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The prodrug strategy provides an opportunity for improving the therapeutic index of drugs and avoid-
ing their side effects. The main challenge lies in the fast and effective release of the parent drugs at the
desired site under specific stimuli. Herein, a cooperative prodrug activation approach with exogenous na-
tive enzyme and endogenous tumor small molecule biomarkers was developed. Chemically, precursors
of methylene blue (MB) and resorufin (RSF) react with horseradish peroxidase (HRP)/hydrogen perox-
ide (H,0,) to quickly and quantitatively release parent dyes and drugs containing amines or carboxylic
acids. The application of this approach in mammalian cells was demonstrated with cooperative-activated
photodynamic therapy based on a precursor of MB. Compared with free MB, much higher selectivity to-
ward cancer cells was achieved with this approach as evaluated by the selectivity index (SI). This study
provides a new method for fast and effective targeted prodrug activation with no need for antibody mod-
ification compared with traditional enzyme/prodrug therapy.
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Systemic administration is a powerful approach in the armoury
against cancer, but it is fraught with problems due to its global sys-
temic toxicity. Prodrug strategies have been developed to address
these problems [1,2]. The inactivated prodrugs could be obtained
by modification of the active functional group of parent drugs, thus
avoiding its toxicity and bioactivity [3]. When the protection group
was cleaved by a specific stimulus at the tumor, parent drugs were
released at the tumor site specifically, achieving targeted killing of
tumor cells without systemic toxicity. To achieve an efficient and
targeted cure effect, spatiotemporally controlled and fast activation
of prodrugs is the key factor [4]. This means that spatiotemporally
controlled cleavage chemistry with fast reaction dynamics is urged
for prodrug strategy.

Specific small molecules, such as H,0, [5,6], glutathione (GSH)
[7-11], H* [12], have a much higher abundance in tumors com-
pared with normal tissues and organs. As a stimulus, their cleavage
reaction with prodrug provides a method of drug activation. Ro-
midepsin (Istodax), which contains a GSH-cleavable disulfide bond,
has been approved by the Food and Drug Administration (FDA) for
cutaneous T-cell lymphoma in 2009 [13]. However, the reaction
rate between small molecules may be too slow to achieve an ef-
ficient maximum dose of the parent drug, which would attenuate
the therapeutic effect.
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The exogenous enzyme has been widely used for prodrug acti-
vation for its fast cleavage reaction rates and catalytic nature. The
therapy with exogenous enzyme-activated prodrug was termed en-
zyme prodrug therapy (EPT) [14,15]. The vital aspect of this ther-
apy is the pre-targeting of enzymes at the tumor site for selectively
activating the prodrug. Antibody-directed enzyme prodrug therapy
(ADEPT) was developed for this purpose [16,17]. The exogenous en-
zyme was modified by a specific antibody with high affinity with
antigen overexpressed at tumor cells. After being administrated in
the blood, enzymes accumulated at the tumor site. To avoid its un-
specific activation, the prodrug must be administrated after the en-
zyme was cleaned in the blood. However, expensive antibody mod-
ification and complex two-step administration may hinder its clin-
ical use.

Therefore, precise prodrug activation in a tumor-selective man-
ner with a fast reaction rate is still a pressing need and full of
challenges, prompting us to look for more suitable chemical tools.
Toward this problem, we envision a synergistic approach to con-
duct targeted and efficient cleavage chemistry and prodrug activa-
tion via the merger of non-targeted exogenous enzyme and small
molecule stimulus in the tumor microenvironment.

If successful, the developed methodology would be highly valu-
able, because it avoids not only the usage of expensive targeted
enzymes but also the cumbersome procedures. The main challenge
in this scenario lies in the synergistic work of enzyme and small
molecule stimulus, namely, the development of enzyme-catalyzed

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Tong, H. Huang, H. Li et al.

¢

— a» -+

Nr2 _HRP, H,0;, ( I T ) R1  R1=H,alkyl group
N : N TpHTZ N ~ + HN.p, R2=alkyl group
h
O4R
%
HRP, H202 HO. 0. o O_R

R=

HOKIOJ@OH pHT2 @”ﬁ * XH alkyl group
aryl group

Scheme 1. Cooperative activation of prodrug by exogenous enzyme (HRP) and en-
dogenous biomarker (H,0,) based on bi-substrate (prodrug and H,0,) enzyme re-
action.
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Scheme 2. Chemical structures of the substrates of HRP/H,0; in this work.

bi-substrate reactions with prodrug and biomarker as substrate.
Herein, we demonstrate horseradish peroxidase (HRP)/hydrogen
peroxide (H,0,) pair cooperatively cleaves urea bonds in methy-
lene blue (MB) derivatives and amide bonds in resorufin (RSF)
derivatives for targeted therapy (Schemes 1 and 2).

HRP, a plant enzyme originating from horseradish, catalyzing
nontoxic indole-3-acetic acid (IAA) to form cytotoxic radicals, has
been widely explored for EPT [18,19]. Importantly, it could oxi-
dize small organic molecules such as aniline [20], phenol [21], and
phenothiazine [22,23] with H,0, as a cosubstrate. In our previous
work, we designed a prodrug platform for MB and drugs contain-
ing primary amines based on urea bonds [24]. Hydroxyl radicals
generated by ultrasound could oxidize the urea bond in MB urea
derivatives to release MB and primary amine-containing molecules
simultaneously. We wonder whether HRP/H,0, could oxidize urea-
based MB due to its structural similarity toward phenothiazine.

Hence, the feasibility of urea bond scission by HRP and
H,0, cooperatively was evaluated with compound 1 as a model
molecule (Fig. 1A). A solution of 20 pmol/L compound 1 was co-
incubated with HRP (5nmol/L) and H,0, (50 pmol/L) in phos-
phate buffer saline (PBS) (pH 7.2) at 37 °C for 10 min before being
analyzed by high-performance liquid chromatography-ultraviolet
(HPLC-UV) (Fig. 1B), which revealed that the transformation from
compound 1 to MB and melphalan (Mel) was quickly and cleanly
with almost 100% conversion rate, demonstrating the feasibility of
cooperative cleavage reaction for prodrug activation. In contrast,
compound 1 treated with HRP or H,0, solely keep its integrity
even for 3h, further confirming the cooperative nature of this
bond scission. Liquid chromatography-high resolution mass spec-
trometry (LC-HRMS) was applied to identify the products (Fig.
S19 in Supporting information). The corresponding peaks were
highly identical to the predicted values of MB and Mel. Specifi-
cally, the cleavage rates strongly depended on the doses of H,0,
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Fig. 1. Cleavage of urea bond within compound 1 by HRP in the presence of H,0,.
(A) Scheme illustration of decomposition of compound 1 by HRP/H,0,. (B) HPLC
analysis of compound 1 with different treatments. Blue line: control. Green line:
5nmol/L HRP, 50 pmol/L H,0, 10 min. Yellow line: 5nmol/L HRP, 3 h. Orange line:
50 pmol/L H,0,, 3 h. (C) HPLC analysis of compound 1 treated by different dose
H,0, with fixed HRP concentration. (D) Dynamic analysis of the cleavage reac-
tion calculated by MB release rate. (E) Ky for compound 1 and H,0; calculated
by Michaelis-Menten plots. Mean =+ standard deviation (SD), n=3.

(Fig. 1C). Subsequently, the enzyme kinetics for the oxidation re-
action was determined. The characteristic absorbance of MB at
664 nm enabled us to monitor the reaction by absorbance spec-
troscopy easily. The reaction follows an exponential reaction kinet-
ics model (Fig. 1D), with the t;j, as low as 2 min, which is substan-
tially much faster than other reported H,O,-responsive prodrugs
[5,25-27]. To acquire dynamic parameters, reaction rates at differ-
ent substrate concentrations were obtained. Michaelis-Menten con-
stants (Ky,) were calculated by plotting reaction rates against sub-
strate concentrations (Figs. S20 and S21 in Supporting information)
[28]. As an important characteristic physical constant of the en-
zyme, K, reflects the affinity of the catalyst to a substrate.

The lower the Ky, the higher the affinity between the enzyme
and the substrate. The Ky, for compound 1 and H,0, was 1.92 +
0.18 pmol/L and 4.00 + 0.50 pmol/L, separately (Fig. 1E). The high
concentration of H,0, in the tumor (~50 pmol/L) is >10 fold of
Km for Hy0,, enabling the reaction to proceed at a saturated con-
centration of H,0,. In addition, such a low Ky, for compound 1
implies that it is an excellent prodrug with a high affinity to HRP
[29].

To gain more insight into this unique cooperative cleavage reac-
tion, mechanistic studies were conducted. There are only two types
of mechanism namely ordered and ping-pang mechanisms for a bi-
substrate enzyme-catalyzed reaction according to whether a triad
was formed or not during the reaction [30]. To elucidate this, we
plotted [1/V] against [1/S] to acquire double reciprocal plots, the
golden rule to determine the mechanism of this type of reaction
[31,32]. Parallel curves suggest that this reaction followed a Ping-
Pang route, similar to other substrates of HRP, for example 3,3,5,5-
tetramethylbenzidine (TMB) (Figs. 2A and B).

Detailed studies indicated that the conversion was initiated by
HRP compound [ generated in situ from HRP and H,0,. After
adding 1 equiv. of H,0, into the solution of HRP, the characteristic
absorption spectra of HRP compound I was observed immediately,
which has two oxidizing equivalents (Fig. 2C, black line) [33]. Upon
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Fig. 2. Mechanism study of the reaction between HRP, H,0,, and compound 1.
(A, B) Double-reciprocal plots of activity of HRP at a fixed concentration of one
substrate versus varying concentration of the second substrate for H,0, and com-
pound 1. (C) The absorbance spectrum of HRP, HRP compound I, HRP compound
I+ compound 1 (1 equiv.). (D) The absorbance spectrum of compound 1, HRP,
HRP + compound 1 (1 equiv.). (E) The absorbance spectrum of HRP compound I,
HRP compound II (generated by self-decomposition of HRP compound I), HRP com-
pound II+compound 1 (1 equiv.). (F) Cleavage of urea bond in compound 1 (5
pmol/L) by HRP/H,0, (1nmol/L+ 10 umol/L) in the presence of different dose of
radical scavenger ascorbic acid (from 0 to 2 equiv. with an interval of 0.5 equiv.).

further addition of 1 equiv. of compound 1, HRP compound I was
immediately recovered to the resting state of HRP, accompanied by
the generation of MB with a conversion rate of 100% (Fig. 2C, blue
line), revealing that the transformation is virtually initiated by HRP
compound I. In contrast, adding compound 1 to the resting HRP
solution change neither the absorbance of HRP nor of compound
1, indicating no direct interaction between the resting state of HRP
and compound 1 (Fig. 2D).

Since HRP compound 1 carry out two-electron oxidations,
whether the transformation involved a direct two-electron trans-
fer process or two consecutive one-electron transfer steps with
the formation of HRP compound II as an intermediate was fur-
ther studied. The generated HRP compound I (5 pmol/L HRP+5
pmol/L H,0,) in-situ decomposed into HRP compound II at 37.5 °C
spontaneously after 30 min, as evidenced by the spectral change in
soret regions (Fig. 2E) [34,35]. After further addition of 1 equiv. of
compound 1, it was soon transformed to the resting state of HRP,
accompanied by the generation of MB with a conversion rate of
about 50%, indicating that single electron extraction is enough for
the cleavage of the urea bond. Similar to amide bond cleavage for
amplex red, the breakdown of the urea bond may be led by a non-
enzyme process between free radicals [36]. As expected, vitamin C,
a radical scavenger [37], inhibited this cleavage reaction in a dose-
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dependent manner, further revealing that the reaction proceeds via
the free radical mechanism (Fig. 2F). After the possible reaction
mechanism was proposed, the substrate scope for the cooperative
cleavage strategy was explored. Consist to the above radical mech-
anism, MB precursors derived from primary and secondary amines
were both responsive to HRP/H,0, system were responsive toward
HRP/H,0, system, showing the scalability of this kind of cleavage
reaction (Figs. S22-S25 in Supporting information). In theory, any
drugs containing primary amines or secondary amines as active
groups can be developed as prodrugs by forming this kind of MB
urea derivatives. However, enzyme-catalyzed reaction was affected
by a lot of factors, for example, molecular volume [38]. When sub-
strate was too bulky, it may lose its responsivity toward the en-
zyme due to steric hindrance between the substrate and catalytic
center.

To investigate the feasibility of bulky molecules as prodrugs,
we designed and synthesized compound 6. Camptothecin (CPT), a
topoisomerase I (TOP I) inhibitor with its hydroxyl as the bioactive
group was selected as starting material [39,40]. It was linked with
MB by N,N’-dimethyl-1,2-ethanediamine, a self-immolative linker,
to form a bulky prodrug (compound 6) [41]. As expected, such
a modification blocked the bioactivity of CPT with half-maximal
inhibitory concentration (ICsg) of >50 pmol/L, as shown in Fig.
S26 (Supporting information). However, CPT showed high toxic-
ity toward HepG2 cells with IC5q of 143.6 nmol/L. To evaluate re-
sponsivity of blocked 6 toward HRP/H,0,, a solution of 20 pmol/L
compound 6 was co-incubated with HRP (20nmol/L) and H,0,
(50 pmol/L) in PBS at 37 °C for 10 min before being analyzed
by HPLC, which revealed fortunately that the transformation from
compound 6 to MB and amine-derivative CPT (Fig. S27 in Support-
ing information). Subsequently, the self-immolative linker leaves to
give free CPT with its bioactive hydroxyl group as evidenced by LC-
MS (Fig. S28 in Supporting information).

Interestingly, such a structure quenched the fluorescence of
CPT. Due to the electron-rich nature of phenothiazines, this phe-
nomenon can be attributed to intramolecular photo-induced elec-
tron transfer. However, upon the cleavage of the urea bond, CPT’s
fluorescence is restored, providing a visual means to track its re-
lease process and intracellular distribution (Fig. S29 in Supporting
information). Moreover, the antibiotic moxifloxacin was conjugated
with MB directly to form bulky prodrug 7 [42]. Similar reactive re-
sults were obtained (Figs. S30 and S31 in Supporting information).
Collectively, these indicated that this cooperative cleavage reaction
shows excellent tolerance toward bulky substrates, and the urea
bond is an effective functional group for quenching the fluores-
cence of parent drug.

Efforts for screening possible substrates of HRP/H,0, pair also
has been made based on another profluorescent structure. Two
analogs of amplex red were designed and synthesized where the
phenyl acetyl (compound 8) or benzoyl (compound 9) group was
used to cage the highly fluorescent resorufin (RSF, @ =0.754) by
an amide bond [36]. For the precursors of RSF, the characteris-
tic red color of resorufin disappeared, forming colorless solutions
(Figs. S32A and B in Supporting information). However, after be-
ing treated by HRP/H,0,, the characteristic fluorescence of RSF re-
covered from these two prechromophores with an obvious color
change from colorless to pink, indicating the release of free RSF
(Figs. S32C and D in Supporting information) [43]. Moreover, this
indicated that such a lock-and-unlock strategy is both applicable to
aromatic and alkyl carboxylic acids.

The high fluorescence of RSF and its modifiability by carboxylic
acid will make it useful in theragnostic prodrug design since
many drugs for ROS-relevant diseases such as non-steroidal anti-
inflammatory drugs (NSAID), contains bioactive carboxyl functional
group [44]. Subsequently, a theragnostic prodrug (compound 10)
for ibuprofen was designed and synthesized [45]. When the amide
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Fig. 3. Cleavage of amide bond within compound 10 by HRP in the presence of
H,0,. (A) Scheme illustration of decompostration of compound 10 by HRP/H,0,. (B)
Fluorescence spectrum of 5 pmol/L compound 10 after coincubation with HRP/H,0,
(2nmol/L, 10 pmol/L) for different times. (C) Fluorescence intensity change of com-
pound 10 (5 pmol/L) at 585 nm in the presence of different amounts of HRP and a
fixed amount of H,0, (10 pmol/L). The red dots represent resorufin being oxidized
to non-fluorescent resazurin. Mean + SD, n=3.

bond was broken, the released RSF will report the release process
of ibuprofen simultaneously by its strong fluorescence (Fig. 3A).
As expected, free ibuprofen was released from compound 10 af-
ter being treated by HRP/H,0,, as determined by MS (Fig. S33
in Supporting information). The fluorescence of RSF initially rises
rapidly and then gradually decreases, with the rate depending on
the concentration of HRP (Figs. 3B and C). The decrease in fluo-
rescence occurred because the released RSF continues to be a sub-
strate for HRP, gradually oxidizing to become non-fluorescent re-
sazurin in the presence of excess H,0, [46]. However, the signal-
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noise ratio was extremely high with a value of 960 (from 0.23 to
222.38, HRP =3 nmol/L), benefiting from the low background sig-
nal and high fluorescence quantum efficiency of RSF [47]. Since
many drugs contain a bioactive carboxyl functional group, the kind
of RSF derivatives could be an expandable prodrug platform, such
as quinolone antibiotics.

Having established the chemical basis of the cooperative cleav-
age strategy, we next explored specific applications. Despite the
virtue of efficiency and non-invasive feature, photodynamic ther-
apy (PDT) is largely hampered by low selectivity between tumor
and normal tissue which cause significant side-effects such as der-
matitis [48]. To solve this problem, developing pre-photosensitizers
selectively activated in tumors is a promising strategy [49-51].
Hence, compound 11 was designed and synthesized for biological
application by attaching hydrophilic biotin to leuco-MB.

Not surprisingly, photosensitizer MB was released from com-
pound 11 after being treated by HRP/H,0, (Fig. S34 in Supporting
information). In contrast, merely HRP or H,0, led to no release
of MB even after 3h of treatment. Importantly, the yields of MB
were linear related to the H,0, level, and higher H,0, concentra-
tion not only accelerate the release rate, but also the amount of
MB, enabling targeted cell killing (Fig. 4A). Moreover, this cleavage
reaction proceeded efficiently in the presence of different amounts
of fetal bovine serum (FBS), showing the robustness toward other
biomolecules (Fig. S35 in Supporting information).

Subsequently, cooperative cleavage strategy-induced singlet
oxygen (10,) sensitization recovery was evaluated by singlet oxy-
gen sensor green (SOSG) in PBS [52,53]. SOSG is a specifically fluo-
rescent 10, probe, which emits strong fluorescence at 525 nm after
reacting with 10,. As expected, the released free MB sensitized the
generation of 10, effectively upon light irradiation (Figs. S36 and
S37 in Supporting information). In contrast, nearly no generation
of 10, was detected in HRP or H,0, solely treated group.

Encouraged by these results, the controllable cleavage chem-
istry was evaluated in living mammalian cells by fluorescent con-
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Fig. 4. Cooperative cleavage strategy for targeted phototherapy. (A) Release of MB for 5 pmol/L compound 11 in the presence of 1 nmol/L HRP and different amounts of H,0,.
(B) Fluorescence of MB in NIH-3T3 and HepG2 cells treated with 10 pmol/L compound 11 with/without 100 nmol/L HRP. Scale bar: 20 pm. (C) Photo and dark toxicities of
compound 11 against NIH-3T3 (normal cell), 4T1 (cancer cell) and HepG2 (cancer cell). D: Dark, L: Light. (D) Photo and dark toxicities of HRP/compound 11 against HepG2
cells. (E) Photo and dark toxicities of MB against HepG2 cells. (F) Selectivity index of MB and HRP/compound 11 between different cell line. Mean + SD, n=3.
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focal imaging. HRP was incorporated in liposome by the reverse-
phase evaporation vesicle method to improve its stability and
bioavailability. The concentration was determined as 5 pmol/L with
a 50% encapsulation efficiency. The nanoparticle was 192 nm size
as determined by dynamic light scattering (DLS) (Fig. S38 in Sup-
porting information), and the zeta potential was —36.9 mV [54,55].
Benefiting from the natural advantage of enzymatic reactions in
terms of speed and HRP's excellent affinity for methylene blue
precursors, the cleavage chemistry of compound 11 proceeds ef-
ficiently in tumor cells (4T1 and HepG2) by virtue of the H,0,
overgenerated by cells, as shown by the fluorescence of MB in cells
(Fig. 4B and Fig. S39 in Supporting information) [56]. The fluores-
cence in cells increased over time and reached a maximum after
2 h, which is much faster than traditional H,O,-stimulated prodrug
activation [5,57]. Importantly, the released MB shown high stability
against HRP/H,0, (Fig. S40 in Supporting information). In contrast,
no detected fluorescence was observed in normal NIH-3T3 cells
due to its low H,0, concentration. In addition, all cells treated by
compound 11 merely showed no detectable fluorescence due to its
robustness toward endogenous H,0, in the absence of exogenous
HRP.

Then cooperatively activated phototoxicity toward both tumor
and normal cells was evaluated. Guided by fluorescence of released
MB, HRP/compound 11 were co-incubated with cells for 2h to
reach a maximum cellular uptake. The cells were subjected to irra-
diation (40 mW/cm?, 5 min) after being washed three times by PBS
and replaced by fresh culture. The dark groups were treated with
the same procedure without light irradiation.

In all tested cell lines, compound 11 showed excellent biosafety
neither in the dark nor under irradiation (Fig. 4C). In the pres-
ence of HRP, compound 11 recovered its phototoxicity toward
HepG2 cells (1.27 pmol/L) with close IC5g to free MB (0.70 pmol/L)
(Fig. 4D). Similar result was observed in 4T1 cells (3.01 pmol/L vs.
1.19 pmol/L) (Fig. S41 in Supporting information). However, this en-
zyme/prodrug pair demonstrated much less phototoxicity toward
normal NIH-3T3 cells compared to free MB (99.71 pmol/L vs. 3.09
pmol/L) (Fig. S42 in Supporting information). To evaluate the tar-
geted effect of this enzyme/prodrug approach, the selectivity index
(SI) was calculated by dividing the ICsy toward normal cell by ICsq
toward the tumor cell. The SI was elevated significantly from 2.59
to 33.13 (NIH-3T3 vs. 4T1), and from 4.41 to 78.51 (NIH-3T3 vs.
HepG2) separately (Fig. 4F). Both are much higher than the thresh-
old of a selective drug (typical value =10). Generally, this indicated
that the cooperative-activated strategy showed much more speci-
ficity than free MB (~12-fold and 17-fold) and operate efficiently
in living mammalian cells.

To intuitively visualize the cooperatively activated phototoxi-
city, calcein-AM and propidium iodide (PI) were used to distin-
guish live (green) and dead (red) HepG2 cells (Fig. S43 in Support-
ing information). Consistent with the above results, only cells co-
treated with HRP/compound 11 show red fluorescence upon illu-
mination, a marker of dead cells. In contrast, other groups (con-
trol, compound 11 in the dark, compound 11 upon irradiation,
HRP/compound 11 under dark) showed strong green fluorescence,
a marker of live cells, indicating the importance of enzyme and
light. DCFH-DA assay further revealed that the cytotoxicity was ini-
tiated by ROS (Fig. S44 in Supporting information) [58,59].

In summary, we have firstly developed a cooperative bond
cleavage strategy based on HRP and tumor abundant H,0, for
targeted and fast prodrugs activation. Urea-bond-containing pre-
cursors of MB could function as a prodrug platform for both MB
and drugs containing primary or secondary amines, where urea
bonds block both the functional phenothiazine structure in MB and
the bioactive amine groups in drugs simultaneously. However, this
kind of urea bond could be cooperatively cleaved by HRP and H,0,
to release MB and amine derivatives even with bulky hindrance.

Chinese Chemical Letters 35 (2024) 109663

Cooperative cleavage reaction-mediated targeted phototherapy was
demonstrated in HepG2, 4T1, and NIH-3T3 cell lines. The selective
indexes were significantly elevated (from 2.59 to 33.13 for NIH-
3T3 vs. 4T1, from 4.41 to 78.51 for NIH-3T3 vs. HepG2). Mecha-
nism study demonstrated that cancer cells were killed by 10, sen-
sitized by released MB. This work demonstrated the superiority of
bi-substrate enzyme reaction against traditional one-substrate en-
zyme reaction for prodrug activation. It may promote the devel-
opment of both small-molecule prodrugs and enzymes in related
fields.
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