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Abstract: Self-immolative (SI) spacers are sophisticated chemical 

constructs designed for molecular delivery or material degradation. 

We describe herein a (S)-2-(aminomethyl)pyrrolidine SI spacer able 

to release different types of anticancer drugs (possessing either a 

phenolic or secondary and tertiary hydroxyl groups) through a fast 

cyclization mechanism involving carbamate cleavage. The high 

efficiency of drug release obtained with this spacer was found to be 

beneficial for the in vitro cytotoxic activity of protease-sensitive 

prodrugs, as compared to a commonly used spacer of the same 

class. These findings expand the repertoire of degradation 

machineries and are instrumental for the future development of 

highly efficient delivery platforms. 

Introduction 

Self-immolative (SI) spacers are covalent constructs capable of 

undergoing a spontaneous disassembly starting from a stable 

and inactive state, in response to specific stimuli.[1] The growing 

interest in the generation of stimuli-responsive devices has led 

to the widespread application of SI spacers in different areas, 

including synthetic and analytical chemistry,[ 2 ] material 

sciences[3] and medicinal chemistry, especially in the context of 

prodrugs, antibody-drug conjugates (ADCs), and several other 

drug release strategies.[4]  

Different types of activation stimuli can mediate the cleavage of 

a first chemical bond (SI spacer activation), which enables the SI 

spacer degradation and the release of active compounds (Figure 

1A). The degradation process, driven by a positive reaction 

entropy, takes place through intramolecular reactions, mainly 

electronic cascade in aromatic or π-extended systems[ 5 ] or 

cyclization of nucleophilic species (e.g. amine,[6] phenol[7] and 

thiol[8] groups, Figure 1B). 

Carbamates have been often exploited to connect SI spacers to 

the active compound of interest, due to their high hydrolytic 

stability prior to activation and efficient cleavage via different 

intramolecular mechanisms.[9] In particular, the formation of a 

carbamate between a hydroxyl group and an ethylenediamine 

fragment is by far the most exploited strategy for the release of 

hydroxyl-bearing payloads.[10] In the resulting ethylenediamine-

carbamate SI spacer (EthCarb, Figure 1B), the intramolecular 

nucleophilic attack of the amine cleaves the carbamate by 

forming a 5-membered cyclic urea and releases the hydroxyl 

compound. The EthCarb SI spacer has shown excellent 

versatility, and it has been used to release bioactive molecules 

upon several different stimuli (e.g. enzymatic action,[11] hypoxic 

conditions[12] and irradiation with UV[13] or near-infrared[14] light), 

while showing high stability prior to activation. 

 

Figure 1. A) Schematic representation of the release of an active ingredient 

(e.g. a drug or chemical probe) upon initial activation and subsequent 
degradation of a self-immolative (SI) spacer. B) Mechanism of action of 
cyclizing SI spacers, alongside with the molecular structure of the well-known 
ethylenediamine-carbamate (EthCarb) spacer (1) and the proline-derived 
analogue (2, this work).  

Noteworthy, the EthCarb spacer is connected to the phenolic 

OH group of the anticancer drug duocarmycin in the ADC [vic-

]trastuzumab duocarmazine (SYD985), which is currently 

undergoing Phase III TULIP® clinical trial with breast cancer 

patients.[15 ] Moreover, given the promising in vivo therapeutic 

activity displayed in preclinical settings by other ADCs with 

hydroxyl-bearing (non-phenolic) payloads,[ 16 ] the use of the 

EthCarb spacer could be envisaged also for the release of these 

drugs, even though sluggish cyclization rates have been often 

reported in these cases.[ 17 ] Since slow cyclization rates may 

affect the therapeutic efficacy of prodrugs, a few recent 

examples of alternative spacers have been proposed for the 

release of hydroxyl-bearing (non-phenolic) payloads, in which 

the rate-limiting cyclization step is replaced by other cleavage 

mechanisms (e.g. enzymatic action[ 18 ] or hemiaminal 
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hydrolysis[19]). We hypothesized that suitable modifications of the 

ethylenediamine-carbamate module could lead to 2nd-generation 

cyclizing SI spacers possessing a superior drug release 

efficiency, while retaining the excellent versatility and stability of 

the traditional EthCarb spacer. This paper accounts for our 

efforts in this direction. 

Results and Discussion 

In a preliminary screening, we compared the cyclization rates of 

different diamine-carbamate SI spacers (e.g. Sp1-5 in Figure 2A, 

other spacers Sp6-8 are described in the Supporting Information, 

Figure S1 page 40) for the release of the phenolic OH group of 

the anticancer drug 7-ethyl-10-hydroxycamptothecin (SN38, 

Figure 2A). The synthesis of these ‘spacer-SN38’ prodrugs is 

reported in the Supporting Information. The prodrugs were 

isolated either as TFA-salts (Sp1-SN38, Sp3-SN38 - Sp5-SN38 

in Figure 2A) or as N-acetamides (Sp2-SN38 in Figure 2A) of 

their secondary amino group. These compounds were dissolved 

in a DMSO/acetate buffer mixture (pH = 5.5) and incubated at 

37 °C.[20] Aliquots were collected at different time points and the 

release of free SN38 was monitored by HPLC (see example in 

Figure 2B, complete HPLC traces are included in the Supporting 

Information). The percent of intact prodrug calculated from peak 

integrals was plotted versus time, and the cyclization rates of SI 

spacers were estimated in terms of prodrug half-life (t1/2).  

 

Figure 2. Molecular structure, drug release and antiproliferative activity of prodrugs bearing cyclizing SI spacers. A) Structure of diamine-carbamate SI spacers 
Sp1-5, connected to the phenolic O atom of anticancer drug 7-ethyl-10-hydroxycamptothecin (SN38) via a carbamate. B) Example of HPLC traces for the stability 
analysis of prodrugs Sp1-SN38 and Sp4-SN38 and estimation of drug release efficacy: compounds were incubated at 37 °C in a DMSO/acetate buffer mixture 
(pH = 5.5) and the decay of the HPLC peak corresponding to the initial prodrug was monitored over time (complete HPLC traces are included in the Supporting 
Information). C) Summary of the stability analysis of the 5 prodrugs for the release of SN38 at 37 °C and pH = 5.5 (measured t1/2 are reported in brackets). D) 
Summary of the stability analysis of paclitaxel (PTX) and camptothecin (CPT) prodrugs featuring the cyclizing spacers Sp1 and Sp4 at 37 °C and pH = 7.5 
(measured t1/2 are reported in brackets). E) Cell growth inhibition assays of ovarian carcinoma (IGROV-1) cells upon 1-hour incubation with prodrugs Sp1-CPT, 
Sp3-CPT, Sp4-CPT and free CPT at 1 µM concentration, followed by cell washout and incubation for additional 72 h in fresh medium. The experiment was 
performed 3 times in duplicates, error bars represent SD, ***p < 0.001, ****p < 0.0001. F) Cell growth inhibition assays of IGROV-1 cells upon 72-hour incubation 
with serial dilutions of prodrugs Sp1-CPT, Sp3-CPT, Sp4-CPT and free CPT. IC50 ~ 10 nM (CPT), IC50 ~ 50 nM (Sp1-CPT), IC50 > 500 nM (Sp3-CPT), IC50 ~ 20 nM 
(Sp4-CPT), as estimated by linear regression. The experiment was performed 3 times in duplicates, error bars represent SD.  



          

 

 

 

 

As shown in Figure 2C, the EthCarb spacer in prodrug Sp1-

SN38 showed t1/2 = 10.6 h (consistent with literature data),[21] 

whereas the inertness of the acetylated prodrug Sp2-SN38 

indicates that the carbamate between the spacer and the drug is 

not hydrolyzed under these experimental conditions. Prodrug 

Sp3-SN38 – endowed with a propanediamine-carbamate SI 

spacer cyclizing to the corresponding six-membered cyclic urea 

(Sp3-U in Figure 3B) – gave much slower drug release than 

Sp1-SN38, which forms a five-membered urea (Sp1-U in Figure 

3B). Such a different behavior is consistent with the generally 

higher rate of cyclization reactions forming five-membered rings 

compared to those affording six-membered rings.[22] Among all 

tested prodrugs, Sp4-SN38 was found to release the free drug 

with the highest rate (t1/2 = 1.6 h).[23] In this prodrug, a carbamate 

connects the drug’s phenolic oxygen to the exocyclic N atom of 

(S)-2-(aminomethyl)pyrrolidine, and drug release occurs through 

nucleophilic attack of the endocyclic amino group to the 

carbamate bond and formation of the corresponding bicyclic 

urea (Sp4-U in Figure 3B).[24] Interestingly, drug conjugation at 

the endocyclic N atom of (S)-2-(aminomethyl)pyrrolidine was 

found to be detrimental for the spacer efficiency, as prodrug 

Sp5-SN38 (Figure 2 A) gave slow drug release (t1/2 = 38.9 h). 

 

To explore the efficiency of the best-performing Sp4 spacer for 

the release of anticancer drugs possessing non-phenolic 

hydroxyl groups, this SI spacer was conjugated to the secondary 

OH group at the 2’-position of paclitaxel (PTX) and to the tertiary 

OH group of camptothecin (CPT). The drug release efficiency of 

the resulting prodrugs Sp4-PTX and Sp4-CPT was evaluated as 

described above, in parallel with the EthCarb-bearing analogues 

Sp1-PTX and Sp1-CPT (Figure 2D). In all cases, prodrug 

incubation at acidic pH (5.5) did not lead to significant drug 

release within 8 hours (see the Supporting Information, pages 

36 and 39). On the other hand, when prodrugs were incubated 

in a DMSO/phosphate buffer mixture (pH = 7.5) at 37 °C, the 

Sp4 spacer was found to release both free PTX and CPT at 

much higher rates (t1/2 ~ 0.5 h measured for both prodrugs) than 

the traditional EthCarb spacer (t1/2 = 5.4 and 10.1 h for Sp1-PTX 

and Sp1-CPT, respectively). 

 

Overall, these data indicate that the SI spacer Sp4 is much more 

efficient than the commonly used Sp1. Interestingly, no previous 

literature data correlate the different release efficiency of this 

class of SI spacers with the effective anticancer properties of the 

different prodrugs. To investigate this aspect, the ovarian 

carcinoma cell line IGROV-1 was treated with free CPT and with 

three CPT prodrugs possessing different cyclizing SI spacers 

(Sp1-CPT, Sp3-CPT and Sp4-CPT), dissolved in the cell 

medium at 1 µM concentration. After incubation for 1 hour, cells 

were washed and then incubated for 72 hours in fresh medium, 

followed by quantitative analysis of cell growth. This limited cell 

exposure to the prodrug mimics the typical conditions of 

extracellular drug delivery in vivo,[25] in which CPT is released 

from a carrier in the tumor microenvironment and then the 

fundamental steps for its cytotoxic activity (i.e. diffusion through 

the cell membrane and inhibition of the intracellular target, i.e. 

DNA topoisomerase I) compete with the drug clearance from the 

tumor tissue. As can be seen in the histogram in Figure 2E, the 

anticancer activity of the Sp4-CPT prodrug under these 

experimental conditions was comparable to that of free CPT (i.e. 

cell growth reduced to ca. 50% compared to untreated cells), 

whereas prodrug Sp1-CPT showed lower anticancer activity, 

similar to the one displayed by the slow-cyclizing prodrug Sp3-

CPT. The experiment was repeated with a cell growth inhibition 

assay with long-term drug exposure, and cells were exposed to 

the tested compounds for 72 hours (Figure 2F). Also in this case, 

Sp4-CPT displayed a growth inhibitory activity very similar to 

that of free CPT. Interestingly, Sp1-CPT proved more active 

than Sp3-CPT under these experimental conditions, but its lower 

activity compared to Sp4-CPT indicates that a rapid SI spacer 

degradation is fundamental to achieve significant cell killing even 

when cancer cells are exposed to the prodrugs for long periods 

of time. 

 

Following these proof-of-concept experiments, we investigated 

the possibility to incorporate the Sp4 spacer in model prodrugs, 

endowed with a generic trigger to achieve selective drug release 

at the tumor site. Following a typical design of linker-drug 

modules in ADCs,[15,16] three CPT prodrugs (compounds 1a-3a 

in Figure 3A) and three PTX prodrugs (compounds 1b-3b in 

Figure 3A) were synthesized, featuring a peptide trigger (i.e. the 

Val-Arg dipeptide) prone to rapid proteolytic cleavage under 

standard cell culture conditions.[ 26 ] The Val-Arg trigger was 

functionalized at the C-terminus with the well-known electronic 

cascade spacer para-aminobenzyl carbamate (PABC) and with 

a hydrophilic moiety at the N terminus, which improves the 

prodrug solubility in aqueous media.  

 

 

Figure 3. A) Molecular structure of prodrugs 1-3, featuring a payload 
[camptothecin (CPT) or paclitaxel (PTX)], a protease-cleavable dipeptide 
trigger (Val-Arg), a para-aminobenzyl carbamate (PABC) spacer and three 
different cyclizing SI spacers. B) Mechanism of action of prodrugs 1-3 for 
payload release and molecular structures of the 3 different cyclic urea 
products derived from the spacer cyclization (Sp1-U, Sp3-U and Sp4-U).  

  



          

 

 

 

 

Table 1. Cell growth inhibition assays of IGROV-1 cells upon incubation with 

prodrugs 1-3 and free payloads CPT and PTX.
[a]

 

Compound  IC50 [nM]
[b]

 

CPT Camptothecin 24.0 ± 8.7 

1a Val-Arg-PABC-Sp1-CPT 73.9 ± 28.5 

2a Val-Arg-PABC-Sp3-CPT 860.6 ± 674.0 

3a Val-Arg-PABC-Sp4-CPT 30.2 ± 10.3 

Compound  IC50 [µM]
[c]

 

PTX Paclitaxel 0.07 ± 0.03 

1b Val-Arg-PABC-Sp1-PTX 1.44 ± 0.72 

2b Val-Arg-PABC-Sp3- PTX n.d.
[d]

 

3b Val-Arg-PABC-Sp4- PTX 0.79 ± 0.23 

[a] All assays were performed 3 times (three independent experiments) in 

duplicates. IC50  values were estimated by linear regression, as described in 

the Supporting Information, page 40. [b] Cells were incubated for 72 hours 

with serial dilutions of prodrugs 1a-3a and free CPT. [c] Cells were incubated 

for 24 hours with serial dilutions of prodrugs 1b-3b and free PTX, followed by 

cell washout and incubation for additional 48 h in fresh medium. [d] n.d.: not 

determined (IC50>>10 µM). 

Compounds 1, 2 and 3 possess different cyclization SI spacers 

(Sp1, Sp3 and Sp4, respectively), which connect the payload 

and the PABC spacer through two cleavable carbamate bonds. 

Figure 3B illustrates the drug release mechanism of prodrugs 1-

3: the dipeptide cleavage in the presence of proteases results in 

the initial formation of the aniline metabolite 4, which is rapidly 

converted to the azaquinone intermediate 5, releasing CO2 and 

the amine-prodrugs 6. Finally, payload release occurs through 

cyclization of the amine-prodrugs, which typically represents the 

rate-limiting step of the whole drug release process.[10] 

Similarly to the antiproliferative assays described above for the 

amine-prodrugs (Figure 2F), IGROV-1 cancer cells were 

incubated for 72 h with decreasing concentrations of prodrugs 1-

3.[27] The cytotoxic activity of compounds 1-3 (data reported in 

Table 1 and Figure S4, page 42 of the Supporting Information) 

reflected the cyclization reactivity of the different SI spacers: 

prodrug 3 (SI spacer: Sp4) proved more potent than prodrug 1 

(SI spacer: Sp1), while prodrug 2 (SI spacer: Sp3) resulted 

practically inactive. In particular, the protease-activable CPT 

prodrug 3a, featuring the fast-cyclizing SI spacer Sp4, exhibited 

a cytotoxic activity similar to free CPT (3a, IC50 = 30.2 nM; CPT, 

IC50 = 24.0 nM). In the PTX series, prodrug 3b proved less 

potent than free PTX by one order of magnitude (3b, IC50 = 0.79 

μM; PTX, IC50 = 0.07 μM) but still appreciably more active than 

prodrug 1b featuring the traditional EthCarb spacer (1b, IC50 = 

1.44 μM). 

Conclusion 

This work demonstrates that the cyclization efficiency of SI 

spacers strongly impacts on the anticancer potency of model 

prodrugs. Kinetic studies on drug release and in vitro studies in 

IGROV-1 cancer cells showed that not only the proline-derived 

SI spacer Sp4 can release hydroxy-bearing payloads with faster 

rates than the commonly used analog Sp1, but also that this 

spacer can improve the cell-killing activity of anticancer prodrugs. 

Unexpectedly, the superior biological activity of Sp4 compared 

to Sp1 was detectable also upon long term exposure of cancer 

cells to the prodrugs (72 hours). This observation indicates that 

fast SI spacers are fundamental to quickly reach high 

concentrations of active compound in the tumor environment, 

which may prevent the development of drug resistance and the 

proliferation of resilient cells.[28] These in vitro data hold promise 

for the installation of the Sp4 spacer in a large subset of 

activable platforms for in vivo therapy and diagnosis. The rate of 

self-immolative cleavage is expected to be particularly relevant 

in the context of non-internalizing conjugates.[25] In fact, in this 

case the therapeutic outcome is a composite result of efficient 

targeting, rate of linker cleavage (SI spacer activation) and rate 

of SI spacer degradation, which may regulate the competition 

between drug entry into the cells and drug escape back into the 

bloodstream. 

Experimental Section 

All synthetic procedures (along with the 1H- and 13C-NMR spectra, HPLC 

and MS data) and all procedures for biochemical and biological assays 

are included in the Supporting Information. 
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