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A B S T R A C T

Self-cleavable linkers offer controlled payload release without the need for external stimuli, making them 
valuable for applications in chemical biology and clinical settings. In this work, we expand the scope of the 
β-eliminative cleavable linkers developed by Santi and coworkers to include the release of carboxylic acids. We 
demonstrate that the half-life of the ensuing ester conjugates can be controlled by varying electron-withdrawal 
using a pendant aryl sulfone moiety. The nascent ester group hydrolyzes readily in mouse serum but is stable in 
human serum. This system offers a tunable, autonomous release mechanism that could enable the delivery of new 
payloads in therapeutic contexts.

Introduction

A fundamental aspect of drug conjugates is their use of a cleavable 
linker to transiently link a carrier or targeting moiety to a chemother
apeutic agent.1 Most drug conjugate systems have relied on linkers that 
are cleaved via exogenous conditions such as pH,2 light,3 or the presence 
of a reactant4 or endogenous enzyme.3 Such reliance on external stimuli 
necessarily leads to operational complexity and can limit the practical 
applications of these conjugates.

Self-cleavable linkers, in contrast, are of interest because of their 
ability to release payloads in a manner that is independent of external 
stimuli. An especially elegant self-cleavable linker system has been 
developed by Santi and coworkers.5 In their conjugates, payloads con
taining a primary or secondary amino group are elaborated as a carba
mic acid that is released via a base-catalyzed β-elimination reaction 
(Scheme 1). The immolation rate of these molecules is controlled by the 
Brønsted acidity of the hydrogen that is β to the carbamyl group. This 
acidity is affected by the electronic properties of a substituted phenyl 
sulfone, which acts as a “modulator” group that is also installed on the β 
carbon. For example, greater electron-withdrawal decreases the pKa of 
the labile proton and increases the rate of the β-elimination reaction. 

This tunability allows for the conjugate half-life to be adjusted from 
minutes to years. Self-cleavable linkers based on this reaction have been 
exploited for the sustained release of small-molecule drugs from a PEG 
carrier6 and hydrogels (including a GLP-1 receptor agonist),7 offering 
advantageous pharmacokinetics. To date, however, the utility of this 
β-eliminative linker has been demonstrated only for payloads bearing an 
amino group or a modified phenyl group.5,8 The expansion of this 
autonomous self-cleavable linker to accommodate other functional 
groups would enable its applicability to a wider range of molecules and 
drugs.

Carboxylic acid groups are present in approximately 12% of bioac
tive molecules in the medicinal chemistry literature,9 making them one 
of the most useful handles for drug conjugates. Moreover, the pKa of a 
carboxylic acid is similar to that of a carbamic acid (e.g., HOC(O)CH3 
has pKa = 4.8, whereas HOC(O)NH2 has pKa = 3.9), suggestive of similar 
efficacy for carboxylates and carbamates as leaving groups. In this work, 
we sought to test this equivalence and potentially expand the scope of 
functional groups that can be delivered with the β-eliminative linker 
system to include carboxylic acids.
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Results and discussion

To demonstrate the controlled release of a carboxylic acid, we chose 
a model payload that can be detected easily. Specifically, we deployed a 
rhodamine B-based fluorophore that we synthesized via alkylation of 
rhodamine piperazine amide 1 (Scheme 2), which was accessed from 
rhodamine B as described previously.10 Similar rhodamine-based fluo
rophores retain their fluorescence properties at different pHs,11 which is 
desirable for our analyses.

The synthesis of the aryl sulfone linker precursors was achieved by 
following the route developed by Santi and coworkers.5 To demonstrate 
the tunability of the half-life of our ester linker, we installed three 
different aryl sulfone modulator groups of varying electron-withdrawing 
ability in azido-alcohols 3A–3C. Azido-alcohol 3D lacked an aryl group. 
The fluorophore–linker conjugates were obtained by esterifying azido- 
alcohols 3A–3D with carboxylic acid 2 via a Steglich esterification re
action (Scheme 2), which is often employed in the total synthesis of 
natural products.12 The azido group in esters 4A–4D enables their stable 
conjugation to carrier or targeting moieties in future applications.

The release of the fluorophore from the esters should proceed 
through a β-elimination reaction wherein the rate-determining step is 
the dissociation of a C–H bond β to the carboxyl group. Thus, the re
action is expected to follow a second-order kinetic equation with a first- 
order dependence on hydroxide ion concentration. Consequently, at 
constant pH, the reaction should follow pseudo-first-order kinetics with 
an observed kinetic constant (kobs) independent of ester concentration. 
To determine the value of kobs and the corresponding half-life (t½ = ln2/ 
kobs) of the β-elimination reactions, the release of the fluorophore from 
esters 4A–4D was monitored by ultra-high performance liquid chro
matography (UPLC) at pH 6.0, pH 7.0, and pH 8.0 and 37 ◦C. As ex
pected, the concentration of the fluorophore conjugates decayed 
exponentially with time at all pHs (Fig. 1). Also consistent with expec
tations, the immolation of modulator-bearing esters 4A–4C showed a 
strong rate-dependence on pH, with shorter half-lives at higher pH 
(Table 1). In contrast, the release of the fluorophore from modulator-free 
ester 4D was much slower (t½ = 120–130 h) and nearly pH agnostic. 
Because the acidity of its C–H bond is low, ester 4D likely releases its 
fluorophore via ester bond hydrolysis. This change in mechanism is 
consistent with the rate of ester hydrolysis being nearly independent of 
pH in the regime of 6.0 ≤ pH ≤ 8.0.13

The half-life of the modulator-bearing esters 4A–4C varied with the 
identity of the installed modulator. For each ester at each pH, the half- 
life was in accord with the value of the Hammett sigma constant for 
the para-substituent on the phenyl ring of the aryl-sulfone (σp: –H = 0, 
–Cl = 0.23, –CF3 = 0.54).14 Specifically, the chloride-substituted ester 
4B displayed an ~2-fold half-life reduction compared to the 

unsubstituted ester 4A, whereas the trifluoromethyl-substituted ester 4C 
displayed an ~4-fold half-life reduction compared to the unsubstituted 
ester 4A. This trend is consistent with half-life variations reported with 
carbamate linkers.5a

The half-life variation for each pH unit difference for the esters 
4A–4C was less than 10-fold, which indicates that the reaction order for 
hydroxide-ion concentration is <1. Therefore, the reaction kinetics are 
more complex in the ester system than in previously characterized car
bamates.5a We hypothesized that one factor that could complicate the 
release kinetics is the pH-dependent protonation of the amino group in 
the pendant piperazinyl group of the fluorophore, which could influence 
the rate of the β-elimination reaction by decreasing the pKa of the labile 
proton. Competition from ester hydrolysis, which has its own pH-de
pendency,15 is another factor that could complicate the release kinetics.

We expected that the stability of the fluorophore-conjugate in an 
aqueous solution could be enhanced by controlling temperature and pH. 
To test this hypothesis, we incubated ester 4A in a solution of pH 5.0 at 
4 ◦C. After three weeks, only 10% of the conjugate was cleaved, indi
cating that similar ester constructs could be stored in solution for a 
prolonged period.

An important factor for the biological viability of our ester linker is 
its stability in mouse and human sera, which contain esterases.3,16 Thus, 
the stability of our conjugates in serum could differ substantially from 
their stability in buffered solutions. Moreover, the esterase activity in 
human and mouse sera differs significantly. Some ester prodrugs hy
drolyze 100 to 1000-fold more rapidly in mouse serum than in human 
serum.3,16 We assessed the stability of esters 4A and 4D in serum. These 
conjugates differ by the modulator being absent in ester 4D but present 
in ester 4A. We hypothesized that the modulator could sterically shield 
the proximal ester group from enzymatic degradation. UPLC analyses 
demonstrated that both ester 4A and ester 4D were completely hydro
lyzed after 1 h at 37 ◦C in mouse serum (Fig. S1). Likewise, modulator- 
free ester 4D suffered complete hydrolysis after 1 h in human serum. In 
contrast, modulator-bearing ester 4A was stable in human serum, dis
playing a half-life of 24 h, which is twofold greater than the half-life for 
carboxylic acid release via β-elimination at pH 7.0 (Table 1). These data 
are consistent with the aryl sulfonyl group of ester 4A imposing steric 
hindrance to human esterases. If desired, the steric hindrance could be 
increased by installing additional functional groups (e.g., methyl 
groups) near the ester moiety, potentially slowing both enzymatic and 
nonenzymatic hydrolysis and thereby ceding more control of carboxylic 
acid release to the β-elimination route (Scheme 1).

Conclusions

We have expanded the β-eliminative cleavable linker developed by 

Scheme 1. Putative mechanism for the spontaneous cleavage of the carbamate developed by Santi et al.5 and ester developed herein. Mod = substituted 
phenyl sulfone.
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Santi and coworkers to enable the incorporation and delivery of car
boxylic acids via an ester linkage. We demonstrated that the half-life of 
this linker is tunable via the installation of an electron-withdrawing 
modulator moiety, allowing for control over the kinetics of payload 
release independent of external agents. Finally, we showed that conju
gates bearing a modulator moiety are stable at pH 5.0 and 4 ◦C and resist 
ester hydrolysis in human serum. Hence, β-eliminative linkers could be 
viable options for the tunable delivery of bioactive carboxylic acids9 in 
humans.
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Table 1 
Observed rate constant and half-life for fluorophore release from esters 4 A–4D 
at pH 6.0, 7.0, and 8.0 and 37 ◦C.

Modulator pH kobs (s− 1) t½ (h)

–SO2C6H5 (4 A)
6.0 3.3 × 10− 6 59
7.0 14 × 10− 6 14
8.0 45 × 10− 6 4.3

–SO2C6H4-p-Cl (4B)
6.0 58 × 10− 7 33
7.0 26 × 10− 6 7.3
8.0 94 × 10− 6 2.1

–SO2C6H4-p-CF3 (4C)
6.0 97 × 10− 7 20
7.0 63 × 10− 6 3.1
8.0 24 × 10− 5 0.80

–H (4D)
6.0 1.5 × 10− 6 130
7.0 1.5 × 10− 6 130
8.0 1.6 × 10− 6 120
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