first evaluated the hydrolytic stability of tPin-EtPh (2),

the boronic esters derived from α-pinanediol, and k/tPin-EtPh

(7/2), the boronic esters derived from a synthesized
pinanediol mixture of δ-pinanediol and α-pinanediol (the
molar ratio of 7 and 2 = 3:1). Hydrolysis assays were carried
out in a PBS/DMSO mixture. Both boronic esters demon-
strated incomplete hydrolysis (Figure S1a,b). As observed by
high-performance liquid chromatography (HPLC), tPin-EtPh
(2) remained at 20%, and k/tPin-EtPh (7/2), the mixture of
boronic esters remained 40% boronic esters (Figure S1c).
Similar results were observed in the dynamic assembly assays
(Figure S1d), in which the formation and hydrolysis of the
boronic esters reached equilibrium within 4 h. These results
indicate that both α-pinanediol and δ-pinanediol can lead to
incomplete hydrolysis and the dynamic formation of boronic
esters. Moreover, the configuration of δ-pinanediol seems to be
more conducive to the dynamic condensation of boronic
esters. Furthermore, the property of dynamic assembly
between pinanediols and boronic acids shows potential for
developing a strategy that enables late-stage installation40 of a
diol cage to avoid the loss of purification of boronic esters and
provides a convenient method to evaluate various diol cages
for boronic acid cargos.

Design and Characterization of the Substituted
Pinanediol Cages. To achieve the controllable release of
boronic acids, we introduced substituents as trigger units onto
the pinanediol scaffolds. Several δ-pinanediol cages were
prepared (Schemes S2−S5) to investigate the effects of
substitution on the hydrolytic stability of boronic esters.
Dynamic assembly assays were carried out with these
pinanediol cages with different substituents and the boronic
acid PhEtBA (Figure 2a,b). We used the pinanediol mixture
k/tPin-diol (6/1) (the molar ratio of 6 and 1 = 3:1) to
represent the pinanediol cage without a bulky substituent and
compared the boronic ester formation with that of Ph-kPin-
diol (21) containing one aryl group. As a result, 21 formed a
4.8-fold greater amount of boronic ester than did k/tPin-diol
(6/1) within 4 h, indicating that sufficient steric hindrance is
beneficial to the hydrolytic stability of boronic esters (Figures
2c and S2).

Figure 1. (a) Our stimuli-responsive controllable strategy for DBA-based glucose sensors to achieve spatiotemporal and NTR-selective glucose
bioimaging. The five-pointed star represents a DBA-based glucose sensor. The lock symbol represents a stimuli-responsive pinanediol cage. (b)
Schematic of the stimuli-responsive release of the pinanediol-caged boronic esters: (i) structures of boronic esters caged by photo-/NTR-
responsive pinanediol cages; (ii) self-immolative phenyl/anilino moieties revealed upon exposure to specific stimuli; (iii) release of boronic acids
via 1,6-elimination.
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We hypothesized that self-immolative chemistry could be
utilized to weaken the bonding of boronic esters to achieve a
controllable release of boronic acids. Three kinds of trigger
units were introduced onto the pinanediol scaffolds (Figure
2b). The trigger unit on oNB-kPin-diol (16) comprises a
phenoxy linker and an o-nitrobenzyl moiety, which is
photoresponsive and undergoes photolysis upon 365 nm
irradiation; this prompts the exposure of the self-immolative
phenol group (Scheme S6a).36,37 In the case of pNB-kPin-diol
(28), the trigger unit similarly contains a phenoxy linker and
carries an NTR-responsive p-nitrobenzyl moiety. Moreover, in
NP-kPin-diol (24), a p-nitrophenyl moiety was directly
introduced into the pinanediol scaffold. Both pinanediol
cages were expected to respond to NTR. Upon reduction,
they were shown to undergo 1,6-elimination, leading to the
release of their cargo (Scheme S6b,c).38,39 As observed by
HPLC, 16, 28, and 24 demonstrated similar results as 21, with
4.0-, 5.2-, and 4.4-fold boronic ester formation as the mixture
of k/tPin-diol (6/1) within 4 h, respectively. This enhanced
formation is attributed to the steric hindrance provided by the

bulky trigger units (Figure 2c). Notably, 24 generated boronic
esters in similar yields as 21. Although the incorporation of
electron-withdrawing groups was considered to affect the
hydrolytic stability of boronic esters,41 the results indicated
that the electronic properties of the substituents might not be
crucial factors in our design. On the other hand, the triggerable
α-pinanediol derivative oNB-tPin-diol (13) was synthesized
and subjected to an assembly assay. However, no correspond-
ing boronic esters were observed after 4 h of incubation
(Figure S3). The crowdedness around the diol moieties
ultimately hindered the condensation of boronic acids.
The responsiveness of oNB-kPin-diol (16) toward UV light

and the reactivities of pNB-kPin-diol (28) and NP-kPin-diol
(24) toward nitroreductase NfsB were confirmed via LC−
MS.42,43 Upon irradiation, 16 converted to pinanediol with a
phenol group, identified as Phe-kPin-diol (16a) (Figure S4).
The photouncaged pinanediol, 16a, was subjected to a
dynamic assembly assay. Consequently, 16a formed only 1.9-
fold more boronic esters than did the mixture of k/tPin-diol
(6/1) after 4 h of incubation, which was much lower than that

Figure 2. Validation studies of the dynamic assembly and controlled release of pinanediol cages. (a) Schematic of the assembly reaction between
the pinanediol cages and PhEtBA. (b) Chemical structures of the substituted pinanediol cages (“R”-kPin-diol). (c) Quantification results of the
assembly assays of the k/tPin-diol (6/1) (molar ratio = 3:1), Ph-kPin-diol (21), oNB-kPin-diol (16), Phe-kPin-diol (16a), pNB-kPin-diol (28),
and NP-kPin-diol (24) with PhEtBA (25 μM each) in PBS with 2% DMSO at 37 °C for 4 h by HPLC. HPLC of the assemblies of (d) 16 (25 μM,
(−) hv) and 16a (25 μM, (+) hv), (e) 28 (25 μM, (±) NTR), and (f) 24 (25 μM, (±) NTR) with PhEtBA (25 μM) in PBS with 2% DMSO at 37
°C for 4 h. (+) NTR conditions: NTR (25 μM) and NADH (250 μM).
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of the untriggered pinanediol cage, 16 (4.0-fold) (Figure 2c,d).
On the other hand, in the presence of NTR and the coenzyme
NADH, similar results were observed. pNB-kPin-diol (28)
was fully reduced, while NP-kPin-diol (24) was partially
reduced, yielding Phe-kPin-diol (16a) and Ani-kPin-diol
(24a), respectively (Figures 2e,f, S5, and S6). Boronic esters
formed by reduced 28 were observed via HPLC and LC−MS.
Although the boronic ester formed by reduced 24 was not
detected, the generation of 24a was accompanied by increased
free boronic acid, as observed via HPLC (Figure 2f). In
summary, in the dynamic assembly assay with a triggered
pinanediol cage, the formation of boronic esters by 16a (1.9-
fold) was lower than that of 21 (4.8-fold), despite both
pinanediol cages containing an aryl group (Figure 2c). These
results support our hypothesis that the phenol or aniline
moiety on a pinanediol cage can act as a self-immolative linker,
destabilizing the boronic ester and leading to the release of the
boronic acid.

Mechanistic Study of the Release Strategies of
Pinanediol-Caged Boronic Esters. To further understand
the release mechanism of a caged boronic acid, we prepared
oNB-kPin-EtPh (17) by condensing oNB-kPin-diol (16) and
PhEtBA and then evaluated the hydrolytic stability with or
without UV irradiation via LC−MS (Figure 3a). The
hydrolysis reaction reached equilibrium within 4 h, and 80%
of the boronic ester remained after 24 h of incubation (Figure
3b). Upon irradiation, 17 was converted to the expected
photouncaged phenol intermediate, Phe-kPin-EtPh (17a).
During postirradiation incubation (0−24 h), subsequent
hydrolysis of 17a was observed, affording Phe-kPin-diol
(16a) and PhEtBA (Figure 3c), and only 37% of the boronic
ester remained after 24 h. Similarly, the presence of the free
phenol moiety caused a decrease in the hydrolytic stability of
the caged boronic ester. Although a phenol group provides
considerable steric hindrance, we believe that 1,6-elimination
predominantly decreases the stability of the boronic ester.

Thus, through 1,6-elimination, 17a could form a less sterically
hindered monoester intermediate, which is more prone to
hydrolysis. Under LC−MS monitoring, purified 16a was
observed as two close peaks. Both peaks displayed MS signals
corresponding to their phenol and quinone forms (Figure S7),
generated from 16a through 1,6-elimination. We believe that
the quinone form of 16a interferes with the formation of
boronic esters during dynamic assembly. Although the detailed
mechanism is worthy of further studies, our self-immolation
strategy has been shown to effectively release boronic acid,
enabling further applications.

Pinanediol-Caged Boronic Esters Show High Toler-
ance to Environmental pH. The environmental pH is
known to be one of the most important factors affecting the
formation of boronic esters.44−46 In particular, the acid
instability of boronic esters limits their application under
acidic conditions. Therefore, we evaluated the ability of our
stimuli-responsive pinanediol cages, 16, 28, and 24, and the
photouncaged pinanediol, 16a, with boronic acid PhEtBA over
a wide range of pH values, to be dynamically assembled and
monitored by HPLC (Figure S8). 16a was selected as the
representative triggered pinanediol cage because its high
photolysis efficiency facilitates rapid preparation and ensures
reliable comparisons. In contrast, the low conversion of 24−
24a by NTR made the assembly assays for 24a difficult and
inconclusive (Figure 2f).
For all the cages, a pH dependency was observed, in which

the formation of boronic esters reached their maximum at
approximately pH 7 and decreased under acidic or basic
conditions. Notably, a considerable portion of boronic esters
remained even at pH 3 or pH 11. We believe that the limited
pH dependency of boronic ester formation is due to the large
steric hindrance of the pinanediol cages, which dominates the
stability of the boronic esters. Therefore, our cages showed
high tolerance toward hydrolysis over a wide range of pH. We
believe that the 1,6-elimination occurring after triggering

Figure 3. Mechanistic study of the release strategy of oNB-kPin-EtPh (17). (a) Assembly/hydrolysis and photolysis of 17. Proposed hydrolysis
mechanism after photolysis (dashed gray box). (b) Quantification results of the time course of the hydrolysis assays of 17 (250 μM) (±) under 365
nm irradiation in PBS with 50% DMSO via HPLC. (c) HPLC of the time course of the subsequent hydrolysis of Phe-kPin-EtPh (17a) (250 μM,
+365 nm irradiation) in PBS with 50% DMSO.
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dominates the decrease in the stability of the boronic esters,
making our pinanediol cages applicable for the controlled
release of boronic acids and enabling control in glucose
detection.

Employment of Our Controllable Strategies for
Glucose-Sensitive DBA-Based Sensors. Our pinanediol
cages have been confirmed to be applicable under physiological
conditions. Subsequently, we aimed to integrate pinanediol
cages with a DBA-based glucose sensor to achieve glucose
detection with precise control and cell specificity (Figure 4a).
The DBA-based glucose sensor McCDBA, which incorporates
anthracene as the fluorescent core and two boronic acid
moieties, shows improved water solubility and fluorescence
sensitivity.19 In the absence of glucose, photoinduced electron
transfer (PET) between the nitrogen atom and anthracene
quenches fluorescence, but glucose binding enhances the B−N
interaction, inhibiting PET and restoring fluorescence.47

McCDBA was prepared,19 and its glucose-dependent
fluorogenic property was confirmed by emission spectroscopy
(Figure S9). As shown in Figure 4b, when McCDBA was
incubated with the pinanediol cages, oNB-kPin-diol (16),
pNB-kPin-diol (28), or NP-kPin-diol (24), its fluorescence
intensity remained low. In contrast, when incubated with the
photouncaged pinanediol, Phe-kPin-diol (16a), the fluores-
cence of McCDBA was significantly enhanced. Similarly, in the
case of 24 and 28, the addition of NTR after 2 h of incubation
also resulted in stronger fluorescence. Additionally, the
formation of the corresponding boronic esters was confirmed
by LC−MS (Figure S10). These results are consistent with our
previous observations (Figure 2c) and support the idea that

pinanediol cages can be applied via dynamic assembly to caged
boronic esters. The pH dependency of McCDBA with the four
pinanediol cages was also examined in the presence of 0.1 M
glucose from pH 3 to 11. Similarly, 16, 28, or 24 strongly
suppressed the fluorescence of McCDBA (Figure S11). In
contrast, the fluorescence remained in the presence of
compound 16a. Taken together, our observations not only
highlight the feasibility of implementing our strategies for the
controlled release of boronic acids under physiological
conditions but also suggest their potential for broader
applications.

Binding Affinity of the Pinanediol Cages for McCDBA.
At low concentrations, glucose prefers to form a 1:1 complex
with McCDBA,17,48 and our pinanediol cage can compete with
glucose to form a McCDBA boronic ester, which can be
simplified as a 1:1 competition model to better understand the
applicability of our stimuli-responsive glucose detection
(Figure S12). Moreover, the binding affinity between
McCDBA and our four pinanediol cages was estimated via a
glucose-competitive titration assay in Dulbecco’s Modified
Eagle Medium (DMEM) (Figure 4c,d). First, the binding
constant (Ka) of McCDBA to glucose was calculated as 6.5 ×
102 M−1 via a B−H plot (Figure S13). Afterward, the apparent
binding constant (Kapp) of our four pinanediol cages to
McCDBA can be determined in the presence of 0.1 M glucose
(see Section 4 in the Supporting Information for details). The
Kapp of 16 to McCDBA (2.6 × 107 M−1) is similar to those of
28 (3.1 × 107 M−1) and 24 (6.6 × 107 M−1) but higher than
the Kapp of 16a (4.6 × 106 M−1). In summary, the Kapp of 16a is
apparently lower than those of the other three pinanediol

Figure 4. Demonstration of stimuli-responsive pinanediol cages for glucose sensor McCDBA. (a) Schematic of the stimuli-responsive release
strategy for McCDBA and chemical structures of the substituted pinanediol cages. (b) Quantification of the fluorescence intensity at 450 nm of
McCDBA (5 μM) with oNB-kPin-diol (16), Phe-kPin-diol (16a), pNB-kPin-diol (28), or NP-kPin-diol (24) (12.5 μM each) in PBS with 1%
DMSO at 37 °C for 2 h. NADH (250 μM) and NTR (25 μM) were added as stimuli for NTR-responsive pinanediol cages 28 and 24. (c) Glucose-
competitive titrations of McCDBA (5 μM) with 16, 16a, 28, or 24 (0−25 μM) in DMEM with 1% DMSO. (d) EC50 (μM) and apparent binding
constants (M−1) of 16, 16a, 28, or 24 to McCDBA determined from the titrations in (c). * The binding constant (M−1) of glucose to McCDBA
was determined via a Benesi−Hildebrand plot.
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cages, which suggested that our stimuli-responsive cages
decreased their binding affinity after triggering, enabling us
to tune the binding affinity via irradiation or reduction by
NTR. Notably, although the photouncaged pinanediol 16a
exhibited lower binding affinity toward McCDBA, the binding
constant (4.6 × 106 M−1) is still much greater than that of
glucose. Owing to the abundance but weaker binding affinity of
glucose, McCDBA with our pinanediol cages can exhibit good
sensitivity at a lower concentration upon exposure to stimuli.

Our Photoresponsive Strategy Provides Glucose
Detection with Spatiotemporal Selectivity. To evaluate
the ability of our photoresponsive strategy to detect cellular
glucose, calcein AM-stained HeLa cells were treated with
McCDBA alone, McCDBA+16, or McCDBA+16a and
monitored via fluorescence microscopy. Here, McCDBA was
first added to the cells, followed by the addition of pinanediol
cages to facilitate dynamic assembly to form boronic esters
with McCDBA. Within 30 min of incubation with McCDBA
alone, increased fluorescence was observed in the cytoplasm,
indicating that HeLa cells can efficiently take upMcCDBA and
that glucose is predominantly located in the cytoplasm, which
is consistent with previous reports (Figure S14).49 In contrast,
the fluorescence was dramatically suppressed in cells treated
with 16. On the other hand, apparent fluorescence remained in

cells treated with 16a (∼2.5-fold greater than that ofMcCDBA
+16) (Figure 5a,b). Notably, no significant morphological
changes or cell death were observed after treatment, indicating
the high biocompatibility of our cages used for glucose
detection. The Alamar Blue assay also indicated thatMcCDBA
or the two caged McCDBA complexes showed no significant
cytotoxicity at a working concentration of 50 μM (Figure
S15a). Afterward, we demonstrated the direct photoactivation
of cellular-caged McCDBA by confocal microscopy (Figure
5c). Similarly, the fluorescence of McCDBA was dramatically
suppressed by the use of 16. Subsequently, six cells were
regioselectively photouncaged by a 405 nm laser. A significant
increase in McCDBA fluorescence was observed immediately
after laser irradiation, without notable morphological changes
in these six cells (Figure 5d,e). Moreover, there was no further
significant change in fluorescence observed within 15 min, and
other unirradiated cells were unaffected, indicating the
potential for continued glucose detection at the single-cell
level. Notably, the average fluorescence intensity in the
irradiated cells was even stronger than that in the cells treated
withMcCDBA alone (Figure S16), suggesting that the boronic
ester, formed by dynamic assembly, has better cellular uptake
due to increased lipophilicity. In summary, our photo-
responsive release strategy can be effectively applied in living

Figure 5. Demonstration of controllable cellular glucose detection by oNB-kPin-diol (16) withMcCDBA. (a) Scatter plots, each dot represents an
individual cell, and (b) fluorescence microscopy images of calcein AM-stained HeLa cells treated with McCDBA alone (50 μM), McCDBA+16
(50 μM each), McCDBA+16a (50 μM each), or DMSO (unt.) in DMEM with 1% DMSO at 37 °C for 30 min. (c) Controllable cellular glucose
detection by regioselective irradiation. (d) Scatter plots of HeLa cells before and after regioselective irradiation with a 405 nm laser. Calcein AM-
stained HeLa cells were treated with McCDBA+16 (50 μM each) in DMEM with 1% DMSO at 37 °C for 30 min before irradiation. After
regioselective irradiation, the cells in the (−) and (+) zones were further monitored for 15 min. (e) Fluorescence microscopy images of the cells in
(d). Yellow enclosed zones (six cells) indicate the regioselective irradiation areas, and the white boxes indicate the zoomed-in views. DAPI channel:
fluorescence of McCDBA; merge channel: fluorescence of McCDBA and calcein AM. Scale bars: 50 μm.
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cells. Furthermore, the combination of photochemistry and
boronic acid chemistry provides an attractive option for
conducting versatile biological research involving boronic
acids.

Our Nitroreductase-Responsive Strategy Assists
Glucose Sensors in the Selective Labeling of Cancer
Cells. Nitroreductases are significant cancer biomarkers for
therapeutic and diagnostic research,50−52 and we propose that
our NTR-responsive cages, 28 and 24, can differentiate cancer
cells from normal cells. We chose HCT116 human colorectal
cancer cells as the NTR-overexpressing model53 and
HEK293T cells as the normal cell model. Both McCDBA
alone or the two caged McCDBA complexes did not exhibit
cytotoxicity in an Alamar Blue assay at a working concentration
of 50 μM (Figure S15b). Afterward, McCDBA alone,
McCDBA+28, and McCDBA+24 were subjected to calcein
AM-stained HCT116 or HEK293T cells and incubated under

normoxic (20% O2) or hypoxic (1% O2) conditions. The
cellular fluorescence was monitored via fluorescence micros-
copy and shown as scatter plots: (1) In HEK293T cells, the
fluorescence ofMcCDBA was suppressed by 28 or 24 after 8 h
of normoxia (Figures 6a and S17a). (2) In HCT116 cells
treated with McCDBA+28 under normoxia, a similar
suppression of McCDBA fluorescence was observed; however,
fluorescence recovery occurred in HCT116 cells treated with
McCDBA+24 (Figures 6b and S17b). (3) HCT116 cells
treated with McCDBA+24 exhibited greater fluorescence
recovery under hypoxic conditions compared to normoxic
conditions (Figures 6c and S17c). It is to be noted that
boronic esters formed by 24 selectively labeled HCT116 cells,
even under normoxia. We believe the fluorescence recovery in
HCT116 cells under normoxia may be due to oxygen-
independent pathways.54 Although NTR responsiveness is
observed under normoxic conditions but appears enhanced

Figure 6. Demonstration of cancer cell-selective labeling by pNB-kPin-diol (28) and NP-kPin-diol (24) with McCDBA. Scatter plots show
fluorescence intensities of calcein AM-stained (a) HEK293T cells under 20% O2, (b) HCT116 cells under 20% O2, and (c) HCT116 cells under
1% O2. In each group, the cells were treated with McCDBA alone (50 μM), McCDBA+28 (50 μM each),McCDBA+24 (50 μM each), or DMSO
(unt.) in DMEM with 1% DMSO at 37 °C for 30 min and further incubated for 8 h. (d) Fluorescence microscopy images and scatter plots of
calcein AM-stained cocultured HEK293T and HCT116 cells treated with McCDBA alone (50 μM) or McCDBA+24 (50 μM each) in DMEM
with 1% DMSO at 37 °C for 30 min and further incubated under 1% O2 for 8 h. The white boxes indicate the zoomed-in views of selected
HCT116 and HEK293T cells. The yellow lined enclosed zones indicate the selected HCT116 (blue stars A−C) and HEK293T cells (red stars a, b,
and c). The red and blue shaded areas indicate the probable distributions of HEK293T and HCT116 cells, respectively, in the scatter plots. BF
channel: bright field; FITC channel: fluorescence of calcein AM; DAPI channel: fluorescence of McCDBA; merge channel: fluorescence of
McCDBA and calcein AM. Scale bars: 50 μm. Each dotted line in the scatter plots represents an individual cell.
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under hypoxia, as indicated by increased fluorescence intensity
and changes in cellular fluorescence distribution (Figure S18).
Compared with normoxia, cancer cells under hypoxia exhibited
significantly stronger fluorescence and greater separation from
normal cells in scatter plots, suggesting that hypoxia improves
differentiation between cell types and enhances the reduction
efficiency of 24. In contrast, no significant recovery was
observed in HCT116 cells treated with McCDBA+28,
suggesting that the boronic esters formed by 28 are poor
substrates for the NTR in HCT116 cells.
HCT116 and HEK293T cells were prestained with calcein

AM before treatment with either McCDBA or McCDBA+24
under hypoxia. We observed different fluorescence labeling
efficiencies in both the FITC and DAPI channels (calcein AM
and McCDBA, respectively) (Figure S19a). HCT116 cells
exhibited uneven fluorescence, likely due to intracellular lipid
or protein accumulation,55,56 while HEK293T cells displayed
uniform fluorescence distribution (Figure S19b). In scatter
plots, HCT116 and HEK293T cells treated with McCDBA
alone could not be distinguished. In contrast, cells treated with
McCDBA+24 were distinctly separated into two groups
(Figure S19c). We also observed distinct morphological
differences between HCT116 and HEK293T cells. HCT116
cells displayed an epithelial-like morphology and proliferated
through aggregation, while HEK293T cells exhibited a
rounded morphology and tended to grow in a dispersed
manner under hypoxia (Figure S19b). These differences in
fluorescence and morphology facilitated the straightforward
sorting of HCT116 and HEK293T cells.
To evaluate the cell selectivity of McCDBA+24 under

hypoxia, we cocultured HCT116 and HEK293T cells were
cocultured. Treatment with McCDBA alone resulted in
fluorescence in both cell types, indicating a lack of selectivity.
In contrast, fluorescence from McCDBA+24 was selectively
observed only in HCT116 cells. Scatter plots (Figure 6d)
clearly delineated the two cell populations, allowing the
identification of individual HCT116 (blue stars A−C) and
HEK293T cells (red stars a−c) within the corresponding
regions. Moreover, the distribution patterns in the scatter plots
of the cocultured samples were similar to the digitally
overlapped scatter plots of HCT116 and HEK293T cells
solely treated with McCDBA+24 (Figures 6d and S19c). In
summary, these findings demonstrate that our NTR-responsive
release strategy exhibits strong selectivity for NTR-over-
expressing cancer cells and can be leveraged in studies of
intracellular enzymatic reactions involving boronic acids.

■ CONCLUSIONS
In this work, we reported controllable caging strategies for
DBA-based glucose sensing, which respond to specific stimuli,
such as UV irradiation or enzymes overexpressed in cancer
cells. Unlike common approaches that rely on environmental
pH or endogenous diols, our approach provides high
spatiotemporal selectivity and the potential to selectively
label NTR-overexpressing tumor cells. Additionally, our
pinanediol cages allow for the late-stage installation of caged
boronic esters, simplifying the synthesis. As a proof of concept,
we developed a novel photocontrollable sensor that enhances
the spatiotemporal selectivity of intracellular glucose detection
and utilizes NTR as a trigger to distinguish cancer cells from
normal cells.
Our photoresponsive strategy demonstrates excellent

feasibility and precise control, while the NTR-responsive

strategy shows potential for detecting differences in hypoxic
microenvironments and reflecting nitroreductase expression.
However, limitations in photoactivation wavelengths and
probe fluorescence spectra pose challenges to tissue pene-
tration. Additionally, although the NTR-responsive strategy
reveals differences between cancer/normal cells and hypoxia/
normoxia, there is still room for improvement in its sensitivity
for further exploration.
Introducing phototriggering units responsive to longer

wavelengths would enhance tissue penetration, particularly
benefiting studies on animal tumor models. Furthermore,
optimizing the structural design of the NTR strategy to
improve its responsiveness to NTR or hypoxic environments
could provide a valuable tool for researchers exploring cellular
heterogeneity such as investigating the cellular behaviors of
cancer/normal cell lines derived from the same organ or
microenvironments under different hypoxic levels.
On the other hand, we also attempted to apply the

pinanediol cages to prodrug strategies. In our preliminary
works, we caged two FDA-approved boronic acid-containing
anticancer drugs (bortezomib and ixazomib) and achieved
photocontrollable drug release in vitro (data not shown).
However, we found that the endogenous competitors (e.g.,
proteasomes) might cause our cages to fail to suppress drug
activity. This highlights the challenge of selecting suitable
boronic acid targets for activity manipulation. Nevertheless, we
successfully developed a design for the stimuli-responsive
release of boronic acids. We believe that our strategies can be
extended to other bulky diol-based cage scaffolds for other
potential boronic acid applications, including controllable
hydrogel formation,57 saccharide-based single-cell patterning,58

and various protein-labeling probes.25
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