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Logic-gated strategies represent a promising approach to achieving highly selective cancer therapies. In this
work, we present LG-AB (Logic-Gated Aza-BODIPY), an OFF-ON photothermal therapy (PTT) agent
designed to selectively target cancer cells. LG-AB undergoes a red-shift in its maximum absorbance
wavelength when activated in the tumor microenvironment, enabling the molecule to precisely generate
heat in the cancerous tissue upon light irradiation. Unlike conventional activatable agents that rely on
a single biomarker, LG-AB employs an AND logic-gated design, where glucose transporter 1 (GLUT1)
overexpression facilitates targeted cellular uptake in cancer cells, followed by activation through elevated
glutathione (GSH) levels. Beyond demonstrating photothermal efficacy in human lung cancer and murine

breast cancer cells, we show that LG-AB effectively attenuates cancer progression through heat-induced
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demonstrated through the development and application of LG-CPT (Logic-Gated Camptothecin), which

DOI: 10.1039/d45c08228a utilizes the same logic-gated design. Our results show that enhancing specificity and limiting collateral

rsc.li/chemical-science damage can be broadly applied across different therapeutic agents.
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Introduction

Cancer remains one of the leading causes of death worldwide.">
Despite the development of new anticancer therapies, many
treatments still suffer from off-target effects, leading to
unforeseen safety concerns.** For instance, in 2022, the FDA
withdrew Ukoniq (umbralisib) and several other anticancer
drugs after clinical trials revealed an increased risk of death
during use.” These incidents underscore the urgent need to
explore alternative modalities that may offer more precise
cancer targeting.

Photothermal therapy (PTT) offers a promising method for
targeting cancer cells by using focused light to irradiate a PTT
agent, leading to cell death via a local temperature increase.**>
Although cells have evolved mechanisms such as the expression
of heat shock proteins to safeguard against the effects of
excessive heating,' the rapid temperature rise associated with
PTT can overwhelm these protective systems. Specifically, as the
temperature increases, cells sequentially experience mild
hyperthermia (40-43 °C) which induces cellular stress and
enhances permeability; moderate hyperthermia (43-50 °C)
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which leads to protein denaturation and triggers apoptosis; and
severe hyperthermia (50-60 °C) which causes necrosis and rapid
cell death."**¢

While theoretically PTT offers enhanced cancer selectivity,
adjacent tissue can still be harmed due to off-target uptake of
PTT agents during treatment. For example, gold nanorods
which are commonly used in PTT, can pool in the liver and
spleen,”? leading to potential toxicity. To address this chal-
lenge, two approaches have been explored. The first strategy
involves equipping PTT agents with ligands that target cell
surface receptors.”* The second approach employs triggers
that respond to and become activated by a given cancer property
(i.e., elevated ROS).**** Upon activation, the agent's heat
generation capability is enhanced leading to an OFF-ON PTT
effect. Unfortunately, the cancer biomarkers in both instances
are not exclusive to cancer cells.

In this work, we introduce a novel AND logic gate strategy
that requires sequential conditions to be met before PTT is
switched on (Scheme 1). The first condition leverages the fact
that cancer cells overexpress glucose transporter 1 (GLUT1)
owing to their heightened glucose metabolism.**** The second
condition is the presence of glutathione (GSH) in its reduced
form which is also elevated in cancer cells due to their role in
the oxidative stress response.**** Since both GLUT1 and GSH
levels are generally lower in healthy cells**** respectively, the
likelihood of a PTT agent reaching a healthy cell and becoming
activated decreases substantially. To assess the potential of this
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logic-gated strategy for achieving greater precision and safety,
we developed two therapeutic agents: LG-AB (Logic Gate Aza-
BODIPY), an activatable PTT agent, and LG-CPT (Logic Gate
Camptothecin), a chemotherapeutic prodrug. LG-AB undergoes
a shift in its wavelength of maximum absorbance upon activa-
tion which enables effective heat-induced apoptosis with
minimal damage to surrounding tissues. Similarly, LG-CPT
shows enhanced targetability and reduced off-target effects
due to its logic-gated activation mechanism. Both drugs were
shown to be efficacious in multiple cancer cell lines and their
corresponding murine tumor models.

Results and discussion
Design and synthesis of LG-AB

LG-AB is composed of two critical design components (Fig. 1).
The first component is a light-harvesting unit capable of con-
verting absorbed light into localized heating through a non-
radiative decay pathway. For this purpose, we chose the aza-
BODIPY dye platform due to its strong absorption in the near-
infrared (NIR) region and its large extinction coefficient of 10*
to 10> M~ ' cm™.*%* These properties are ideal for PTT appli-
cations because they enable deeper tissue penetration while
minimizing the required concentration of the PTT agent.'>*®
Additionally, by incorporating a 2,6-dichlorophenol moiety (pK,
= 4.35),°® we can control the probe’s ‘off’ and ‘on’ states due to
the well-resolved absorbance profiles of the probe and its
product. Specifically, capping the aza-BODIPY with any
biomarker-responsive trigger capable of blocking in internal
charge transfer results in a blue-shifted 1,,s and this represents
the probes ‘off’ state. Upon removal of the trigger, the probe will
undergo a bathochromic shift and a decrease in fluorescence
quantum yield, which enhances heat generation. This design
allows precise control over the location of heating by using
a laser of wavelength that specifically excites the activated agent
AB, rather than the prodrug LG-AB, ensuring targeted thermal
treatment of the tissue of interest.

The second component is a trigger designed to effectively
cap the aza-BODIPY dye. Traditionally, such triggers respond to
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Fig. 1 Schematic illustrating logic-gated design for activatable pho-
tothermal therapeutic agent and drug delivery. Payload release relies
on sequential targeting of GLUT1 and intracellular glutathione via the
mvGlu ligand and disulfide trigger, respectively.

a single, carefully selected biomarker.*** However, as
mentioned previously, we hypothesize that greater cancer
selectivity can be achieved by employing a logic-gated design
that first targets GLUT1 on the cell surface and then responds to
elevated reduced GSH within the cell. Moreover, our trigger
consists of mvGlu, a GLUT1-targeting ligand containing two
glucose units connected via glycosidic bonds to the primary
alcohols of glycerol. Compared to a monosaccharide ligand, the
display of two glucose units substantially improves interactions
with GLUT1.** Additionally, mvGlu is attached to the dye via
a disulfide linker that can be cleaved by GSH. We hypothesize
that due to the proximity and bulkiness of the aza-BODIPY and
mvGlu, this disulfide will be more resistant to extracellular GSH
attack, which is crucial for limiting off-target release while in
circulation ([GSH] = 0.1 mM).*” However, once inside a cancer
cell where GSH levels are much higher, GSH will cleave the
disulfide and the resulting thiolate will undergo a spontaneous
intramolecular cyclization event to release the uncapped aza-
BODIPY (Fig. 1).

The synthesis of LG-AB began by treating 2-hydroxyethyl
disulfide with sodium hydride and propargyl bromide to afford
the mono-propargylated intermediate (3). The free alcohol was
then activated with phosgene, and the resulting chloroformate
formed in situ, was reacted with the aza-BODIPY dye prepared
separately according to published protocols.*>*® The capped dye
(4) was obtained in 90% yield. In parallel, the mvGlu fragment
was prepared starting from the acetylation of glucose to yield
the peracetylated sugar (6) in 90% yield. The anomeric position

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08228a

Open Access Article. Published on 19 February 2025. Downloaded on 8/21/2025 8:16:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

pel

Iz, Ac,0 AcOH, EDA

AcOH r.t, 9h AcolékOA;:rHF rt, 15h

CCI;CN, DBU

AcO’ékOH DCM, rt, 17h

View Article Online

Chemical Science

AcO,  DAc HO OH
OAc s AcOm HO!
o OAc d oM
Aco:é NH Ho A oH d NaOMe, MeOH d
e o
AcO '.OJI\‘CI BF;0Et,, 4A MS N o Amberlite IR120H, 4h, r.t N o
G Lo pomoccrt 12 0 oA o on
AcO ! Ho S
A0 OAc HO oW

90% 6 85% 7 74% 8
N\
= D
3 N.-_ NS
bEd
FF
oL O
Cl
\// NaH HO L
HO N Ssg~\OH —_— Ho/\/5~s/\/°\/
phosgene, DIPEA, DCM, DMF
0°C-rt 12h

23% 3

Scheme 2 Synthesis of azido mvGlu and LG-AB.

was selectively deprotected in 85% yield and activated as the
trichloroacetimidate (8) in 74% yield. 2-Azidoglycerol was then
bis-glycosylated using two equivalents of the activated sugar to
furnish the protected mvGlu (9) in 39% yield. Next, the acetyl
groups were globally deprotected using standard Zemplén
deacetylation conditions to afford (1) in 98.9% yield. Finally,
compounds (1) and (4) were then linked via Cu-catalysed azide-
alkyne cycloaddition to give LG-AB in 50% yield (Scheme 2).

In vitro photophysical characterization

With LG-AB and its turnover product (AB) in hand, we per-
formed in vitro photophysical characterization to assess their
ability to absorb light and generate heat. First, we observed that
AB exhibits a larger extinction coefficient and a lower fluores-
cent quantum yield than LG-AB (Table 1). As mentioned above,
both properties favor heat generation. Moreover, A, of AB is at
749 nm, representing a bathochromic shift of 84 nm relative to
LG-AB (A,ps = 665 nm). This separation is suitable for enabling
selective excitation of AB in the presence of LG-AB. To evaluate
this property, samples of LG-AB and AB in PBS (5 uM) were
separately inserted into an agar-based tissue-mimicking
phantom. Both samples were then irradiated simultaneously
at 800 nm using a pulse laser from a multispectral optoacoustic
tomography (MSOT) system. The ability of the dyes to absorb
this light and release the energy as heat was recorded as ultra-
sound (via the photoacoustic effect). As shown in Fig. 2a,
a strong signal was observable from AB, whereas the corre-
sponding readout from LG-AB was only 19 + 1% of AB.

Table 1 Summary of photophysical properties including Asps, Aem. &
and @ of LG-AB and AB

Aabs Aem e(x10* M Tem ™) ol
LG-AB 665 695 5.02 0.28
AB 749 800 6.82 <0.001

© 2025 The Author(s). Published by the Royal Society of Chemistry

99% 1

39% 9

Cu(CH;CN),PFg, THPTA
DMF/H,0,3h, r.t

LG-AB Hom¢ QoM
/!
HO'

max

min

4000

3000

MSOT a.u.

1000

04
LG-AB

AB

Fig. 2
turn-over product AB (5 uM) in 1:1 v/v MeCN/PBS (pH = 7.4). (b)

(@) PA tissue-mimicking phantom images of LG-AB and the

Quantified data from panel (a). n = 3. Error bars = SD. Statistical
analysis was performed using a two-tailed t-test (a = 0.05, **P < 0.01,
***P < 0.001).

Next, we examined the PTT properties of LG-AB and AB using
an 808 nm NIR laser. This wavelength was chosen because it is
commonly used in PTT for deep tissue penetration with
minimal interference from hemoglobin and water. The starting
temperature of all samples was 23 °C. After 10 minutes of
irradiation, the final temperatures of the samples (80 pM) were
as follows: PBS control (28.8 &+ 0.4 °C), LG-AB (42.5 £ 0.5 °C),
and AB (58.7 + 0.3 °C) (Fig. 3c). These results indicate that AB
generates significantly more heat than LG-AB which reaches the
severe hyperthermia range, aligning with our design criteria.
Next, we observed a dose- and power-dependent response with
AB. Even at reduced concentrations (40 uM and 20 uM) and
varying light intensities (1 W em™>, 2.5 W em ™2, and 4 W cm ™ %)
AB continued to generate a significant amount of heat (Fig. 3d
and e). Lastly, we subjected AB to four consecutive irradiation-
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Fig. 3 (a) Thermal images of AB and LG-AB (80 uM) in aqueous
solution under 808 nm irradiation (4 W cm™2). (b) Quantified data from
panel (a). (c) Quantified data at 10 minutes from panel (a). n = 3. Error
bars = SD. (d) Temperature variation of different concentrations of AB
upon the irradiation of 808 nm. (e) Temperature variation of AB (80
puM) upon different power of irradiation. (f) Temperature evolutions of
AB (40 pM) under irradiation (4 W cm™2) during four laser on/off cycles
(10 minutes per cycle).

heating cycles, where each cycle involved 10 minutes of irradi-
ation followed by a cooling period. AB maintained consistent
temperature increases in each cycle without any noticeable
degradation in performance which indicates excellent photo-
and thermal-stability (Fig. 3f). Collectively, these experiments
demonstrate the feasibility of our aza-BODIPY capping strategy
for achieving activatable PTT agents.

Validation of GSH-mediated activation of LG-AB

After confirming that LG-AB possesses the desired photo-
thermal properties, we shifted our focus to assessing its
responsiveness to GSH. It is well-established that the reactivity
of disulfide bonds can vary significantly based on their chemical
structure.’®**" Given the bulky nature of the peripheral aza-
BODIPY and mvGlu moieties, we posit that the disulfide bond
in our trigger will be sufficiently stable to resist extensive
cleavage by GSH while in circulation. To test this hypothesis, we
incubated LG-AB with varying concentrations of GSH (0.1, 1.0,
2.5, 5.0, and 10 mM) for one hour (Fig. 4a). Negligible turnover
was observed at 0.1 mM GSH, while at 10 mM GSH activation
neared completion within the same timeframe (Fig. 4b). To
further evaluate this property, we treated LG-AB with 0.1 mM
GSH and monitored the formation of AB for up to 24 hours.
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Fig.4 (a) Time-dependent activation of LG-AB with GSH at 10 mM. (b)
Dose-dependent activation of LG-AB with GSH at 0.1-10 mM. (c) pH
stability of LG-AB compared to 10 mM GSH positive control. (d)
Reactivity of LG-AB with biologically relevant metals, amino acids,
reactive oxygen species and thiols after incubation for 1 h at 37 °C. All
assays were performed at pH 7.4, 50% PBS/MeCN. Data are presented
as mean values + SD (n = 3 independent experiments).

Even after extended incubation, less than 45 + 8% of LG-AB was
converted to the product (Fig. S27).

Considering that LG-AB will encounter various pH environ-
ments (acidic and basic) while in circulation, we exposed LG-AB
to a range of pH conditions (4 to 10) for 1 hour. Our results show
no off-target activation due to pH (Fig. 4c). Finally, beyond GSH
and pH, we also examined the stability of LG-AB against a panel
of biologically relevant analytes (Fig. 4d). For instance, metal ions
such as Cu(i), Fe(u), and Zn(u) can act as Lewis acids, potentially
rendering the carbonate linkage more prone to hydrolysis.
Similarly, reactive oxygen species including hydrogen peroxide,
perchlorate, and superoxide could oxidize the disulfide bond or
other components of LG-AB that may lead to premature activa-
tion. Finally, other biological thiols such as cysteine, homo-
cysteine, and hydrogen sulfide were also included. When each of
these analytes were evaluated at their reported cellular concen-
trations, no significant activation of LG-AB compared to GSH
treatment was observed. Collectively, our results show that LG-AB
is predominantly responsive to GSH, with minimal interference
from other environmental factors.

Validation of GLUT1-mediated uptake

Encouraged by the promising in vitro results, we proceeded to
cell studies with the primary objective of assessing the efficacy of
GLUT!1 targeting. For this purpose, we selected A549 human lung
cancer cells, which exhibit elevated GLUT1 expression.®** To
begin, we saturated GLUT1 in these cells by incubating them
with p-glucose at a concentration of 15 mM for 30 minutes prior
to the addition of LG-AB. If the uptake of LG-AB involves GLUT1,
we would expect to observe a decrease in the fluorescence signal.
Indeed, analysis of our results indicated that vehicle-treated cells

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Representative fluorescent images of A549 human lung

cancer cells treated with vehicle (DMSO), LG-AB, LG-AB + glucose, or
Ctrl-AB. (b) Quantified data from panel (a). (c) Cytotoxicity assays of
4T1 murine breast cancer cells under different conditions with and
without 808 nm irradiation for 10 min. Data are presented as mean
values £+ SD (n = 3 independent experiments).

exhibited ~10% higher fluorescence intensity compared to the
glucose-saturated cells (Fig. 5a). We attribute this relatively small
effect to the inability to effectively inhibit mvGlu-GLUT1 inter-
actions. Importantly, a larger effect was observed when these
experiments were repeated in 4T1 murine breast cancer cells,
another cell line with high GLUT1 expression (Fig. S3t). To
address this, we developed Ctrl-AB, where the p-glucose moieties
were replaced with r-glucose units, which are not recognized by
GLUT1. When A549 cells (and 4T1 cells) were stained with LG-AB
or Ctrl-AB, a notable difference was observed. Specifically, A549
cells treated with LG-AB were 4-fold brighter than those treated
with the control, confirming that the increased fluorescence was
indeed GLUT1-mediated.

Next, we conducted cell localization studies to further
elucidate GLUT1 involvement. Given the large size of LG-AB
direct passage through GLUT1 is unlikely. Instead, we hypoth-
esized that mvGlu interacts with GLUT1, prolonging LG-AB's
residency time at the cell membrane, thereby facilitating its
internalization via phagocytosis. Consistent with this hypoth-
esis, co-staining with commercially available endosomal
markers revealed both plasma membrane and endosomal
staining patterns (Fig. S51). Importantly, similar results were
observed when these experiments were repeated in 4T1 cells
(Fig. s61).

PTT efficacy in cancer cells

To further demonstrate LG-AB's potential as a PTT agent, we
first conducted MTT and trypan blue cell viability studies in
both A549 human lung cancer cells and 4T1 murine breast

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cancer cell lines to establish baseline toxicity. Up to a maximum
concentration of 50 uM and 12 hour incubation, no loss of cell
viability was observed. Further, a complementary study was
performed to show that LG-AB, Ctrl-AB, and the vehicle
exhibited no significant toxicity in absence of irradiation
(Fig. S7 and S8t).

Next, a new set of cells was incubated with LG-AB, Ctrl-AB,
or the vehicle for two hours, followed by washing with PBS.
The cells were then irradiated at 808 nm for ten minutes.
Trypan blue assays were conducted to determine cell viability.
Of note, this protocol was employed due to its ability to provide
a rapid and direct assessment of cell membrane integrity,
allowing us to quickly and reliably determine the immediate
effects of PTT treatment on cell viability. The results showed
that LG-AB killed up to 95% of the cells upon irradiation, while
cells treated with Ctrl-AB and the vehicle control retained high
viability after the same treatment (Fig. 5¢). In contrast, when
the experiment was repeated in HEK293T cells, LG-AB was
found to be 13.4 times less toxic, with 67% cell viability
observed in HEK293T cells compared to 5% in 4T1 cells. This
difference is attributed to the low levels of GLUT1 expression
and intracellular GSH in this non-cancerous cell line
(Fig. S137).

To further validate that the observed PTT efficacy was linked
to GLUT1 targeting and GSH-mediated activation, we conducted
a series of additional experiments. First, GLUT1 was saturated
as before with p-glucose prior to LG-AB treatment and light
exposure. Blocking GLUT1 engagement significantly impaired
PTT efficacy as evidenced by an increase in cell viability to
approximately 14%. Similarly, when we pre-treated cells with
buthionine sulfoximine (BSO) to inhibit intracellular GSH
biosynthesis prior to PTT treatment, cell viability improved
significantly to 64 &+ 7% compared to the control. Finally, when
cells were co-treated with p-glucose and BSO, we found that PTT
efficacy was further reduced, with cell viability improving to
nearly 100%. These critical findings confirm that both GLUT1-
mediated uptake and GSH activation are essential for the
optimal photothermal activity of LG-AB in cancer cells.

In vivo application of LG-AB for PTT

To evaluate the targeting efficacy of LG-AB in vivo, we conducted
NIR fluorescence imaging studies in a murine model of cancer
to simultaneously visualize the liver and tumor sites in Nu/J
mice. Off-target accumulation in the liver is common for
many small-molecule agents, and we hypothesized that the
presence of mvGlu could shift biodistribution toward favoring
tumor uptake and retention. Our imaging data revealed that LG-
AB rapidly accumulated in both the liver and tumor sites.
However, a notable difference in clearance rates was observed
between the two. In particular, the fluorescence signal in the
liver began to diminish rapidly within 12 hours, the signal in
the tumor persisted for an extended period (up to at least 1
week) as indicated by the tumor-to-liver signal ratios plotted as
a function of time (Fig. S91). Given the photo- and thermal-
stability of LG-AB, it may be possible to perform multiple
rounds of light exposure per single dose of the PTT agent.

Chem. Sci., 2025, 16, 5155-5165 | 5159
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(a) Timeline of LG-AB PTT treatment on 4T1 tumor-bearing Balb/c mice. (b) Relative tumor volumes in different treatment groups. (c)

Tumor images from top to bottom: vehicle, vehicle + laser, LG-AB, LG-AB + laser. (d) Mice's body weight under different conditions. All data are

reported as the mean + SD (n = 4 independent experiments).

Next, we inoculated female BALB/c mice (6-8 weeks old) on
both flanks with 4T1 cells to generate subcutaneous breast
tumors. We opted for a syngeneic model because the innate
immune system has been shown to influence the efficacy of PTT
treatments.* After the tumors had reached a volume of ~50
mm?®, as determined by caliper measurements, LG-AB was
administered systemically. After five hours, the tumor on one
flank was subjected to light irradiation at 808 nm. The non-
irradiated flank served as the dark control. This protocol was
repeated on days 3 and 6 for a total of three treatments (Fig. 6a).
Another cohort of tumor-bearing mice was treated with a vehicle
control and subjected to the same conditions. After the third
treatment, all animals were monitored for an additional six days
to assess changes in body weight and tumor volume (Fig. 6b-d).
No significant change in weight was observed in either group.
However, while the tumor volume in the treatment group
remained stable, the tumor volume in the dark control group
increased to ~400 cm®. Likewise, the animals receiving the
vehicle control also featured tumors in the similar size range. At
the end of the study, the tumors were excised, and their weights
were recorded to corroborate the measurements taken during
the experiment. Additionally, vital organs and surrounding
healthy tissue adjacent to the tumors were harvested for H&E
staining (Fig. S10f). Our results indicate that cell death
occurred only at the tumor site where light was administered, as
there was no discernible difference observed in other parts of
the body.

Design, evaluation, and in vivo application of LG-CPT

To demonstrate the generalizability of the new GLUT1 target-
ing, GSH-responsive trigger, we modified camptothecin (CPT),
a potent topoisomerase I inhibitor,* by connecting it to the
tertiary alcohol via a carbonate linkage to yield LG-CPT. In
parallel, we also prepared a control compound, Ctrl-CPT, using
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Table 2 Summary of ICsq and log Dy 4 of LG-CPT, Ctrl-CPT, and CPT

ICso (UM) A549 IC5o (1M) 4T1 log D, 4 octanol/PBS

LG-CPT  0.138 (+£0.044)  0.337 (£0.026)  —0.42 + 0.02
Ctrl-CPT  0.360 (+£0.084)  0.813 (£0.065) —
CPT 0.045 (£0.010)  0.039 (+£0.012)  1.75 + 0.08

L-glucose as described previously. Synthetic protocols, as well as
characterization for all intermediates and final compounds can
be found in the ESI.T After preparation, both compounds were
assessed for cytotoxicity via MTT assays in A549 human lung
cancer cells and 4T1 murine breast cancer cells. Our results
revealed that in 4T1 cells, LG-CPT was approximately 2.41 +
0.35 times more toxic than Ctrl-CPT. Similarly, in A549 cells, LG-
CPT demonstrated 2.61 £ 1.09 times greater toxicity compared
to Ctrl-CPT (Table 2). These findings confirm the effectiveness
of the GLUT1-GSH targeting strategy in enhancing the selec-
tivity and efficacy of the drug.

Beyond cell viability, we also performed a wound-healing
assay to assess the ability of each compound (LG-CPT or Ctrl-
CPT) to inhibit cell migration, a crucial process in cancer
metastasis. A549 cells were plated onto 48-well plates, and
a uniform scratch was created using a p200 pipette tip (Fig. 7a).
The extent of wound healing was observed over a 24 hour
period. Inhibition of wound healing indicates the compounds'
potential to prevent cell migration and proliferation. Our
observations revealed that, relative to the vehicle, LG-CPT
significantly inhibited wound healing compared to Ctrl-CPT,
further supporting its enhanced efficacy in targeting cancer
cells through the GLUT1-GSH mechanism (Fig. 7b). Similar
observation was found in 4T1 cells as well (Fig. S117).

Lastly, we generated subcutaneous 4T1 tumors in BALB/c
mice. Ten days after inoculation, the first treatment of LG-
CPT was administered, followed by two additional doses every

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Representative images of A549 wound-healing assay. (b)
Quantified data from panel (a). Data are presented as mean values +
SD (n = 3 independent experiments).

three days. On day 20 post-inoculation, the animals were
sacrificed, and their tumors, along with vital organs, were har-
vested for analysis. Compared to the vehicle-treated group, the
tumors in the LG-CPT-treated animals were notably smaller.
Interestingly, H&E staining of the heart, intestine, kidney, liver,
lung, and spleen revealed no discernible differences between
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the treated and control groups (Fig. S121). Moreover, the body
weights of the animals in both groups remained consistent
throughout the study. These results demonstrate that while LG-
CPT significantly inhibited tumor growth, it did not cause any
detectable off-target effects or systemic toxicity (Fig. 8).

Conclusions

The development of the GLUT1-GSH logic-gated system repre-
sents a significant advancement in the field of targeted cancer
therapy. Traditional targeted therapies or prodrug designs often
rely on a single biomarker. While this can be effective, the
possibility of undesirable side effects owing to off-target delivery
and activation remains a concern. Our approach addresses this
limitation by incorporating a dual-biomarker strategy,**7®
thereby enhancing selectivity and reducing the likelihood of
unintended targeting and activation in healthy tissues. The
logic-gated design of LG-AB and LG-CPT exemplifies the versa-
tility of this approach. For instance, we observed significant
cytotoxicity in multiple cancer cell lines; however, when GLUT1
targeting was blocked or GSH-mediated activation was attenu-
ated, drug efficacy was correspondingly reduced. Additionally,
we conclusively demonstrated the safety of our approach in
non-cancerous mammalian cells. Furthermore, our in vivo
studies in BALB/c mice bearing 4T1 tumors demonstrated that
different modalities could be exploited to effectively inhibit
tumor growth without causing detectable off-target effects.
However, the current study is limited by species-specific
differences in CPT toxicity, as adverse effects on liver function
and white blood cell counts commonly observed in humans are
not replicated in murine models. Consequently, we were unable
to fully demonstrate the advantages of converting CPT to LG-
CPT in this context. To address this limitation, future work
will focus on incorporating alternative payloads with well-
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(a) Timeline of LG-CPT treatment on 4T1 tumor-bearing Balb/c mice. (b) Relative tumor volumes in different treatment groups. (c) Tumor

images from left to right: vehicle, LG-CPT. (d) Mice's body weight under different conditions. All data are reported as the mean + SD (n = 4

independent experiments).
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characterized toxicities in mice, providing clearer evidence of
how the logic-gated system can effectively minimize systemic
toxicity.

That said, the development of this system was not without
challenges, as selecting appropriate complementary targets is
critical. For instance, if a biomarker is present at exceedingly
low levels, the approach may achieve high selectivity but fail to
provide sufficient activation for effective cargo delivery.
Furthermore, incorporating multiple components to target each
biomarker necessitates careful consideration of synthetic
accessibility, molecular size, biocompatibility, and formulation
stability for in vivo use. To overcome these challenges, we stra-
tegically identified distinct functional groups: one optimized
for targeting and the other for activation, striking a balance
between efficacy and practicality. These lessons provide valu-
able insights for the future development of logic-gated thera-
peutic platforms.

Beyond PTT agents and potential anticancer drugs, we
envision that this strategy can be adapted to a wide range of
treatment modalities to yield next-generation cancer therapies.
By tailoring the logic gate to different biomarkers, it is possible
to design drugs that are highly specific to various cancer types.
In conclusion, the integration of a logic-gated trigger in the
design of cancer therapeutics offers a promising solution to the
challenges of selectivity and safety in cancer treatment. The
success of the GLUT1-GSH system in both in vitro and in vivo
models provides a strong foundation for further exploration
and development of this approach.
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