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ABSTRACT: Cancer cells differ from normal cells in both 
gain-of-functions (i.e., upregulation) and loss-of-functions 
(i.e., down-regulation). While it is common to suppress gain-
of-function for chemotherapy, it remains challenging to tar-
get down-regulation in cancer cells. Here we show the com-
bination of enzyme-instructed assembly and disassembly to 
target down-regulation in cancer cells by designing peptidic 
precursors as the substrates of both carboxylesterases (CES) 
and alkaline phosphatases (ALP). The precursors turn into 
self-assembling molecules to form nanofibrils upon 
dephosphorylation by ALP, but CES-catalyzed cleavage of 
ester bond on the molecules results in the disassembly of 
nanofibrils. The precursors selectively inhibit the cancer cells 
(e.g., OVSAHO) that down-regulates CES, but are innocuous 
to a hepatocyte (HepG2) that overexpresses CES, while both 
the cell lines exhibit comparable ALP activities. This work 
illustrates a potential approach for the development of 
chemotherapy via targeting down-regulation (or loss-of-
functions) in cancer cells.  

While the self-assembly of small molecules is a well-studied 
phenomenon in organic solvents

1
 or on surfaces,

2
 the for-

mation of such structures in biological systems has only re-
cently been described.

3,4,5
 At the intersection of supramo-

lecular chemistry and cell biology, supramolecular assem-
blies have shown great promises for cell cultures,

6
 modulat-

ing immune responses,
7
 delivering drugs,

8
 inhibiting drug-

resistant pathogens,
9
 and inhibiting cancer cells.

10
 We are 

particularly interested in the use of assemblies of molecules 
for cancer therapy because a serendipitous discovery

11
 of the 

inverse comorbidity between cancer and neurodegenerative 
diseases implicates molecular nanofibrils formed by self-
assembly inhibiting cancer cells, either in animal model

12
 or 

in a human trial.
13

 This notion, indeed, is supported by the 
development of enzyme-instructed self-assembly (EISA),

14
 

which selectively generates nanoscale assemblies of small 
molecules (e.g., small peptide derivatives

5,15,16
 or carbohy-

drate derivatives
4
) in-situ on cancer cells for inhibiting the 

cancer cells. 

 EISA, as a process, differs fundamentally from the well-
established prodrug approach

17
 because, in EISA, only the 

assemblies, not the un-assembled products of enzymatic 
conversion, are inhibitory to cancer cells.

15,18
 Besides acting as 

a multiple-step process to inhibit cancer cells,
19

 EISA promis-
es a unprecedented way for targeting down-regulation for 
cancer therapy, which remains a challenge in translational 
medicine. Scheme 1 shows the concept: A pair of cell lines 
both express alkaline phosphatase (ALP) in comparable lev-
els, but one (e.g., OVSAHO) down-regulates CES, and the 
other (e.g., HepG2) upregulates carboxylesterase (CES). Up-
on the action of ALP, precursors turn into self-assembling 
molecules to form assemblies, but the assemblies disassoci-
ate upon the action of CES. Because the assemblies are cyto-
toxic and the un-assembled products are innocuous to cells, 
the precursors would only inhibit the cells expressing ALP 
and down-regulating CES. Thus, the overall result is to target 
the down-regulation of enzyme (e.g., CES) in cancer cells. 

Scheme 1. Structures of the precursor and its hydrolysis 
products and the concept of targeting the cells that down-
regulate CES, while expressing ALP. 

 

 Based on the above concept, we design an EISA precursor 
1-OMe-OP, which contains both CES cleavage site (i.e., car-
boxylmethylester) and ALP cleavage site (i.e., phosphotyro-
sine). Such a design allows ALP to convert 1-OMe-OP to 1-
OMe-OH, CES to turn 1-OMe-OP into 1-OH-OP, and the 
actions of ALP and CES to generate 1-OH-OH. Critical mi-
celle concentration (CMC) measurement and static light 
scattering (SLS) reveal that 1-OMe-OH favors self-assembly. 
Transmission electron microscopy (TEM) confirms that 1-
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OMe-OH, generated by dephosphorylation of 1-OMe-OP, 
forms nanofibrils, and CES catalyzes the dissociation of the 
nanofibrils by converting 1-OMe-OH to 1-OH-OH. Cell via-
bility test indicates that 1-OMe-OP potently inhibits the 
cancer cells (e.g., OVSAHO) that down-regulate CES, but is 
innocuous to the cells (e.g., HepG2) that up-regulate CES, 
while those two cell lines exhibit comparable phosphatase 
activities. Control experiments (the addition of esterase in-
hibitors

20
) confirm that the action and the expression level of 

CES are critical for selectively inhibiting the cancer cells. A 
dicarboxylmethylester analog of 1-OMe-OP validates the 
generality of the concept. This work, for the first time, 
demonstrates the use of molecular assemblies to target the 
loss-of-function (i.e., an “untargetable” feature

21
) in cancer 

cells. Thus, it opens a new way for developing anticancer 
therapeutics based on the process of self-assembly and the 
down-regulation of enzymes. 

 

Figure 1. (A) CMCs—determination with rhodamine 6G for 
1-OH-OP, 1-OMe-OP, 1-OH-OH, and 1-OMe-OH. (B) TEM 
of the nanostructures formed by 1-OMe-OP (100 μM) before 
and after the addition of ALP or both ALP and CES. In PBS 
(pH 7.4) and scale bar = 100 nm. 

 The key feature of the design is that ALP-generated 1-
OMe-OH to form assemblies and the assemblies disassociate 
upon CES catalytically converting 1-OMe-OH to 1-OH-OH. 
We synthesize the precursor 1-OMe-OP and the relevant 
products (1-OMe-OH, 1-OH-OH and 1-OH-OP) from its 
hydrolysis catalyzed by ALP or CES or both (Scheme 1). We 
first assess their self-assembling abilities by measure their 
CMCs. As shown in Figure 1A, the CMCs follow the order of 
1-OMe-OH < 1-OMe-OP < 1-OH-OH < 1-OH-OP. This result 
indicates that the presence of phosphate group decreases 
self-assembling ability of the Nap-capped tripeptide (Nap-
ffy), while attaching methyl group to the C-terminal of Nap-
ffy increases the self-assembling ability by about an order of 
magnitude. We use SLS to measure the signals change upon 
treating 1-OMe-OP by ALP (Figure S13). The signal intensity 

ratio of the solution of 1-OMe-OP (20 µM) is 0.3. The addi-

tion of ALP to that solution increases the ratio to 98.9, but 
the addition of CES decreases the ratio to 0.02. Moreover, 
incubating 1-OMe-OP with ALP and CES together results in 
1-OH-OH to exhibit a signal intensity ratio of 0.7, two order 
of magnitude lower than that of 1-OMe-OH. Agreeing with 
the CMC measurement, these results indicate that CES in-
structs the dissociation of the assemblies formed by ALP-
instructed self-assembly of 1-OMe-OH. In addition, the TEM 
images (Figure 1B) show that 1-OMe-OP hardly forms any 
nanostructures at the concentration of 100 μM, while the 
addition of ALP results in nanofibrils with a diameter of 8±2 
nm. Being co-incubated with CES and ALP together, 1-OMe-
OP turns to 1-OH-OH, which forms small particles with a 
diameter of 7±2 nm. These TEM images confirm that ALP 
instructs the assembly of 1-OMe-OH while CES catalyzes the 
dissociation of the assemblies.   

 

Figure 2. (A) Relative activities (comparing to culture medi-
um) of esterase secreted from the cells. (B) Percentage of the 
molecular species after incubating 1-OMe-OP (500 μM) with 
HepG2 or OVSAHO cells for 24 h. 

 To demonstrate the concept of targeting down-regulation 
in cellular milieu, we choose OVSAHO—an ovarian cancer 
cell line and HepG2—as a model cell of hepatocyte. Accord-
ing to the CCLE database, the mRNA expression of CES1 of 
HepG2 is nearly three times higher than that of OVSAHO 
cells, while these two cell lines express comparable levels of 
tissue non-specific alkaline phosphatase (ALPL) (Figure S14). 
Since the hydrolysis of the methylester bond in 1-OMe-OP 
or 1-OMe-OH is able to occur in pericellular space, we 
measure the activity of secreted esterases (Equation S1) of 
HepG2 or OVSAHO cells in its conditioned medium. As 
shown in Figure 2A, the relative activity (0.4) of the secreted 
esterases of HepG2 cells is almost 40 times higher than that 
of OVSAHO cells (0.01) at 8 hours, indicating that HepG2 
cells secrete more esterases than OVSAHO cells do. In the 
conditioned medium of HepG2 at 24 h, the relative activity of 
the secreted esterases (0.7) becomes about five times of that 
of OVSAHO (0.14), suggesting that HepG2 cells constantly 
secrete more esterases than OVSAHO cells do. 

 We quantify the relevant conversion after incubating 1-
OMe-OP with HepG2 or OVSAHO cells for 24 h (Figure 2B). 
LC-MS analysis indicates that only about 50% precursors (1-
OMe-OP) remains in both cells (i.e., 44.3 % for HepG2 and 
44.2 % for OVSAHO), indicating that HepG2 and OVSAHO, 
in fact, exhibit comparable phosphatase activities. However, 
the CES from HepG2 hydrolyzes 14% of carboxylmethylester, 
which is four times higher than the CES from OVSAHO does 
(i.e., hydrolyzing 3.2 %). Although the difference of 1-OMe-
OH in HepG2 and OVSAHO is only about 8%, the molar 
ratios of 1-OMe-OH/1-OH-OH in the cultures of HepG2 and 
OVSAHO are 3.3 and 30, respectively. Thus, we speculate 
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that 1-OH-OH likely promotes the disassembly of 1-OMe-
OH.  Congo red, a dye for self-assembled nanofibrils,

15
 helps 

directly visualize the formation of nanofibrils in pericellular 
space of OVSAHO and HepG2 cells (Figure S15). Moreover, 
the pericellular fluorescence deceases upon washing, agree-
ing with that the nanofibrils form on the cell surface. The 
confocal images also reveal that more nanofibrils formed on 
OVSAHO cells than on HepG2 cells, agreeing with cell viabil-
ity results. These results, agreeing with enzyme expression 
levels and the relative activities of the secreted esterases of 
the cells, further support the design (Scheme 1) for targeting 
cells that down-regulate CES. 

  

Figure 3. (A) Cell viabilities for HepG2 and OVSAHO cells 
treated with 1-OMe-OP; (B) IC50 values (at 72 h) of 1-OMe-
OP against HepG2 or OVSAHO cells without/with addition 
of the inhibitors of esterases: BNPP (non-specific), 
loperamide (CES2) and troglitazone (CES1). 

 While 1-OMe-OP potently inhibits OVSAHO cells at 50 
μM (Figure 3A), it is almost innocuous to HepG2 cells. The 
IC50 value of 1-OMe-OP against HepG2 cells (338 μM) is 
about fifteen times higher than that of OVSAHO cells (22 
μM), confirming that 1-OMe-OP selectively target OVSAHO 
cells. Besides difference in their self-assembling ability, the 
carboxylic species (e.g., 1-OH-OH) likely adheres less to cell 
membrane than the methylester one (e.g., 1-OMe-OH) does, 
thus exhibits less cytotoxicity. To prove further that CES 
hydrolysis contributes to the low cytotoxicity of 1-OMe-OP 
against HepG2, we co-incubate CES inhibitors and 1-OMe-
OP with HepG2 (Figure 3B). The addition of troglitazone (a 
CES1 inhibitor

20
) or loperamide (a CES2 inhibitor

22
) reduces 

the IC50 of 1-OMe-OP against HepG2 from 338 μM to 133 μM 
and 117 μM, respectively. BNPP (an inhibitor of both CES1 
and CES2

23
) lowers the IC50 of 1-OMe-OP against HepG2 

almost an order of magnitude (from 338 μM to 43 μM). 
Agreeing with that HepG2 cells express both CES1 and 
CES2,

24
 the inhibition of CES reduces the hydrolysis of 1-

OMe-OH, thus boosting the cytotoxicity of 1-OMe-OP to-
wards HepG2. In contrast, the addition of troglitazone hardly 
shows any effect on the cell viability of OVSAHO, and BNPP 

or loperamide only slightly decreases the IC50 value of 1-
OMe-OP against OVSAHO (Figure 3B, Figure S17).  These 
results confirm that 1-OMe-OP is able to target the down-
regulation of CES in OVSAHO cells.  

 

Figure 4. (A) Molecular structure and enzymatic conversion 
of precursor 2-(OMe)2-OP; (B) IC50 values (at 72 h) of 2-
(OMe)2-OP against HepG2 or OVSAHO cells. 

 To verify the generality of the concept in Scheme 1, we 
develop 2-(OMe)2-OP (Figure 4A), a dicarboxylmethylester 
analog of 1-OMe-OP, as another precursor (Scheme S2). Up-
on the action of ALP, 2-(OMe)2-OP turns into 2-(OMe)2-
OH, which self-assembles in water to form nanotubes with 
the diameter of 14±2 nm (Figures S19 and S20). Similar to 1-
OMe-OH, 2-(OMe)2-OH becomes 2-(OH)2-OH upon the 
action of CES. The CMCs (Figure S21) follow the order of 2-
(OMe)2-OH (2.66 μM) < 2-(OMe)2-OP (30.4 μM) < 2-(OH)2-
OH (112 μM) < 2-(OH)2-OP(500 μM). Cell assays confirms 
that 2-(OMe)2-OP selectively inhibit OVSAHO over HepG2, 

exhibiting IC50 of 5 µM against OVSAHO cells and IC50 over 

200 µM towards HepG2 cells (Figure 4B). Notably, the IC50 of 

2-(OMe)2-OP is 4.4 µg/mL, comparable to cisplatin (5.5 

µg/mL
25

) against OVSAHO in cell assay. Besides supporting 
that the molecular design of the substrates of ALP and CES 
(Scheme 1) is a general strategy, this result, together with the 
results of 1-OMe-OP, further validate the approach of target-
ing the down-regulation of CES in cancer cells by enzyme-
instructed assembly and disassembly processes.  

 In conclusion, this work demonstrates that the combina-
tion of enzyme-instructed assembly and disassembly is able 
to target down-regulations (or loss of function) in cancer 
cells. The result reported here would be particularly benefi-
cial for treating the metastatic cancers, where the cancerous 
cells exist alongside healthy cells (e.g., metastatic ovarian 
cancer into liver

26
). Notably, the IC50 values of the precursors 

against OVSAHO cells follow the lowest CMCs of the corre-
sponding hydrolysis products (Figure S22), indicating that 
the CMC values may help predict the effective concentra-
tions of the precursors in cell assays. Interestingly, although 
the mRNA expression of ALPL in OVSAHO is slightly higher 
than that in HepG2, the two cell lines exhibit comparable 
phosphatase activities towards the precursors, which under-
scores the need to validate the enzyme activities experimen-
tally for precisely targeting of cancer cell. Although this work 
uses ALP and CES, this principle demonstrated here should 
be applicable to any other enzymes

27
 or cellular difference,

28
 

especially the difference in lost-of-functions, for spatiotem-
poral control of molecular assemblies that control cell fate.  
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Synthetic procedures, characterizations, and cell viability.  
This material is available free of charge via the Internet at 
http://pubs.acs.org.  
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