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Recent achievements in the nanoparticles-based, especially polymer-based 
nanoparticles targeted therapies, are due to the exploitation of particular bio-
logical processes found in cells and to the discovery of physiological different-
ces between normal and abnormal tissue environments. In the specialized 
context of cancers, these achievements allowed the approval of some thera-
peutic solutions where the tumour permeability and the cell endocytosis are 
exploited (Figure 1). 

 
Blood vessel

Endothelial cells

Macromolecule
Drug

Normal site

Tumour site

Lymphatic drain No drain

Blood vessel

Macromolecule
Drug

X

Cytoplasm
pHi 7Nucleus

Normal cell

Golgi
pH 6-6,7

Lysosome
pH 5

Endosome
pH 6

Cytoplasm
pHi 7,2Nucleus

Tumour cell

Golgi Lysosome

Endosome

Exterior
pHe 7,4

Exterior
pHe 6,8

 
                      Fig. 1. EPR effect and cellular pHs. 
 
Meada proposed three decades ago to use the physiological differences 

found between normal and tumours tissues [1]. In a normal tissue, the vascular 
system is well organized and with a permeability allowing small molecules to 
pass through, while in tumour tissues, the vascular system is generated by the 
tumour itself and is poorly organized, with a final higher permeability. The 
lymphatic drain is not working properly also. Thus elements reaching the 
tumour site are accumulated and never escape. This concept was called 
enhanced permeability and retention effect (EPR). The idea proposed was to use 
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the particles with convenient sizes, so that they can easily circulate in the blood 
vessels until they reach the tumour tissues. Being big enough to avoid the 
crossing of the endothelial cells in normal tissues, they should be small enough 
to pass through the more permeable tumour vascular system. The generally 
accepted size ranges from 10 to 200 nanometers. Below this size, the renal 
excretion can be involved while macrophages can trap the objects of bigger 
sizes. This targeting strategy is called „passive targeting” and theoretically does 
not require additional properties. In order to be sure that the particles are not 
interacting with any elements during blood circulation, especially macrophages, 
pegylation has been widely used to coat these particles [2, 3]. PEG chains are 
positioned at the outer surface of the particles, masking its content from the 
exterior, allowing higher hydrophobicity and giving stealth properties. These 
external PEG chains can also be modified by several means to modify the final 
behaviour of the particles. 

Independently of the passive targeting, the active targeting is based on 
markers over expressed in the environment of tumour cells [4]. Prodrugs can be 
designed where the therapeutic agent is embedded in a construct able to reached 
the tumour environment, and then specifically interact with tumour cells to 
release the therapeutic agent. This can be made out of the cell, and the thera-
peutic agent must then diffuse in cells through their membranes, a limitation 
that can lead to possible diffusion out of the tumour zone and produce side 
effects. To avoid these potential problems more recent work is devoted to 
systems designed to release the therapeutic agent in cells only, a strategy based 
on the acidic tumoral environment [5]. To achieve this aim, the natural cell 
endocytosis was exploited by several groups. During endocytosis, objects are 
internalized by cells for their needs. This process starts with the invagination of 
the membrane (Figure 2), leading to an intramolecular vesicle called endoso-
mes, with low acidic pH (6). On maturation, these endosomes change to lyso-
somes with more acidic pH (5) [6]. This process was used by several groups to 
prepare acidic sensitive prodrugs and the vectors can also be designed to be 
biodegraded under low acidity [7–9]. 

 

Cytoplasm

Nucleus

Exterior

Cell membrane 

Macromolecule

Memebrane 
interactions

Primary 
lysosome

Secondary 
lysosome

Endosome

Nuclear 
mebrane

Other organites
(Golgi, Endothelium)

 
                              Fig. 2. Simplified mechanism of endocytosis. 

 
Finally, active targeting based on acidic sensitive prodrugs and EPR effects 

was combined in more efficient therapeutic solutions. Typical applications with 
polymeric vectors as drug delivery systems and release in cells are shown in 
Figure 3. Figure 3A illustrates the use of copolymers, where the chain A is not 
functionalized, the chain B is carrying an additional group used to enhance 
internalization, chain C bears the active compound in a releasable form (DOX) 
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and chain D is grafted with a fluorescent dye for cellular imaging. Figure 3B 
shows conventional delivery systems with HPMA (hydroxypropylmethacryl-
amide) [10–13], PEG (polyethyleneglycol) only or PGA (polyglutamic acid) 
with canonical anti cancer agents. 
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Fig. 3. Examples of polymer-based drug delivery systems. 

 
Our group is involved since several decades in the design of prodrugs for the 

active targeting and recently we started to work on passive targeting in order to 
exploit acidic cell endocytosis as releasing mechanism. The functionalization of 
a drug delivery system can be a complex task depending on the number of 
functionalities the final particles should have. In Fig. 3A, one can see that from 
the common HPMA backbone, all four chains are functionalized by different 
reactions. During recent years, the concept of click chemistry has been 
introduced by Sharpless [14]. Click chemistry is now a popular term used for 
simple reactions allowing the assembly of two different chemical elements with 
high yield. Several reactions can be classified as click reactions: alkyne–azide 
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cycloaddition [15, 16] to triazoles, S-ene addition to alkylthio derivatives and 
others. For its simplicity the alkyne-azide cycloaddition has been the most 
widely used method, and it is now a common tool for particle functionalization. 
This reaction can give two adducts 1,4 and 1,5 in classical thermal conditions, 
but when terminal alkynes are used under copper catalysis only the 1,4 adduct is 
obtained (Scheme 1). Copper free click reactions are also possible in biological 
media.  
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        Scheme 1. Copper assisted azide–alkyne click reaction (CuACC). 

 
We proposed to combine the preparation of acid-sensitive prodrugs and 

particle functionalization in a single reaction mediated by the click chemistry. In 
this concept, conveniently chosen propargylated derivatives of a therapeutic 
agent could be grafted onto an azido particle to afford directly a particle 
functionalized with an acid-sensitive system. Several acid-sensitive groups were 
previously used in such drug delivery strategies, like hydrazone [17], rityles 
[18], or acetals [19] (Fig. 4), and in fact this releasing strategy can be viewed as 
a particular application of the chemistry of protecting groups, cleaved under 
acidic conditions.  
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             Fig. 4. Acidic releasing systems. 
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The rational for selecting alkyne–azide click chemistry in our concept was 
due to the aromatic character of the triazole ring obtained after the 
cycloaddition, used to replace one of the aromatic rings of the acid-sensitive 
trityl group (Figure 4 and Scheme 2). The driving force in the releasing mecha-
nism for acid-sensitive groups is the possibility to stabilize the carbocation 3 
(Scheme 2) formed after protonation of the prodrug 1. It was considered that the 
protonation site is on the atom linking the active molecule to the aci-sensitive 
group as shown in the protonated form 2. Thus preparing 2,2-dialkyl- or 2,2-
diarylpropargylic derivatives like 5 should give after cycloaddition with an 
azide 4 the expected dialkyl- or diaryltriazolylmethyl acidic sensitive group 6 as 
an analogue for the trityl group, the triazole ring being involved in the 
stabilization of the carbocation 7. 
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Scheme 2. Concept of direct access to vector functionalized with acid-sensitive systems. 

 
This concept was evaluated on the model compounds, with model for the 

polymeric vector and models for the therapeutic agents. Alcohols and an amine 
were selected as representative functional groups find in many therapeutic 
compounds. In order to extend the scope of this work, carbamate versions for 
the amine and carbonate versions of the alcohols were also investigated 
(Scheme 2, X = OC=ONH– or OC=OO–), allowing the discovery of a new 
releasing mechanism. Synthetic models were tested to determine the hydrolysis 
rate at various buffered pHs via 1H NMR or HPLC techniques. 

The polymer model consisted of a salicylate derivative 8 bearing a short 
methoxyethyl ester group and azidobutyloxy group (Scheme 3). This model was 
supposed to mimic the possible use of polyethyleneoxide vectors. Several 
alkynols 9 were prepared as intermediates towards the acid-sensitive prodrugs 
11. Two paths were investigated (Scheme 3), path A considering the preparation 
of functional alkynes 5 and subsequent cycloaddition, and path B involving first 
cycloaddition to give the alcohol 10 and final functionalization. 

Several carbamates and alkylamines were prepared [21, 22] from 
benzylamine and some ethers from a simple alcohol and uridine [22], carbonate 
found being unstable. All these compounds were submitted to acidic hydrolysis 
at various pH (Table 1). Acidic (pH = 1), mildly acidic pH (pH = 4.3) and 
physiological pH (pH = 7.3) were selected. Stability at physiological pH is 
important considering that the future objects have to circulate in blood vessels 
before reaching the targeted area. All the tested compounds showed stability at 
physiological pHs, except one, an amine derivative bearing two anisyl groups 
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(R1 = R2 = An). This instability was attributed to possible direct nucleophilic 
substitution by water, this type of dianisyl compound being more sensible to 
such reaction. 
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Scheme 3. Synthetic strategy. 

 
Table 1. Half-lives (t1/2) of carbamates, alkylamines and ethers at various pHs 
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These results were then rationalized by molecular modelling, using the 
B3LYP method. The first step was to determine the protonation sites. Triazoles 
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alone were known to be protonated mainly on N(3) (Scheme 4). In the case of 
the carbamate derivatives (Scheme 4A, X = NH), the protonation on the 
nitrogen atom or the carbonyl group of the carbamate is disfavoured compared 
to the nitrogen atom N(3) on the triazole ring. After protonation on the N(3) 
nitrogen atom, a proton shift to the carbonyl group can be observed during 
computational work. In the case of the carbamate, this participation of the 
triazole in the hydrolysis is the driving force, leading to the formation of 
carbamic acid and the carbo cation 7. The carbamic acid is then decomposed to 
the corresponding amine and CO2. This can also be applied theoretically to 
carbonates, although we were unable to synthesize them to confirm the calcu-
lations. In the case of aniline and all ethers derivatives, the mechanism involves 
the respective protonation of the nitrogen and oxygen atoms (Scheme 4B, X=O 
or NH), with rapid subsequent C–N or C–O bond break to give the carbo cation 
7. In all cases, carbocation 7 is trapped by the surrounding water to give the 
alcohol 10. This modelling work also demonstrated that the more the carbo-
cation is stabilized, the faster the hydrolysis is. 
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Scheme 4. General hydrolysis mechanisms. 

 
In conclusion, our initial concept corresponding to path A appeared to be 

working in some cases, when the propargylic derivatives 5 are by themselves 
stable enough to undergo cycloaddition without side reactions. Path A was also 
applied to aniline (unpublished work, instead of benzylamine) and the 
cycloaddition was observed to proceed in modest yields with the major reaction 
being an intramolecular cyclization to oxazolidinones. Path B appeared to be 
synthetically more practical and was adapted to develop this work in the context 
of particles functionalized with acid-sensitive systems for the release of 
bioactive molecules. 
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