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A chemically-encoded timer for dual molecular delivery at 

tailored ranges and concentrations 
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Spatiotemporal control of molecular distribution is much in 

demand in many fields of Chemistry. To address this goal, we 

exploit a low molecular weight branched self-immolative 

architecture, which acts as a triggerable chemically-encoded timer 

for autonomous sequential release of two chemicals. Using a light-

activated model liberating two distinct fluorophores, we 

generated a tunable spatially contrasted molecular distribution. 

Spatial control over molecular organization is often sought for 

in Chemistry. To address this issue, a first approach exploits 

sequential deposition of distinct components to yield spatially 

contrasted solid materials; it most often necessitates a 

technology and provides frozen molecular organizations.
1
 A 

second approach relies on supramolecular interaction, which is 

now compatible with targeting molecular organizations both in 

solids and liquids; processing is facilitated by self-assembly, 

which further introduces opportunities for triggering 

structures by means of control parameters (e.g. temperature). 

More recently, a third approach exploits reaction-diffusion-

convection processes in liquids to target dissipative molecular 

organizations, which exhibit similarities with living matter.
2
 

With respect to frozen or thermodynamically-driven self-

assemblies, the resulting organizations are expected to exhibit 

a richer behavior since a multitude of processes as well as 

boundary conditions control their structure at steady-state.
3
 

However, reaching complex organizations requires the design 

of molecular components, which exhibit properly tailored rate 

constants and diffusion coefficients. 

Along the latter third approach, we have been recently 

interested to combine reaction-diffusion processes to target 

steady-state layered molecular organizations in a liquid. We 

have introduced a first strategy exploiting a reversible 

photochemical reaction coupled to proton exchanges which 

generated singular spatial pH distributions in solutions.
4
 We 

now report on a second strategy, which exploits a molecular 

timer autonomously liberating substrates after different 

delays. It builds on a self-immolative precursor, in which the 

removal of a protective capping moiety after activation with an 

appropriate stimulus generates a cascade of disassembling 

reactions in a central spacer ultimately leading to release the 

substrates.
5
 The first released substrates are liberated at 

higher concentration and over a smaller volume than the later 

ones. The location and the concentration of each liberated 

substrate are correspondingly spatially correlated to the 

position of precursor activation (Figure 1a):
5
  

To evaluate our strategy, we adopted a model precursor 

cS2(DE/C) photoreleasing two fluorophores C and D after 

activation (Figure 1b).
6,7

 cS2(DE/C) is made of (i) the 4,5-

dimethoxy-2-nitrobenzyl photolabile group (ii) a 2,6-

bis(hydroxymethyl)-p-cresol core able to release (iii) two latent 

fluorophores, a coumarin (7-hydroxy-4-(trifluoro-methyl)-2H-

chromen-2-one) and DDAO (7-hydroxy-9H-1,3-dichloro-9,9-

dimethylacridin-2-one), which absorb and emit in distinct 

wavelength ranges and whose emissions are quenched in the 

precursor with respect to their strongly fluorescent free states. 

This precursor enabled us to use light for its activation and for 

independently analyzing the evolution of the concentration of 

each released fluorophore, as we previously did to analyze the 

disassembly kinetics of self-immolative spacers.
6
 

cS2(DE/C) was synthesized in six steps (see Supporting 

Information). 2,6-bis(hydroxymethyl)-p-cresol mono-oxidation 

yielded 2-hydroxy-3-(hydroxymethyl)-5-methylbenzaldehyde 

(82 %),
8 

whose Cs2CO3-deprotonated phenol group was 

alkylated with 4,5-dimethoxy-2-nitrobenzyl bromide (88 %). 

The primary alcohol group was iodinated using a Garegg 

reaction (55 %). The coumarin was subsequently alkylated with 

the resulting benzyl iodide in the presence of K2CO3 (71 %). 

The alcohol obtained from reduction of the aldehyde (85 %) 

was treated with phosgene in anhydrous THF and subsequent 

addition of DDAO eventually provided cS2(DE/C) in 40 % yield. 
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Fig.1 A chemically-encoded timer for temporally-programmed staggered delivery 

of two substrates with individual control over concentration and space. a) 

Concept. After local activation (red arrow), the self-disassembly of a precursor 

integrating a low molecular weight architecture acting as a timer liberates 

autonomously two substrates (displayed as a triangle and a square respectively) 

after different average delays. After its activation at a locus, the most rapidly 

liberated substrate (triangle) experiences diffusion for a shorter time and is 

correspondingly generated in a smaller volume (yellow sphere) and at higher 

concentration than the most slowly released substrate (square) whose liberation 

occurs in a larger volume (blue sphere). b) Reduced kinetic scheme of activation 

and self-immolation of the model precursor cS2(DE/C). UV-illumination removes 

the 4,5-dimethoxy-2-nitrobenzyl photolabile protecting group. A cascade of 

internal reactions subsequently occurs. It first leads to release the DDAO (D) 

fluorophore together with carbon dioxide. The coumarin (C) fluorophore is then 

liberated together with the benzenic core S2. 

After preliminarily experiments showing that cS2(DE/C) was 

stable in 1/1 acetonitrile/pH 8 buffer (v/v) at 293 K in the dark 

for up to 24 h, we first carried out UV-illumination cuvette 

experiments to analyze its self-immolation kinetics. We 

recorded the temporal evolution of the fluorescence signals in 

the emission channels of C and D from cS2(DE/C) solutions 

undergoing continuous illumination at 365 nm at various light 

intensities (Figures 2a and b). To analyze the fluorescence 

increase, we used a reduced kinetic model shown in Figure 1b, 

which includes the steps occurring beyond a millisecond:
5a,9 

cS2(DE/C) UV-illumination first affords the phenol intermediate 

S2(DE/C) (rate constant k1). Based on our previous results,
6
 

S2(DE/C) subsequently disassembles to liberate the phenol-

coumarine conjugate S2C and the fluorophore D (rate constant 

k2). Then S2C liberates the second fluorophore C together with 

the benzenic core S2 (rate constant k3). Satisfactory fits (see 

Figure 2 and Supporting Information) yielded k1 ≈ 150I Ein
-1

.m
2
 

(I designates the surfacic light flux), k2 = 40±10 10
-3

 s
-1

, and k3 = 

2±1 10
-3

 s
-1

, in line with our previously reported values for 

analogous monobranched precursors for which we found k1 = 

50I Ein
-1

.m
2
, k2 = 160 10

-3
 s

-1
, and k3 = 1 10

-3
 s

-1
.
10 

At light 

intensity making cS2(DE/C) activation non-rate limiting, D 

liberation would be twenty times faster than the C one, which 

already ascertained the potential of the proposed platform for 

the sequential temporal delivery of two substrates. 

To further evaluate our strategy, we then added a spatial 

dimension to the preceding cuvette experiments. We imaged 

the fluorescence signals in the C- and D-emissive fluorescence 

channels after applying a one-dimensional Gaussian 375 nm 

light profile for 5 s on a 20 µM cS2(DE/C) solution in 4.5/4.5/1 

acetonitrile/Britton pH 8 buffer/glycerol (to decrease diffusion 

coefficients and make easier microscope observation) (v/v/v) 

sandwiched between two glass plates. The fluorescence 

signals exhibited spatially contrasted spreading (Figures 2b and 

e) in fair agreement with numerical simulations exploiting the 

data obtained in the cuvette experiments (Figures 2c and f; see 

also Figures 2Sa and b in the Supporting Information). By fixing 

k1 ≈ 150I Ein
-1

.m
2
 during 375 nm illumination, we extracted k2 

= 110 10
-3

 s
-1

 and k3 = 2.4 10
-3

 s
-1

 by using 1.5-3 10
-10

 m
2
.s

-1
 for 

the diffusion coefficients (see Supporting Information). 

Such a satisfactory agreement led us to perform simulations to 

draw the scope of our strategy for generating layered 

molecular organizations. We adopted a spherical geometry in 

which the cS2(DE/C)-like precursor was activated within a 

sphere of R radius upon maintaining constant its 

concentration at c0 far from the activation locus; both 

substrates C and D were considered to be released in three 

dimensions with a constant diffusion coefficient D. In this 

geometry, steady-state concentration profiles not evolving in 

time are eventually established (see Supporting Information). 

We explored a large range of values for k1, k2, and k3 in line 

with the diversity of activation modes (vide infra) and with the 

tunability of the rate constants associated to disassembly of 

self-immolative S2(DE/C)-like motifs by introducing electron 

donating or withdrawing groups on the central spacer.
5a,10,11 

C and D concentration profiles are governed by k1-k3 and by D 

and R, which both enter in the scaling rate kd = D/R
2
. Figures 

3a-f display the dependence of the maximal concentrations, 

Dmax and Cmax, (encountered at the activation site) and the 

widths at half height of the concentration profiles, hD and hC, 

in D and C resulting from activation of cS2(DE/C)-like timers by 

varying k1-k3. The concentrations profiles of the primary 

product D are analyzed in Fig.3a-d. When k1 and k2 are larger 

than kd, high D concentrations (up to c0) are obtained with hD 

in the R range and a concentration profile with an hyperbolic 

spatial decay from the activation zone. When k1 decreases to  

a 

b 
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Fig.2 Kinetic analysis of the cS2(DE/C) timer. a,d) Cuvette experiments. Temporal evolution of the fluorescence emissions ��
���� (a; λexc = 365 and 645 nm, λem=660 nm) 

and ��
���� (d; λexc = 365 nm, λem = 500 nm) upon illuminating a 2 µM cS2(DE/C) solution at various λexc=365 nm light intensities (7.1, 14.2, 28.3, and 42.5; in 10

-4
 Ein.m

-

2
.s

-1
). Dots: experimental data; solid lines: fits with Eq.(17) (a) and (18) (d) in the Supporting Information. Solvent: CH3CN/0.1 M Britton-Robinson pH 8 buffer 1:1 (v:v); 

T = 298 K; b,c,e,f) Fluorescence microscopy. Temporal evolution of the experimental (b,e) and simulated (c,f) fluorescence signals recorded in the D (b,c) and C (e,f) 

emission channels; the first channel reflects the evolution of the sole D concentration, while concentrations in C, S2(DE/C) and S2C must be taken into account in the 

second one. Solvent: 4.5/4.5/1 acetonitrile/Britton pH 8 buffer/glycerol (v/v/v); T = 293 K. 

values close to kd, hD is conserved but Dmax drops. In contrast, 

when k2 decreases to values close to kd, Dmax decreases while 

hD widens. When either k1 or k2 are much smaller than kd, Dmax 

vanishes to zero. The concentrations profiles of the secondary 

product C are examined in Fig.3e-f. As for D, high C 

concentrations (Cmax up to c0, hC in the R range, hyperbolic 

spatial decay) are obtained when k2 and k3 are larger than kd. 

Except in the latter regime, the C concentration profile is wider 

than the D one with Cmax lower than Dmax, which is particularly 

pronounced when k2 > k3. k2 and k3 now play symmetrical roles 

for the C production: when either k2 or k3 decrease to values 

close to kd, Cmax drops while hC widens. Eventually, Cmax 

vanishes to zero when either k2 or k3 is much smaller than kd. 

The preceding simulations point on optimal conditions to 

generate a layered molecular organization. To avoid using an 

excessively large cS2(DE/C) precursor concentration, one 

should first fulfill k1 >> kd. To get contrast in the concentration 

profiles of D and C, one should then adopt kd > k2 > k3 and 

adjust the precursor concentration c0 to get the desired values 

of Dmax and Cmax at the activation locus. 

The present strategy could find interesting developments in 

combination therapies, where multilayered-based 

macromolecular Drug Delivery Systems
12

 lack accurate control 

over the spatio-temporal delivery aspects of several drugs, 

even with stimuli-responsive architectures.
13

 Hence, in 

addition to exploiting photoactivation for delivering substrate 

with light, a cS2(DE/C)-like timer could be enzymatically 

activated to deliver at steady-state two pharmaceutical agents 

at distinct concentrations in concentric zones of different 

spatial extension. As a significant example, solid tumors exhibit 

an inner core of hypoxic cells (often resistant and occupying a 

volume 5-20 times smaller than the global tumor), surrounded 

by a shell of normoxic cells at the immediate vicinity, and an 

external layer of vasculature.
14

 Using 1 s
-1

 for k1 (in the range 

for activation by the overexpressed protease Cathepsine B at 

tumor sites
15

) and the present values of k2 = 110 10
-3

 s
-1

 and k3 

= 2.4 10
-3

 s
-1

 and using 2 10
-10

 m
2
.s

-1
 for the diffusion 

coefficients, we derived 6.8 10
-3

, 1.2 10
-4

, 5.1, and 10.7 for 

Dmax/c0, Cmax/c0, hD/R, and hC/R with R = 10 µm. The values 

0.66, 2.6 10
-2

, 1.2, and 1.4 are respectively obtained when R = 

100 µm. The preceding derivation clearly underlines the 

significance of the boundary conditions on dual delivery: at 

given cS2(DE/C) concentration, a small zone would release 

large concentrations of D and C with poor spatial contrast, 

a b 

d 

c 

f e 
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whereas a large one would deliver lower but contrasted 

concentrations of D and C. Hence we exemplified the 

relevance of a self-immolative chemically-encoded timer 

sequentially releasing two chemicals to generate steady-state 

layered molecular organizations in a liquid. Using a model 

liberating fluorophores, we demonstrated that the 

investigated timer could release the first substrate twenty 

times faster than the second one at the 10-500 s timescale so 

as to be relevant to yield contrasted spatial organizations at 

the 100 µm range. Since the rate constants of the self-

immolative motif could be tuned by predictable alterations of 

its structure, various kinetically-governed molecular 

organizations could be obtained as shown by numerical 

simulations so as to find a great variety of applications ranging 

from chemical biology to material science. 

 

  
 

  
 

Fig. 3 Tunability of cS2(DE/C)-like timers for dual delivery of molecules at tailored range and concentrations. Dependence of the normalized maximal value Dmax/c0 and 

Cmax/c0 and of the relative width at half height hD/R and hC/R of the concentration profiles in C and D resulting from activation of cS2(DE/C)-like timers by varying k1-

k3. a,b) k3 = 1 s
-1

 and k1, k2 in the [10
-7

-10
2
]s

-1
 range, c-f) k1 = 1 s

-1
 and k2, k3 in the [10

-7
-10

2
]s

-1
 range. Parameter values: R = 0.1 mm, D = 10

-9
 m

2
.s

-1
; kd = 0.1 s
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