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a b s t r a c t

Photodynamic therapy (PDT) agents may accumulate in skin and cause severe skin cytotoxicity. We report

a pro-guest-based supramolecular strategy to selectively activate PDT in the reactive oxygen specie (ROS)

overexpressed microenvironment, which is often existing in tumor and inflammatory tissues. PDT agents

methylene blue (MB) and basic blue 17 (BB17) are used as model drugs. When encapsulated by acyclic

cucurbit[n]uril (CB[n]), the efficacy of PDT agents is significantly inhibited. By contrast, in the presence

of ROS (H2O2) and pro-guest, PDT agents are displaced and reactivated to show a dramatically enhanced

PDT efficacy in cells.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photodynamic therapy (PDT) is an effective treatment method

for multiple types of cancer and infectious diseases [1–4]. Several

PDT practices have been approved for clinical uses [5–9]. Although

known for its negligible systematic toxicity and high selectivity,

PDT agents are known to accumulate in skin tissues, which may

cause severe skin cytotoxicity [10–13]. To avoid this side effect, pa-

tients have to wear protective gears or stay in the dark room for an

extended period of time. Therefore, it is highly desired to develop

PDT treatment, which only activates PDT effect in the pathological

tissues.

Strategies based on nanoscale drug delivery systems (DDSs)

and photo quenchers have been reported to reduce side effects of

skin cytotoxicity [14–20]. Supramolecular encapsulation is known

to have a major impact towards pharmaceutical efficacy [21–29].

Very recently, supramolecular strategy is reported to suppress

skin cytotoxicity by removing PDT agents with the assistance of

supramolecular organic frameworks [30–33]. We decide to explore

a simple and reliable supramolecular strategy to activate PDT in

pathological microenvironment by using pro-guest. Pro-guest is de-

signed not to bind with host molecules, which may convert to be

competitive guest under suitable conditions to displace encapsu-

lated drugs or dyes inside the host cavity [34–36]. By choosing the

appropriate host and pro-guest molecules, pathological microenvi-
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ronment may trigger the conversion from pro-guest to competitive

guest, which leads to the activation of PDT effect.

Here, as a proof of concept study, we report a pro-guest-based

supramolecular strategy for PDT selectively activated by reactive

oxygen specie (ROS). ROS is often overexpressed in tumor and in-

flammatory tissues [37–44]. We discover that supramolecular en-

capsulation is capable of “turning off” the photo cytotoxicity. ROS

is found to trigger the release of encapsulated PDT agents, which

activates PDT. The cytotoxicity of PDT is evaluated in human cancer

and normal cells before or after ROS activation.

As shown in Fig. 1a, two PDT agents methylene blue (MB) and

basic blue 17 (BB17) are used as model drugs [45,46]. Acyclic cu-

curbit[n]uril (CB[n]) hosts 1-4 are used to encapsulate PDT drugs.

These host molecules have phenylene or naphthylene walls, and

sulfonate or carboxylate side chains. The different backbones and

side chains render host molecules varied influences toward en-

capsulated PDT drugs. Carboxylated acyclic CB[n]s 2 and 4 have a

modest solubility in water (0.9 and 0.7 mmol/L, respectively). 2-

Thiol ethylamine is used as pro-guest 5. We expect pro-guest 5

will convert to be guest 6 under ROS condition, which may dis-

place encapsulated PDT drugs. As depicted in Fig. 1b, supramolec-

ular encapsulation will shut down the generation of singlet oxygen

(1O2) and turn off photo cytotoxicity in normal tissues. By contrast,

in ROS overexpressed pathological tissues, PDT drugs are displaced

to acitivate the generation of 1O2 and turn on the PDT effect.

First, we investigated the host-guest chemistry. The value

of Ka for the complexes formed between host 1 and PDT
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Fig. 1. (a) Chemical structures of hosts 1-4, MB, BB17, pro-guest 5 and guest 6. (b)

Cartoon depicting reactive oxygen specie activates photodynamic therapy.

Table 1

Binding constants (Ka, L/mol) for the interaction of hosts 1-4 with MB, BB17, 5 and

6.

Host MB BB17 5a 6a

1 (6.2 ± 1.0)×106 (9.2 ± 0.5)× 106 (2.5 ± 0.2)×103 (1.3 ± 0.2)× 106

2 (2.8 ± 0.5)×107 (2.8 ± 0.2)× 107 (5.6 ± 0.2)×103 (1.8 ± 0.1)× 106

3 (6.6 ± 0.7)×107 (2.8 ± 0.6)× 107 (3.7 ± 0.9)×103 (2.0 ± 0.3)×106

4 (2.1 ± 0.3)×105 (3.2 ± 0.4)× 105 (8.6 ± 0.2)×103 (6.1 ± 0.9)× 106

a Data cited from literature report [49].

drugs/pro-guest/guest was determined by direct titration or indi-

cator displacement assay. As listed in Table 1, the value of Ka

for the complexes of 1·MB and 1·BB17 was determined to be

(6.2 ± 1.0)×106 L/mol and (9.2 ± 0.5)×106 L/mol, respectively.

The high binding affinity ensured a stable complexation in cellular

or even tissue environment. The binding affinity for the complex

of host and guest 6 was significantly higher compared to that for

the complex of host and pro-guest 5. Hosts 2 and 3 demonstrated

similar Ka values as that of host 1. By comparison, host 4 showed

a relatively smaller Ka value with MB and BB17, while its binding

with compounds 5 and 6 was tighter. Therefore, the conversion of

pro-guest 5 to guest 6 may result in a displacement of encapsu-

lated PDT drug.

Fig. 2. 1O2 generation of (a) MB (4 μmol/L) and (b) BB17 (4 μmol/L) with or

without hosts 1-4 (20 μmol/L) in H2O after different time intervals of 655 nm

laser irradiation using ABDA as an indicator; 1O2 generation of (c) MB, host

1+MB, host 1+MB+5, host 1+MB+H2O2 and host 1+MB+5+H2O2; (d) BB17, host

1+BB17, host 1+BB17+5, host 1+BB17+H2O2 and host 1+BB17+5+H2O2, [PDT

drug]=4 μmol/L, [PDT drug]:[host 1]:[pro-guest 5]:[H2O2]=1:2:25:25; (e) 1H NMR

spectra (400 MHz, D2O, 298 K) of MB (1.0 mmol/L), host 1:MB=1:1, host 1:MB:pro-

guest 5=1:1:10, host 1:MB:pro-guest 5:H2O2 =1:1:10:10.

Next, the rate of 1O2 generation was determined. The PDT

efficacy is often related to the generation of ROS formation

rate, especially the formation of 1O2 [47,48]. The rate of 1O2

generation was determined in water with 9,10-anthracenediyl-

bis(methylene)dimalonic acid (ABDA) as the indicator.

As shown in Figs. 2a and b, the encapsulation by host molecules

showed different impacts towards the 1O2 generation rate of MB

and BB17. Hosts 1-3 significantly reduced the 1O2 generation rate.

By contrast, host 4 barely changed the 1O2 generation. These ob-

servations indicated that different side walls and side chains of the

host molecules might have a major impact towards the influence of
1O2 generation.

The H2O2-induced recovery of 1O2 generation efficiency was in-

vestigated. As shown in Figs. 2c and d, after host 1, PDT drug and

pro-guest 5 were incubated in a solution of H2O2 for 4 h, the 1O2

generation rate recovered to a level similar to that of PDT drug

alone. These observations showed that a ROS-induced PDT drug

displacement had taken place. By contrast, in the absence of H2O2,

the 1O2 formation remained on a low level, indicating pro-guest

alone was unable to displace the encapsulated drug.
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Fig. 3. Photocytotoxicity of different concentration of (a) MB and (b) BB17 with

[1]=4 μmol/L, [5]=100 μmol/L and [H2O2]=100 μmol/L to B16 cells (655 nm,

0.12 W/cm2, 5 min per well). (c) Photocytotoxicity of different concentration of MB,

with [1]=8 μmol/L and [5]=100 μmol/L to L02 cells (solar simulator, 0.2 W/cm2,

10 min/well). All cell viability is displayed as mean ±SD (n=4).

The pro-guest to guest conversion and drug displacement were

monitored by fluorescence and 1H NMR spectroscopy. As shown

in Fig. S12 (Supporting information), the fluorescence intensity of

MB and BB17 was significantly reduced when encapsulated by host

molecules. Therefore, the fluorescence intensity could serve as an

indicator for the drug release. When incubated in an aqueous so-

lution of H2O2 (100 μmol/L), the fluorescence intensity rapidly in-

creased. 1H NMR spectra also indicated a H2O2-triggered displace-

ment of drugs. As shown in Fig. 2e, when encapsulated by host

molecules, proton resonances of Ha-Hc shifted upfield. When incu-

bated in H2O2, the upfield shifted proton resonances of MB shifted

downfield, demonstrating the displacement occurred.

Cell study was used to investigate the efficacy of supramolec-

ular strategy based on pro-guest. Human cancer B16 cells were

used to mimicking the PDT efficacy in pathological tissues. Briefly,

cancer cells were incubated in drug with varied concentration,

drug+host 1, drug+host 1+pro-guest 5, or drug+host 1+pro-guest

5+H2O2 for 4 h. Cells were washed and irradiated with laser at

655 nm (0.12 W/cm2) for 5 min each well, and subsequently incu-

bated for another 20 h. Cells were then washed and the viability

was evaluated by CCK-8 assay. As shown in Fig. 3a, the addition of

host 1 significantly reduced the photo cytotoxicity of MB. The ad-

dition of pro-guest 5 in the absence of H2O2 did not significantly

reverse the photo cytotoxicity inhibition. By sharp contrast, when

incubated with H2O2, the photo cytotoxicity recovered to a level

slightly lower than that of MB alone. These observations that the

mimicked ROS overexpressed tumor microenvironment is able to

activate the photo cytotoxicity of PDT agent MB. Similar observa-

tions were shown for BB17 in Fig. 3b.

Normal human L02 cells were used to mimic the skin photo-

cytotoxicity. A solar simulator was used to mimic the sunlight and

solar photo cytotoxicity. As shown in Fig. 3c, the encapsulation of

MB by host 1 was able to significantly suppress the photo cyto-

toxicity. Since normal tissues lack overexpressed ROS, a solution of

MB, host 1 and pro-guest 5 was used to mimick the PDT drugs dis-

tributed to normal tissues. As expected, negligible cytoxocity was

observed, which confirmed that pro- guest 5 was unable to dis-

Fig. 4. CLSM Images of B16 cells treated with MB (20 μmol/L), host 1 (40 μmol/L)

and pro-guest 5 (400 μmol/L) (a) without H2O2 and (b) with H2O2 (200 μmol/L)

for 2 h, and the cells were stained with Hoechst and Lysotracker green. Scale bar:

50 μm.

place MB and normal tissues could avoid sunlight-caused photo

toxicity.

Lastly, confocal laser scanning microscopy (CLSM) was used to

image the uptake of MB, which may help explain the mechanism

of photo cytotoxicity suppression and recovery. Briefly, B16 cells

were incubated with MB, host 1 and pro-guest 5 in the absence

or presence of H2O2 for 2 h. Subsequently, cells were stained with

Hoechst and Lysotracker Green, and imaged by CLSM. As shown

in Fig. 4, in the absence of H2O2, minimal MB uptake was ob-

served. By sharp contrast, when in presence of H2O2, the uptaken

efficiency of MB was greatly enhanced. As shown in Fig. S19 (Sup-

porting information), free MB is more capable of being internalized

by cells compared to host-encapsulated MB. Therefore, the H2O2-

induced displacement of MB may improve cell uptake efficiency

and photo cytotoxicity.

In summary, we report a new supramolecular strategy to inhibit

photo cytotoxicity of PDT drugs, and reactivate the PDT efficacy in

the presence of H2O2. Cell study confirms the rapid recovery of

photo cytotoxicity when H2O2 was added. Mechanistic investiga-

tion shows that PDT drug displacement and cell uptake enhance-

ment are the reasons for the recovery of cytotoxicity. This strategy

may be explored to develop supramolecular PDT drugs with re-

duced photo toxicity to skin tissues.
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