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ABSTRACT: Caspase-3 (Casp-3) is an enzyme that efficiently induces apoptosis, a form of programmed cell death.  We report a dendritic 
molecular glue PCGlue that enables intracellular delivery of Casp-3 and its photoactivation.  PCGlue carrying multiple guanidinium (Gu+) ion 
pendants via photocleavable linkages can tightly adhere to Casp-3 and deliver it into the cytoplasm mainly by direct penetration through the 
plasma membrane.  Casp-3, whose surface is covered by PCGlue, is unable to interact with its cellular substrates and can therefore not induce 
apoptosis.  However, upon exposure to UV or two-photon near-infrared (NIR) light, PCGlue is cleaved off to liberate Casp-3, triggering the 
apoptotic signaling cascade.  This intracellular photoactivation of Casp-3 allows spatiotemporal induction of apoptosis in irradiated cells.

Molecules that induce apoptosis,1 a process of cell death without 
releasing harmful substances to the surrounding area, are attractive 
for cancer therapy.2  In the apoptosis signaling cascade, effector 
caspases such as caspase-3 (Casp-3) are produced as the down-
stream enzymes that execute the apoptotic process.3  Therefore, in-
tracellular delivery of Casp-3, which allows direct induction of the 
apoptosis without affecting other non-target signaling pathways, is a 
promising approach for efficient, low-side-effect cancer therapy.3  
For incorporating effector caspases into cancer cells, carriers based 
on lipids,4a peptides,4b lipid/peptide hybrids,4c carbon nanotubes,4d 
and gold nanorods,4e have been previously developed.  These carri-
ers can deliver active Casp-3 into the cytoplasm, thereby inducing 
apoptosis.4  However, they can also enter non-target cells, leading to 
serious side effects.  Therefore, a particular mechanism for site-selec-
tive operation needs to be incorporated into such carriers. 

Here we report a dendritic molecular glue PCGlue (Figure 1) that 
enables both intracellular delivery and spatiotemporal activation of 
Casp-3.  Previously, we developed water-soluble molecular glues5–9 
bearing multiple guanidinium ion (Gu+) pendants,10 which tightly 
adhere to proteins,6 nucleic acids,7 phospholipid membranes,8 and 
clay nanosheets9 via the formation of multiple salt bridges between 
their Gu+ pendants and oxyanionic groups on the above targets.  In 
2019, we developed photocleavable molecular glue PCGlue (Figure 
1), which carries nine Gu+ pendants via photocleavable linkages (bu-
tyrate-substituted nitroveratryloxycarbonyl; BANVOC)11 and a fluo-
rescent nitrobenzoxadiazole (NBD) moiety at the focal core.6h  
PCGlue adheres to a growth factor and covers its surface, thereby sup-
pressing the interaction with a receptor protein.  Upon UV irradia-
tion, PCGlue is cleaved off at its BANVOC linkages (Figure 1) to re-

duce the multivalency for the adhesion and liberates the growth fac-
tor for the interaction with the receptor.  This successful turning off 

 
Figure 1.  Molecular structure of photocleavable molecular glue PCGlue, 
carrying nine Gu+ pendants and butyrate-substituted nitrovera-
tryloxycarbonyl (BANVOC) linkages.11  The BANVOC linkage is cleaved 
off by exposure to UV or two-photon near-infrared (NIR) light.  The 
focal core of PCGlue is functionalized with nitrobenzoxadiazole (NBD). 



 

and on the “extracellular” growth factor/receptor interaction 
prompted us to investigate the possibility of “intracellular” photoac-
tivation of Casp-3 using PCGlue for spatiotemporal apoptosis induc-
tion.  A PCGlue/Casp-3 hybrid (Figure 2a), formed by the adhesion 
of PCGlue to Casp-3, supposedly enters living cells12 by direct pene-
tration through the plasma membrane (Figure 2b), as previously re-
ported for the hybrids of dendritic molecular glues and siRNA.7c  
Within the cells, Casp-3, whose surface is covered with PCGlue, is un-
able to interact with its cellular substrates and therefore inactive for 
inducing apoptosis (dormant; Figure 2b).  In this communication, 
we report, for the first time, intracellular photoactivation of Casp-3 
using PCGlue (Figure 2b).  Spatiotemporal apoptosis induction with 
the PCGlue/Casp-3 hybrid by two-photon near-infrared (NIR) light 
is also highlighted. 

We first confirmed the adhesion of PCGlue to Casp-3.  Dynamic 
light scattering (DLS) analysis in phosphate buffered saline (PBS; 
15% glycerol, pH 7.4) indicated that the hydrodynamic diameter 
(Dh) of Casp-3 (0.4 μM; Dh = 0.7 ± 0.1 nm; Figure 3a, purple) in-
creased upon addition of PCGlue (10 μM; Dh = 2.5 ± 0.8 nm; Figure 
3a, green).  Accordingly, the zeta potential (ζ) of Casp-3 (0.4 μM; ζ 
= –9.3 mV; Figure 3b, purple) became positive (ζ = +8.5 mV; Figure 
3b, green) after the addition of PCGlue (10 μM).  This is most likely 
due to the charge neutralization of the carboxylate anions on Casp-
3 by the salt-bridge formation with Gu+ on PCGlue. 

PCGlue efficiently carries Casp-3 into living cells.  Here, we used 
human hepatocellular carcinoma Hep3B cells (1.0 × 104 cells/well), 
which is a widely used liver cancer cell line, as a model.  Hep3B cells 
were incubated in a serum-free Eagle’s minimal essential medium 
(EMEM, 200 μL) containing a mixture of PCGlue (1 µM) and Casp-
3 (40 nM) for 3 h at 37 °C.  After being rinsed with Dulbecco’s phos-
phate-buffered saline (D-PBS, 200 μL × 2), the cell sample was incu-
bated at 37 °C for 30 min in EMEM containing a mixture of 10% fetal 
bovine serum (FBS) and LysoTracker Red (25 nM) as an endo-
some-labeling reagent, and then subjected to confocal laser scanning 
microscopy.  Upon excitation at 488 nm, a fluorescence emission as-
signable to the NBD of PCGlue was observed from the cell interior 
(Figure 4a).  The fluorescence signals barely overlap with those from 
LysoTracker Red (λext = 552 nm, Figures 4b and 4c), suggesting that 
cellular uptake of the PCGlue/Casp-3 hybrid occurs mainly by direct 
penetration through the plasma membrane rather than endocytosis.  
In fact, Hep3B cells incubated with PCGlue (1 µM) and Casp-3 (40 
nM) for 1 h at 4 °C, where endocytosis is known to be suppressed,13 
also emitted fluorescence due to the NBD unit of PCGlue (Figure 
S1).14 

Photoirradiation successfully induces apoptosis for the Hep3B 
cells treated with the PCGlue/Casp-3 hybrid.  The enzymatic activity 
of intracellular Casp-3 was evaluated by using a commercially 
available substrate NucView.15  When cleaved by Casp-3, NucView 
releases a dye that migrates into the cell nucleus and then emits 
fluorescence upon excitation at 552 nm.15  Hep3B cells (1.0 × 104 
cells/well) were incubated in EMEM (200 μL) containing a mixture 
of PCGlue (1 µM) and Casp-3 (40 nM) for 3 h at 37 °C.  After rinsing 
with D-PBS (200 μL × 2), the cell sample was supplied with EMEM 
(10% FBS, 200 μL) and exposed to UV light (λ = 365 nm, 1.1 
mW/mm2) for 2 min, followed by the addition of NucView (2 μM).  
Then, the cell sample was incubated for 18 h at 37 °C and subjected 
to confocal laser scanning microscopy.  As shown in Figures 4e and 
4f (red), the cells emitted fluorescence from their nuclei (λext = 552 
nm), indicating the activation of Casp-3 inside the cells.  Image 
analysis of the micrographs revealed that 77% of the cells 
accommodated active Casp-3 and were namely apoptotic (Table S1; 
apoptotic rate).14,16  Cell viability test using Cell Counting Kit-8 
(CCK-8) also suggested the apoptosis of cells (Figure 4g, red).  In 
sharp contrast, a reference cell sample prepared without UV 
irradiation under otherwise identical conditions was negligibly 

 
Figure 2.  Schematic illustration of apoptosis induction through intra-
cellular photoactivation of caspase-3 (Casp-3) using PCGlue.  (a) PCGlue 
adheres to Casp-3, forming their hybrid.  (b) The PCGlue/Casp-3 hybrid 
enters living cells, presumably by direct penetration through the plasma 
membrane.  Casp-3 covered with PCGlue is dormant for inducing apop-
tosis.  Upon photoirradiation, PCGlue on Casp-3 is cleaved off at the pho-
tocleavable linkages to reduce the multivalency for the adhesion and 
consequently liberates Casp-3.  Then, the liberated Casp-3 induces the 
cell apoptosis. 

 
Figure 3.  (a) Dynamic light scattering (DLS) histograms at 25 °C in 
PBS (15% glycerol, pH 7.4) of Casp-3 (0.4 µM; purple) and a mixture 
of PCGlue (10 μM) and Casp-3 (0.4 µM; green).  (b) Zeta potential (ζ) 
values at 25 °C in PBS (15% glycerol, pH 7.4) of Casp-3 (0.4 μM; pur-
ple) and a mixture of PCGlue (10 μM) and Casp-3 (0.4 μM; green). 



 

fluorescent upon excitation at 552 nm (Figures 4d and 4f, purple).  
In fact, cell death was barely induced (Figure 4g, purple).  
Importantly, neither the UV exposure (λ = 365 nm, Figure S2b),14 
Casp-3 (40 nM, Figure S2c),14 nor PCGlue (1 µM, Figure S2d)14 

could activate Hep3B cells for NucView (Figure 4f).  Accordingly, 
none of the reference cell samples were significantly apoptotic 
(apoptotic rate: 6%–29%, Table S1).14 

Of particular interest, such an intracellular activation of Casp-3 
could be achieved in a spatiotemporal manner with two-photon NIR 
light.  This is advantageous for in vivo applications because NIR light 
can penetrate deep tissues.17  Analogous to the previous experiment 
(Figure 4d), Hep3B cells were incubated with PCGlue/Casp-3 
([PCGlue] = 1 μM, [Casp-3] = 40 nM) and then treated with Nu-
cView (2 µM).  When irradiated with a two-photon NIR laser (λ = 
710 nm; Figures 5 and S4, yellow dashed box)14 for 2 min, the cells 
located in the irradiated area exhibited a strong fluorescence in the 
nuclei due to NucView (Figures 5b and S4b).14  In sharp contrast, 
the cells in the nonirradiated area remained non-fluorescent (Fig-
ures 5b and S4b).14  These results indicate that PCGlue can be cleaved 
at the BANVOC linkages by two-photon NIR light8b,18 and success-
fully liberate active Casp-3 inside cells. 

In conclusion, we demonstrated that PCGlue carries Casp-3 di-
rectly into the cytoplasm and liberates it by using UV or two-photon 
NIR light.  Consequently, apoptosis occurs selectively in the irradi-
ated cells.  This unprecedented intracellular photoactivation of 
Casp-3 using NIR light is advantageous for in vivo practical applica-
tions.  Thus, an in vivo study on phototherapy of cancer using the 
PCGlue/Casp-3 hybrid is a subject worthy of further investigation. 
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Figure 4.  (a–e) Confocal laser scanning micrographs of Hep3B cells 
after 3 h incubation at 37 °C in EMEM containing PCGlue (1 µM) and 
Casp-3 (40 nM) followed by rinsing with D-PBS.  (a, b) Micrographs 
recorded upon excitation at (a) 488 nm (λobs = 500–530 nm) and (b) 
552 nm (λobs = 565–620 nm) after 30 min incubation in EMEM (10% 
FBS) containing LysoTracker Red (25 nM).  (c) Merged image of (a) 
and (b).  Scale bars = 20 μm.  (d, e) Micrographs recorded upon excita-
tion at 552 nm (λobs = 565–620 nm).  The Hep3B cells, treated with 
EMEM containing PCGlue (1 µM) and Casp-3 (40 nM), were incubated 
at 37 °C for 18 h in EMEM (10% FBS) containing NucView (2 μM) be-
fore (d) and after (e) 2 min UV exposure at 365 nm.  Scale bars = 50 μm.  
(f) Mean fluorescence (FL) intensities of Hep3B cells evaluated from 
the micrographs (d), (e), and those of Hep3B cells treated with Casp-3 
(40 nM) or PCGlue (1 μM) as well as untreated cells before and after 2 
min UV exposure at 365 nm (Figure S2).14  (g) Viabilities of Hep3B cells 
after 12 h incubation at 37 °C in EMEM (10% FBS) containing PCGlue 
(1 µM) and Casp-3 (50 nM) before (purple) and after (red) 2 min UV 
exposure at 365 nm. 

 
Figure 5.  (a) Differential interference contrast (DIC) and (b) confocal 
laser scanning micrographs upon excitation at 514 nm (λobs = 540–660 
nm) of Hep3B cells.  Hep3B cells were incubated at 37 °C for 3 h in 
EMEM containing a mixture of PCGlue (1 µM) and Casp-3 (40 nM), 
rinsed with D-PBS, and then incubated at 37 °C for 18 h in EMEM (10% 
FBS) containing NucView (2 μM), followed by two-photon irradiation 
at 710 nm for 2 min.  The yellow dashed boxes in (a) and (b) represent 
the irradiated area.  Scale bars = 50 μm. 
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