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a b s t r a c t

Self-immolative linkers have been widely used to construct prodrugs to improve their efficacy and safety.

In this study, we report the use of phenoxysilyl linker as a self-immolative unit to prepare antibody-drug

conjugates (ADCs). Phenoxysily based ADC Ate-PPS-CA4 was prepared and its release was systematically

investigated by mass spectrometry. Biological evaluation showed that Ate-PPS-CA4 displayed the ability

to target delivery and self-immolative release the active payload CA4 on PD-L1 positive cells MDA-MB-

231. As the same with its payload CA4, it could arrest the cell cycle to the G2/M phase and induced

changes in cell morphology at the dose of its IC50. The development of this linker with novel drug release

mechanisms will expand the methodology to construct ADCs, especially for non-internalizing ADCs by

extracellular cleavage.

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

Medica, Chinese Academy of Medical Sciences.

Antibody-drug conjugates (ADCs) are emerging as one of the

most promising targeted therapeutics [1–4]. By attaching a potent

cytotoxic molecule to an antibody with an appropriate linker, ADCs

are expected to specifically delivery the linked cytotoxin to the tar-

geted cells with minimal toxicity. Although an increasing number

of ADCs have demonstrated their efficiency and been approved by

FDA, there are also many discontinued programs for ADCs due to

the poor therapeutic windows. The chemical linker is one of the

most important factors in ADCs development [5]. The linker is re-

sponsible for the release of cytotoxic molecules from ADCs and

closely correlated with the efficiency and safety of ADCs [6,7]. Link-

ers are commonly classified as cleavable and non-cleavable. ADCs

with non-cleavable linkers have no obvious chemical trigger to re-

lease the cytotoxic molecules and rely on the lysosomal proteolytic

degradation to release the active molecule [8]. Whereas ADCs with

cleavable linkers have clearly defined mechanisms to control the

release of cytotoxic drugs [9]. Three main types of cleavable link-

ers have been well developed, including pH sensitivity, glutathione

sensitivity and protease sensitivity linkers. The majority of current
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ADCs are preferred to use cleavable linkers because they have the

ability to release the cytotoxic drugs through a controllable way.

The development of other alternative linker with novel drug re-

lease mechanisms have been continually reported recently [10–

19]. Phenol-containing compound is a kind of suitable agent to be

masked and further triggered to be cleaved.

Several methods have been developed for the utilization of phe-

nolic group to generate self-immolative unit, including carbon-

ate, carbamate and ether linkages (Fig. 1). These linkage systems

have been successfully applied to the activation of phenolic drugs

[20,21] and some of them also have been employed as cleavable

linkers to prepare ADCs [22,23]. In this study, we try to explore

phenoxysilyl as a new self-immolative spacer to construct ADCs.

Silyl ethers are widely used for the protection of alcohols. Recently,

silyl ethers that linked to hydroxyl and amine containing molecules

have been reported for ADCs development [24,25]. In this study,

we further applied silyl ethers to directly modify the phenolic

drug, combretastatin A4 (CA4). Atezolizumab, an FDA approved an-

tibody that targets to the overexpression of PD-L1 was employed as

targeting antibody. Then, phenoxysilyl based self-immolative ADC

was prepared and its biological activities were evaluated. Phe-

noxysilyl linker is readily accessible and provides an alternative ap-

proach to the efficient release of precursors. More importantly, the

release of the phenoxysilyl linker was fully investigated by mass

spectrometry (MS), which would be helpful for the further design
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Fig. 1. Self-immolative linkers for phenol-containing compounds.

Fig. 2. Preparation of ADCs Ate-PPS-CA4 and Ate-PBP-CA4. (a) The scheme for the synthesis of drug-linkers PPS-CA4 and PBP-CA4. Reagents and conditions: (i) imidazole,

4-dimethylaminopyridine, N,N-dimethylformamide (DMF), room temperature (r.t.), 1.5 h; (ii) 4-nitrophenyl chloroformate, pyridine, dichloromethane (DCM), 0 ◦C, 4 h; (iii)

tert–butyl (2,5,8,11-tetraoxa-14-azahexadecan-16-yl)(methyl) carbamate, trimethylamine (TEA), 1,2-dichloroethane, 40 ◦C, 24h; (iv) trifluoroacetic acid (TFA), DCM, r.t., 4 h;

2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)acetic acid, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI), 1-hydroxybenzotriazole (HOBt), 4-methylmorpholine (NMM), r.t.,

overnight; (v) BVP, l-ascorbic acid sodium, CuSO4,
tBuOH/H2O/DMF (1:1:1), r.t., 1 h. (b) Synthesis of Ate-PPS-CA4 and Ate-PBP-CA4. (c) MS analysis for Ate-PPS-CA4 and

Ate-PBP-CA4.
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of silyl-containing linkers and also useful for the fuller understand-

ing the effects of linkers to the related ADCs.

CA4, a microtubule depolymerizing agent with remarkable an-

ticancer properties was chosen as the cytotoxic molecule, since it

contained a phenolic group and we have employed it as the pay-

load for the preparation of ADCs previously [26]. Using CA4 (1),

dichlorodiisopropylsilane (2) and N3-PEG3-OH (3) as starting ma-

terials, a facile one-pot synthesis generated the desired phenoxysi-

lyl linker 4. In previous studies, we have developed divinylsulfon-

amides (BVP to site-specifically construct ADCs through disulfide

re-bridging approach [26–30]. Herein, BVP was also employed to

react with compound 4 via click chemistry to generate the drug-

linker PPS-CA4, which was further conjugated with atezolizumab

to obtain the phenoxysilyl based ADC Ate-PPS-CA4. For compari-

son, a non-cleavable linker-based ADC was also prepared as the

following procedure. CA4 was converted to its reactive carbonate

5, which was then condensed with tert–butyl(2,5,8,11-tetraoxa-14-

azahexadecan-16-yl)(methyl) carbamate to generate the interme-

diate 6. After deprotecting the Boc (tert–butoxycarbonyl) group,

the resulting compound was reacted with N3-PEG3–COOH to af-

ford compound 7. Similarly, after the reaction of click chemistry,

the drug linker PBP-CA4 was obtained and further linked to the

antibody, providing the ADC Ate-PBP-CA4 (Fig. 2a). We found that

the silyl linker could improve the potential of CA4 might be due to

its ability of the improvement of cell penetration (Fig. S5 in Sup-

porting information). Also, the phenoxysilyl linker PPS-CA4 showed

that it could increase the conjugation efficiency. Under the same

reaction conditions, PPS-CA4 provided a higher DAR value. The

data detected by mass spectrometry (MS) showed that DAR (drug-

to-antibody ratio) 4 was the main product along with some DAR 2

and DAR 6 components for the ADC Ate-PPS-CA4. DAR 2 and DAR

4 products were obtained for the ADC Ate-PBP-CA4. The average

DAR values of them were 3.45 and 2.96, respectively (Figs. 2b and

c, Fig. S3 in Supporting information).

With the phenoxysilyl based ADC Ate-PPS-CA4 in hand, we be-

gan to carefully examine the release of the small molecule from it

by MS. The ADC was incubated in phosphate buffer at 37 ◦C under

two different pH values (pH 7.4 and 5.0). Aliquots were taken for

LC-MS/MS analysis at the indicated time points. The drug was re-

leased with the prolonging of time. About 2 days later, ∼50% of

CA4 was released in pH 7.4 buffer (Fig. S1 in Supporting infor-

mation). Whereas it was different from alkyl O-silyl ether, which

was more liable to acidic conditions [25], the release of drug was

slightly slow in pH 5 buffer for phenoxysilyl ether. This result was

consistent with the fact that the release of silyl ether is strongly

connected with electronics and phenoxysilyl linker is less suscep-

tible to acidic conditions. What is more, the MS spectra clearly

demonstrated how the small molecule released from the ADC. The

cleavage started from the break of phenoxysilyl O-Si bond at a site

that was prior to the cleavage of alkyl silyl O-Si bond at b site (Fig.

3a). Tiny levels of the released products were detected over 12 h.

With the time going on, segments that linked to the silyl group

were cleaved increasingly and more and more new peaks appeared

(Fig. 3b).

Then the cytotoxic activities of the ADCs Ate-PPS-CA4 and Ate-

PBP-CA4, along with the naked antibody atezolizumab and CA4

were evaluated against a panel of human cell lines expressing dif-

ferent surface densities of PD-L1. A fluorescence activated cell sort-

ing (FACS)-based method was used to assess the levels of PD-

L1 across cell lines (U87, Calu-1, MDA-MB-231, AsPC-1, MC38 and

Raji). The result showed that the surface protein expression of PD-

L1 was high in cells U87, Calu-1 and MDA-MB-231 and they were

chosen to test the activities of the compounds mentioned above,

along with the Raji and HepG2 as PD-L1 negative cell lines (Fig. S2

in Supporting information). The cell killing assays showed that Ate-

PPS-CA4 exhibited good antiproliferative activities in PD-L1 posi-

Fig. 3. The release of small molecules from ADC Ate-PPS-CA4. (a) The sites for

cleavage. (b) The process of the fragmentation detected by MS.

tive cells (all the IC50 < 10nmol/L,) and it became less sensitive

to Raji and HepG2 cells with IC50 =25nmol/L and 47nmol/L re-

spectively. Whereas the non-cleavable ADC Ate-PBP-CA4 exhibited

low activity and the antibody displayed negligible inhibition effect

against all the cell lines (Table 1).

The ability for the self-immolative release and targeted drug de-

livery of Ate-PPS-CA4 was further investigated [31]. MDA-MB-231

3



D. Wei, Y. Mao, H. Wang et al. Chinese Chemical Letters 34 (2023) 108091

Table 1

Cytotoxicity of ADCs, atezolizumab and CA4 against different cell lines in vitro.

Cell

lines

CA4 Ate-PPS-CA4 Ate-PBP-CA4 Atezolizumab

IC50 (nmol/L) Max. inhibition IC50 (nmol/L) Max. inhibition IC50 (nmol/L) Max. inhibition IC50 (nmol/L) Max. inhibition

U87 0.66 86.37% 5.08 81.22% 537.03 81.21% >1000 –

Calu-1 1.28 68.55% 9.02 63.29% 394.46 57.07% >1000 –

MDA-MB-231 1.02 67.08% 8.55 68.10% 907.82 58.40% >1000 –

HepG2 26.67 70.17% 46.77 58.40% >1000 – >1000 –

Raji 1.50 74.55% 25.12 61.04% 859.01 64.36% >1000 –

and HepG2 as high and low PD-L1 expression cells were chosen

and treated by Ate-PPS-CA4 (1 μmol/L), along with atezolizumab (1

μmol/L) and Ate-PBP-CA4 (1 μmol/L) for 30min at 37 °C. Then the

cell media was removed. After the cells were washed with PBS,

the new cell media was added and the cells were incubated for

another 3 days at 37 °C. This study was performed in triplicates.

Ate-PPS-CA4 could effectively inhibit the growth of PD-L1 positive

cells MDA-MB-231 and significant difference was observed com-

pared with PD-L1 negative cells HepG2 (P < 0.01, Fig. 4a). While

atezolizumab and Ate-PBP-CA4 exhibited negligible effect for the

both cells. CA4 inhibited proliferative activities for both cells. This

confirmed that Ate-PPS-CA4 could be targeted to PD-L1 protein

and had the ability to self-immolative release of the active drug.

The binding affinity and internalization of ADCs Ate-PPS-CA4

and Ate-PBP-CA4 were tested by FACS on PD-L1 positive cells MDA-

MB-231. Their binding affinity was similar with the naked antibody

atezolizumab (Fig. 4b). Also, they retained the internalization fea-

ture that was comparable with atezolizumab (Fig. 4c). Whereas,

negligible binding and internalization was observed when they

treated PD-L1 negative cells HepG2 (Fig. S7 in Supporting informa-

tion). It is well established that tubulin-destabilizing agents play an

important role in the regulation of cell cycle progression [32,33].

FACS analysis was performed to determine the arrest effect of CA4

and ADCs. MDA-MB-231 cells were treated by the compounds at

their IC50 concentration (Ate-PPS-CA4 at 8.5 nmol/L, Ate-PBP-CA4

at 900nmol/L, CA4 at 2.5 nmol/L). The proportion of G2/M phase

in CA4 and ADCs-treated cells was higher compared to vehicle

PBS and atezolizumab, indicating that Ate-PPS-CA4 and Ate-PBP-

CA4 arrest the cell cycle to the G2/M phase in keeping with CA4,

a tubulin polymerization inhibitor (Fig. 4d). Microtubule imaging

Fig. 4. Activities evaluation for Ate-PPS-CA4. (a) Targeted drug delivery: MDA-MB-231 (PD-L1 positive cell line) and HepG2 (PD-L1 negative cell line) were treated with

Ate-PPS-CA4 (1 μmol/L) or Ate-PBP-CA4 (1 μmol/L) or atezolizumab (1 μmol/L) and washed with PBS and finally cell viability was tested. ∗∗∗P < 0.01, cell viability of HepG2

vs. MDA-MB-231; Value=Mean ± SEM, n=3. (b) Binding affinity of Ate-PPS-CA4, Ate-PBP-CA4 and atezolizumab in MDA-MB-231 cell. (c) Internalization of Ate-PPS-CA4,

Ate-PBP-CA4 and atezolizumab in MDA-MB-231 cell. (d) The effects of Ate-PPS-CA4, Ate-PBP-CA4, atezolizumab and CA4 on cell cycle arrest.
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experiments were taken by a laser confocal microscope. Compared

to vehicle PBS and atezolizumab for which the cells presented a

typical elongated spindle shape (Lanes A and F in Fig. S9 in Sup-

porting information), Ate-PPS-CA4, Ate-PBP-CA4 and CA4 induced

changes in cell morphology at the dose of their IC50 (Lanes B-D

in Fig. S9). When treated the cells by Ate-PBP-CA4 used the same

dose of Ate-PPS-CA4 (Lane E in Fig. S9), the cells still retained the

elongated spindle shape.

Linker is one of the most important elements for the construc-

tion of ADCs, which has significant impact on the biological ac-

tivities, toxicity, stability and pharmacokinetics of ADCs. Develop-

ment of linkers with different drug release mechanism is an at-

tractive direction. In this study, a mild phenoxysilyl linker was de-

veloped for self-immolative release of phenolic-containing payload

from ADCs. We demonstrated the utility of this phenoxysilyl linker

to conjugate with CA4, a microtubule-disrupting drug, providing

a new ADC Ate-PPS-CA4 with the ability to self-immolative re-

lease and targeted delivery. The process for the release of small

molecules from Ate-PPS-CA4 was clearly detected by MS. It would

be helpful for the design of next generation of silyl-containing pro-

drugs. The linker offers an alternative mechanism of release to ex-

pand ADC linker methods. It has the potential to be applied to-

wards non-internalizing ADCs through extracellular cleavage. Since

the release is highly relative to the electronics, we anticipated the

rate of release can be tune by the choice of different functional

groups. Further studies are necessary to explore the introduction

of groups with different electronic moiety to control the rate of

release.
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