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ABSTRACT

Self-Immolative polymers (SIPs) allow a triggered depolymerization which is an
effective way to control the function of polymer-based systems. In this work,
hydrophobic SIP segments and hydrophilic polyethylene glycol (PEG) are combined in
diblock and triblock amphiphilic architectures, the SIP-based blocks are made of
polycaprolactone-like backbones with UV-sensitive nitrobenzene pendent groups. The
depolymerization of the designed architectures in solution is monitored by NMR, UV-
vis spectroscopy and size exclusion chromatography, showing complete cleavage of
the triggering units in the SIP parts after about 25 minutes under UV-irradiation, and
depolymerization rates of the SIP backbones up to 60%. Self-assemblies are prepared
from the diblock copolymers, their stability is verified by DLS, and the UV-triggered
disintegration of the self-assemblies is demonstrated by SEM, Tindall Effect and by
monitoring the derived count rate in DLS, showing a rapid disintegration (after 2 to 6
minutes under UV light). These SIP-based structures allow a fast, controlled and on-
demand disintegration of self-assemblies, with the ability to encapsulate and release

on-demand the Nile red as hydrophobic model molecule.

KEYWORDS: Triggered Depolymerization, Self-Immolative Polymers, UV-

Responsive Polymers, Self-Assemblies.
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INTRODUCTION

Temporary polymer-based structures demonstrated their effectiveness in many
advanced fields of polymer science, especially in technologies related to health and
biomedical applications. In these fields, the main feature of polymer-engineered
temporary structures is the ability to be shaped in a desired manner and scale,
especially in the form of nanopatrticles, and then to be degraded. This degradation can
be achieved either through a polymer chain biodegradation reaction or in response to
an external stimulus*®. This has enabled the development of a variety of drug

vectors.5-8

Biodegradable polymers, i.e. polymers that can be completely degraded in natural
environment by the action of microorganisms, such as poly(lactic acid) and
polycaprolactone, are extensively investigated to develop these structures®i® but
nevertheless with some drawbacks. The most limiting factor is the difficulty of
controlling their degradation kinetics, which are highly dependent on the surrounding

conditions®!, such as pH,'? moisture content, and temperature.3 Although it is possible



to prolong or accelerate the degradation process by choosing polymers with slow or
fast biodegradation kinetics, respectively, this method remains empirical and once

implemented, it is no longer possible to control the degradability of such systems.

To overcome this issue, stimuli-responsive polymers were widely explored to develop
temporary self-assemblies that can be degraded using external stimulus on
demand.'*® In this context, polymers with different chemical structures and
sensitivities to various external stimuli have been proposed. Among these stimuli, UV
light has shown many advantages, such as remote action, localized application,

adjustable intensity, and on/off switching.1”:18

Many efforts have been made to prepare UV-sensitive polymer-based self-assemblies
with different mechanisms of degradation, including decrosslinking of the core of the
self-assemblies,'®2° isomerization,?® cleavage of chromophores etc. all these
mechanisms lead to the disruption of the assemblies. Recently, a class of polymers,
called self-immolative polymers (SIPs),?>-?4 have been distinguished by their ability to
translate an external stimulus into a controlled depolymerization reaction of their
backbone, thus providing predictable disassembly profiles. However, few studies were
dedicated to incorporate SIPs within macromolecular architectures such as amphiphilic
block copolymers. Recently Gilies and co-workers® synthesized stimuli-responsive
amphiphilic copolymers, the diblock architectures were triggerable by both UV-light and acidic
medium. The sensitivity to low pH was provided by the hydrophilic block of
poly(ethylglyoxylate), while the hydrophobic block contains a single UV-sensitive triggering unit
at the chain end (nitrobenzene). When the structures were exposed to the stimuli, the
depolymerization occurs following a head-to-tail successive cleavage (cascade

depolymerization). These copolymers allowed the preparation of self-assemblies that can be

dissociated in response to either UV light or acidity. The kinetics of the depolymerization and



disassembling were of order of a few days. Liu and co-workers?® prepared diblock
amphiphilic architectures in which the hydrophilic block was PEG and the hydrophobic
one was a SIP, bearing a single triggerable unit at the chain-end. The stimuli were
reactive oxygen species and acidic medium, the depolymerization kinetics were of the
order of a day (24 hours). The current work aims to develop UV-responsive SIP-based
self-assemblies with faster dissociation kinetics and higher level of control. To reach
this purpose, a different strategy is followed and consists of incorporating hydrophobic
SIP segments with multiple triggering units, rather than unique one as in the cited
works, thus the cleavage events in the different units of the SIP chains are supposed

to take place independently from each other.

Amphiphilic di- and triblock copolymers will be developed in this work, using PEG as
hydrophilic block and a SIP as hydrophobic one. The structure of SIP blocks used here
contains a UV-sensitive pendent trigger on each repeating unit of the backbone, they
belong to the category of chain-shattering self-immolative polymers?”:28. These SIPs
translate the external stimulus into multiple cleavage events that occurs, independently
of each other, at different parts of the backbone, leading to faster kinetics and higher
level of depolymerization control. The macromolecular architectures are designed to
be amphiphilic in order to make self-assemblies in solution, with the possibility to break
them by UV light. A facile synthesis method is proposed here to obtain the copolymers,

leading to a simple method for the preparation of the UV-responsive nanopatrticles.
MATERIALS AND METHODS
Materials

4-N-boc-aminomethylcyclohexanone (Boc-NH, 95%) was purchased from Enamine,

Latvia. N,N-diisopropylethylamine (DIEA, 99%), dimethyl sulfide (DMS, 99+%), 4-



nitrophenyl chloroformate (pNPCL, 97%), 3-chloroperoxybenzoic acid (mCPBA, 70-
75%) and diphenyl phosphate (DPP, 99%) were purchased from Thermo Fisher
Scientific, France. 4,5-Dimethoxy-2-nitrobenzyl alcohol (DMNBA, 98%) and
dimethylformamide (DMF, 99.99%) were purchased from Carlo Erba, France.
Polyethylene glycol methyl ether (CHs-PEG-OH, 2000 g.mol1) and polyethylene glycol
(HO-PEG-OH, 4000 g.mol!) were purchased from TCI, Belgium. Dry toluene was
obtained by distillation over sodium. Deuterated chloroform was purchased from

Eurisotop France.
Syntheses procedures

Monomer synthesis: The monomer (compound 4) was synthesized according to a

three-step synthesis procedure, all of them are detailed in Supporting Information S1.

Synthesis of amphiphilic diblock and triblock copolymers: the diblock and triblock
copolymers were synthesized by ring opening polymerization (ROP) of 4 using CHs-
PEG-OH and HO-PEG-OH as initiators, respectively. Cylindrical glassware pressure
vessel (tube) was dried in an oven at 70°C overnight and then cooled under nitrogen
flow. The initiator (PEG) and the monomer powder were dried under vacuum for 24
hours and then introduced in the tube. Dry toluene was then added and the mixture
was stirred for 1 hour before DPP was added as catalyst. The tube was sealed and the
mixture was heated to 155°C in an oil bath. After 6 hours the reaction medium was
diluted by adding chloroform, then the solvents were removed under reduced pressure,
the resulting crude brown product was analyzed by *H NMR to determine the monomer
conversion. The crude product was then solubilized in dichloromethane and
precipitated first in hexane before being solubilized again in dichloromethane and

precipitated in diethyl ether. A brownish product was obtained and dried under vacuum



for 12 hours. The amounts of the reagents used for the synthesis of each copolymer,

with the expected structures, are detailed in Table 1.

Table 1. Amounts of the different reagents used to synthesize the copolymers.

Expected structure* CHs-PEG-OH  HO-PEG-OH Monomer** DPP
PEG2000-b-SIP2000 0.436 g, 1eq / 0.59g,6¢€q 0.054 g, 1eq
Diblocks
PEG2000-b-SIP 4000 0.218 g, 1 eq / 0.59,12¢€q 0.027 g, 1 eq
SIP2000-b-PEGa4000-b-S1P2000 / 0.436g,1eq 0.54q,12¢€q 0.054 g, 2 eq
Triblocks
SIP4000-b-PEGa000-b-S1P4000 / 0.218g,1eq 0.54q,24¢q 0.027 g, 2 eq

"The subscript values refer to the expected molar masses of the different segments.

**The monomer concentration was 0.5 g.mL™ for all the runs (1 mL toluene was used

as solvent).
'H NMR analyses

'H NMR spectra were recorded using a 300 MHz Bruker spectrometer. Deuterated

chloroform (CDCIs) was used as solvent and tetramethylsilane as reference at O ppm.
Size Exclusion Chromatography (SEC)

SEC measurements were carried out in a Waters chromatography system equipped
with three columns connected in series (Styragel HR1, Styragel HT4 and Styragel HT4)
and a refractive index detector (RI). The eluant was dimethylformamide (DMF)
containing toluene (1 wt.%) and LiBr salt (1 g.L*!). The copolymer samples were first
stirred in the eluent solution until complete dissolution (~ 7 mg.mL™), then filtrated

through a 0.45 um pore-size PTFE filters before injection in the columns.



Preparation of self-assemblies
Two methods were followed to prepare the self-assemblies:

The direct nanoprecipitation method:?® the copolymer was first solubilized in
dichloromethane (1 mg.mL™1, magnetic stirring for 24 hours), then 2 mL of the solution
were slowly added to 2 mL of ethanol by using a syringe pump at a rate of 0.5 mL.h",
while being magnetically stirred. The obtained mixture was stirred for 2 hours, then the
dichloromethane was removed in rotavapor. The resulting copolymer/ethanol

suspension (1 mg.mL1) was stirred for 24 hours before characterizations.

The direct dissolution: the copolymer was directly mixed with distilled water (1
mg.mL?1) and magnetically stirred for 24 hours at room temperature before
characterization. This method is used here to show the ability of the copolymers to self-
assemble by a one-step facile method, without using organic solvents. According to
literature®°, only a limited number of copolymers can undergo self-assembling by

simple dissolution in water.
UV irradiation

The irradiation of the samples was carried out in the UV chamber of the LZC-4V
photoreactor from Luzchem Research Inc. Canada. 14 UV lamps are arranged on the
internal walls of the chamber, the maximum emission wavelength of the lamps was
352 nm, the total power of irradiation was 1.3 mW.cm (measured by a power meter).
For the monitoring of the depolymerization, each sample was dissolved in chloroform
(1 mg.mL?1) and stirred under UV irradiation during the appropriate time. The
disassembling kinetics under UV irradiation was investigated on suspensions (in water

or ethanol) of self-assemblies under stirring.



Dynamic Light Scattering (DLS)

The diameter of the self-assemblies and the derived count rate were measured by
DLS, using a Zetasizer Ultra from Malvern, France. The temperature was set to 25°C

for all the measurements.
Scanning Electron Microscopy (SEM)

SEM images were recorded using a Hitachi SU 5000 microscope, in EDS mode, with
10-30 kV accelerating voltage. Metallic spots were polished, then a drop of sample
(suspension of self-assemblies) was spread on the spot. After evaporating the solvent,
the sample was subjected to metallization treatment using the Precision Etching and
Coating System (PECS) 682 Gatan, USA, allowing the deposition of regular and thin

layer of chrome on the sample.
UV-vis absorption measurements

UV-vis absorption measurements were carried out on a Cary 3500 spectrophotometer
from Agilent. The sample was placed in a 10 mm width cuvette, and the scan is

achieved between 300 and 600 nm.
Fluorescence measurements

Fluorescence emission intensity measurements were performed using a Cary Eclipse

Fluorescence spectrometer from Agilent. The excitation wavelength was 555 nm.
RESULTS AND DISCUSSION
Synthesis of the monomer and the copolymers

The 'H NMR spectra corresponding to the monomer, and the different steps of its

synthesis, are in Supporting Information Scheme S1 and Figures S1 to S4.



The synthetic schemes of the ROPs are summarized in scheme 1.
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Scheme 1. Schemes of the synthesis of the diblock and triblock copolymers by ROP

of Compound 4.

Monomer conversion was calculated for all the polymerizations by *H NMR (for details
on calculation see Supporting Information, Figure S5). The results are summarized in

Table 2 and show high conversions, going up to 89%.

After purification, the four copolymers were analyzed by 'H NMR. The spectra of
PEG2000-b-SIP4000 and SIP4ooo-b-PEGuao00-b-SIP4000 as representative diblock and
triblock models, respectively, are shown in Figure 1. The methyl group at the chain-
end of the PEG segment in the diblock structure is reflected by the peak ‘a’ at 3.40
ppm, as expected this peak does not appear in the spectrum of the triblock structure.
The protons of the PEG backbone show two signals in both di- and triblock structures,
the first at 3.66 ppm corresponds to b and ¢ protons, and the second at 4.15 ppm
includes the protons d and e. For the SIP segments, signals appear corresponding to
the protons of the backbone formed after the ROP (protons g,h,i,j,k and f), the protons

I,m,n and o correspond to the triggering units and appears respectively at 5.44, 3.99,

9



6.99 and 7.63 ppm. To check if the expected lengths of the SIP segments have been
reached, the degree of polymerization (DP) was calculated from these spectra by
integrating the peaks of the polymerized SIP units and comparing them to the peak of
PEG (peak of the protons b and c in Figure 1). The peak k at 3.17 ppm was chosen for
the SIP unit, with consideration of the next steps of this study (this peak does not
interfere with the peaks of the products resulting from the UV-depolymerization of the
SIP parts). The calculated DP values are summarized in Table 2 for both diblocks and
triblocks. SEC analyses were also performed on the copolymers (the traces are in
Supporting Information Figure S6) and showed, as expected, shorter elution times for
the copolymers than for the macroinitiators (CH3-PEG-OH and HO-PEG-OH)
confirming the increase in molecular weight. Low dispersity values were obtained

(<1.3) as shown in Table 2.
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Figure 1. 'H NMR spectra of the amphiphilic diblock (PEG2000-b-SIP4000) and triblock

(SIP4000-b-PEGuao00-b-SIP4000) UV-sensitive copolymers in CDCls.
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Table 2. Expected molecular weight (M) calculated from the monomer/OH ratio,
monomer conversion and DP calculated from 'H NMR spectra of the copolymers, and

b determined from the SEC traces of the copolymers.

Copolymer or macroinitiator Monomer/OH Expected M Monomer DP* Mn,NMR” b
ratio kg.mol? conv. (%) kg.mol?

PEG2000-b-SIP2000 6/1 4.2 87 5.7 4.1 1.26
PEG2000-b-SIP4000 12/1 6.5 89 10.2 5.9 1.18
SI1P2000-b-PEGa4000-b-SIP2000 6/1 8.5 84 10.0 7.2 1.13
SI1P4000-b-PEGa4000-b-SIP4000 12/1 13.1 89 13.7 9.2 1.11
CHs-PEG-OH / / / / / 1.06
HO-PEG-OH / / / / / 1.02

*Calculated from *H NMR results

Depolymerization of the SIP segments in the copolymers

The depolymerization of the SIP parts in the different copolymer structures was
monitored by 'H NMR, UV-vis spectroscopy and SEC. Figure 2 (A) shows the evolution
of the 'H NMR spectra of each copolymer as a function of irradiation time. The
amplitude of the signals related to the SIP parts decreases gradually with the irradiation
time, with notably a complete disappearance of protons located on the nitrobenzyl
trigger groups (complete cleavage of the triggers), after an irradiation time of 20-25
minutes. The percentage of cleavage was calculated from the ratio of the signal
integrals (noted I) of the trigger protons (Is.17,proton k, at 3.17 ppm) and the PEG chain
(Is.67, protons b, cand d at 3.67 ppm). The calculation was done for diblock and triblock
structures according to Equations 1 and 2 respectively. The number of protons of the
PEG chains being not the same in the two architectures. ls.170 is the value of I3.17

before irradiation.

12



%Cleavage = (Isﬂ — i) x 100 Equation 1

183 I3a7t0

%Cleavage = (% — 113#) x 100 Equation 2
3.17,t0

The results reported in Figure 3 (A) show the evolution of this percentage as a function
of the irradiation time. For all copolymers, a rapid photocleavage was observed,
reaching 100% after 25 minutes. The relationship between cleavage percentage and
irradiation time is not linear, this can be explained by the decrease (consumption) in
the concentration of the triggering units over the irradiation time. Indeed, at the
beginning of the irradiation process a large number of triggering units are available and
the cleavage percentage increases quickly, but as the irradiation process progresses
the number of available triggering units decreases gradually. Thus, the number of
cleavage events decreases gradually, leading to slower and slower increase in the
cleavage percentage, until reaching a plateau when all the triggering units are
consumed. This graph also shows that, before reaching plateau, the percentage of
cleavage of the triggers in the triblocks is higher than in the diblocks, meaning that the
architecture of the copolymer has an effect on the rate of cleavage, this can be related
to the number of the SIP units that are exposed to UV irradiation. Indeed, for the same
number of SIP units, the triblock architectures statistically allow greater exposure of
the triggers to UV light, since these units are arranged on both sides of the copolymer
chain, unlike diblocks in which the triggers are less spread in space and grouped on
the same side of the chain. As consequence and before reaching completion, more

cleavage events occurs in triblock architectures than in the case of diblocks.

After having shown the complete cleavage of the triggers, the question was to know if
there is a cyclization of the repeating units in the polymer backbones and thus a

depolymerization (cleavage of the backbones, mechanism shown in supporting

13



information Figure S7). In their work on polyurethanes, Kuckling and co-workers3!
demonstrated by 'H NMR the intramolecular cyclization of the backbones after the
cleavage of nitrobenzene. Thus, inspired by their work and based on the 'H NMR
results obtained here, it can be assumed that the internal cyclization of the SIP
backbones was successfully achieved, and that these segments were depolymerized:
there is a drastic decrease in the peaks of the SIP segments with appearance of signals
corresponding to the six-membered lactam compound (Figure 2(B), circled signals,

with PEG2000-b-SIP2000 taken as an example).

However, even if the amplitude of the peaks related to the SIP backbones decreases,
they do not disappear completely (peaks at 1.67 and 2.40 ppm highlighted in dotted
lines in Figure 2 (C) with PEGz2000-b-SIP4000 taken as an example). This means that a
total cleavage of the triggers is reached for all the structures, but the depolymerization
of the backbones does not reach completion, some oligomers of the SIP backbone
(without triggers) still exist. In order to quantify the residual SIP oligomers, i.e. the
depolymerization rates defined as the percentage of cyclized repeating units, the *H
NMR signals related to the SIP backbone (I2.40, signals at 2.40 ppm in Figure 2) were
integrated and compared to the PEG signals (ls.67, at 3.67 ppm in Figure 2) at different
irradiation times. The calculation was done for diblock and triblock architectures

according to Equations 3 and 4 respectively. I2.40,10 is the value of 12.40 before irradiation.

%Depolymerization = (% - 112—40) x 100 Equation 3
2.40,t0

%Depolymerization = (133% — Ilzﬁ) x 100 Equation 4
2.40,t0

The results are shown in Figure 3 (B). A quick increase in the depolymerization rate is

observed at the beginning of the irradiation process (between 0 and 2 minutes), then

14



the slop of the curves decreases gradually traducing a decrease in the
depolymerization kinetics with a tendency to form a plateau without reaching
completion. These results are in agreement with those of Almutairi and co-workers32:32
obtained with two different other chain-chattering self-immolative homopolymers, the
authors support the assumption that under irradiation the triggers are first quickly
cleaved, then the depolymerization (cyclization) of the backbones occurs more slowly,
depending on polarity and pH of the medium, without reaching completion. The two
steps (cleavage of the trigger and depolymerization of the backbone) are independent
of each other; the first one occurs in response to UV irradiation leading to the formation
of pendent amine groups, its conversion rate is complete. Then, to achieve the second
step (depolymerization by intramolecular cyclization) the pendent amines make a
nucleophilic attack on the ester groups of the backbone (Figure 2). During this second
step, the reactivity of amines towards ester groups is affected by the parameters
mentioned above, making this step slow and not complete. For these reasons,

fragments of SIP oligomers (deprotected) still remain in the irradiated medium.

The maximum depolymerization rates obtained in this work after 25 minutes of
irradiation (Figure 3 B) are 42, 44, 47 and 63% for respectively PEGz2000-b-SIP2000,
PEG2000-b-SIP4000, SIP2000-b-PEGu4000-b-SIP2000 and SIP4o00-b-PEGa000-b-SIP4000. As
expected and considering the results of the rates of the trigger’'s cleavage, long SIP
segments offer higher concentration of triggering units in the solution, leading to higher

number of triggering events, and thus higher depolymerization rates.

15
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16



O PEG 000-b-SIP3000

120

% Cleavage
P [=1] o (=]
o o (=] (=]

L]
(=]

0 PEG000-b-SIP 4900

SIP4000-b-PEG 4000-b-SIP 4000

1'0 2'0
Irradiation time (min)

30

0 SlPZUOO 'b'PEGJOUCl -b-Sl PZDUU

100

c (B)
,g 80
N
E 60
> L+ 4
° 40 o 8
& o B 0O
o 20 o]
S
0 - — - T
0 10 20 30

Irradiation time (min)

Figure 3. Percentage of the trigger's cleavage (A) and depolymerization of the

backbone (B) in the SIP segments as function of irradiation time for each copolymer.

Both UV irradiation and the collection of the spectrum were achieved in CDCls.

The photocleavage of the triggering units was also confirmed by monitoring the

intensity of the absorption band of the ONB units at 346 nm by UV-vis spectroscopy

(Figure 4). Indeed, a decrease in the absorption intensity with the irradiation time is

observed, as well as the concomitant appearance of an absorption band at 400 nm

characteristic of the 4,5-dimethoxy-2-nitrobenzaldehyde moieties, which result from

the photocleavage of the ONB units,3'3* as illustrated in Figure 4 (B). No change in the

intensity of these two absorption bands was observed after 25 minutes of irradiation,

indicating that the cleavage of ONB units reached maximum conversion.
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Figure 4. (A): change of the UV-spectra of the different copolymers according to the
irradiation time, in chloroform, 0.3 mg.mL*. (B): molecular structures obtained from the

depolymerization of the SIP segments.

Finally, SEC analyzes were carried out to study the impact of irradiation on the
depolymerization of copolymers, the results are in Figure 5. The SEC traces recorded
after different irradiation times shows a shifting of the signals towards longer retention
times, which suggests a decrease in the molecular weights of the copolymers, resulting
from both the cleavage of the triggers and the depolymerization of the backbones. The
curves stop shifting after 20-25 minutes UV irradiation, in accordance with the *H NMR
and UV-Vis results aforementioned. The same figure shows that the shifting stops
before reaching the PEG curves, this means that the depolymerization does not reach
completion. It can be assumed that there are chains containing PEG with some SIP
units that still remain in the solution, and not only oligomers of SIP separated from the

PEG.
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Figure 5. SEC traces at different times of irradiation of PEG2o00-b-SIP2000 in (A),
PEG2000-b-SIP4o00 in (B), SIP2000-b-PEGa000-b-SIP2000 in (C) and SIP4oo0-b-PEGa000-b-

SIP4000 in (D). DMF was used as eluent.
Self-assembling behavior

After demonstrating the possibility of UV-depolymerization of block architectures
containing SIP segments in organic media, we next sought to show proof of concept
that self-assembled constructs could be obtained in both aqueous media and polar
organic solvents from SIP-based copolymers, and then disrupted by a photo-induced
depolymerization process. This has been exemplified by using the diblock architecture
PEG2000-b-SIP2000. Figure 6 shows the DLS curves obtained from analyzing the

solutions of the self-assemblies, prepared either by direct dissolution in water (A) or by
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direct nanoprecipitation from DCM to ethanol (B), the first measurement was done 24
hours after dissolution/nanoprecipitation as mentioned earlier. In both cases, a single
size distribution is detected with however different mean hydrodynamic diameters
(Dn)depending on the preparation mode; Dn= 164 nm in the case of direct dissolution
in water with narrow distribution and 53 nm in the case of direct nanoprecipitation with
a broader distribution. This may be related to the high polarity of water relative to
ethanol, which would promote hydrophobic interactions between the SIP blocks,
forming larger self-assemblies.3® Moreover, the diameters of the self-assemblies
remain stable for at least 96 hours, testifying to a good stability of the formed
nanoobjects. A small deformation is observed in the curves related to the
nanoprecipitation process (Figure 6 B), the downward part of the curve shifts slightly
towards the small diameters, this shifting can be due to the same reason mentioned
above (low polarity of ethanol compared to water, leading to longer stabilization
process by the hydrophilic blocks). The critical micellar concentration (CMC) of
PEG2000-b-SIP2000 was determined by fluorescence measurements; as shown in Figure
6 C, the emission intensity of Nile red was measured in water suspensions containing
different concentrations C of the copolymer. The obtained curve (intensity as function
of C) shows an inflexion point corresponding to the beginning of the formation of self-
assemblies. Two slops were distinguished (before and after the inflection), the
intersection of the two slops gave us the value of CMC which is 0.12 mg.mL™. For all
the experiments involving self-assembling of PEGz2o000-b-SIP2000 in this work, the
concentration of the copolymer was of 1 mg.mL?, i.e. about 8 times higher than the

CMC.
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Figure 6. Intensity distribution, from DLS, of the solutions of the self-assemblies
obtained by direct dissolution in water (A) and by direct nanoprecipitation (B) of the
PEG2000-b-SIP2000 copolymer. (C): Intensity of the fluorescence emission spectra of

Nile red as a function of the logarithm of the concentration C of PEGz2000-b-SIP2000. The

excitation wavelength was Aex = 555 nm, the emission wavelength was kem = 635 nm.
UV-triggered disassembly of the self-assemblies

The study of UV-triggered disassembly of SIP-based nanoobjects was performed by
monitoring the derived count rate (DCR), measured by DLS, in agueous media. This
DCR is a parameter reporting the intensity of the scattered light which depends on the
number and size of scattering species in solution.?®> The results reported in Figure 7
show the evolution of the DCR of the solutions, containing the irradiated or non-
irradiated self-assemblies, as a function of irradiation time. Except for slight

fluctuations, the DCR of non-irradiated solutions remained stable over time for both
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self-assemblies. In contrast, a rapid drop in the DCR value was observed under UV
irradiation, reaching a plateau after 4 minutes for self-assemblies prepared by direct
dissolution in water (A), and after 2.25 minutes for self-assemblies prepared by direct
nanoprecipitation (B). This trend indicated the formation of smaller polymer structures
compared to starting nano-objects, likely due to the depolymerization of the
hydrophobic SIP block and therefore the disassembly of self-assemblies under UV
irradiation. Faster disruption was observed in ethanol, probably because the self-
assemblies were less stabilized in ethanol compared to water due its lower polarity, so
that a small disturbance (depolymerization/cleavage of the trigger) in the hydrophobic
core is enough to trigger a disassembly. Visually, insoluble macroscopic aggregates

can be observed in the solution after irradiation, suggesting the release of hydrophobic

fragments.
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Figure 7. Derived count rate (DCR) monitoring by DLS, for irradiated and non-
irradiated suspensions of self-assemblies, prepared bay direct dissolution in water (A)

or by direct nanoprecipitation from DCM to ethanol (B).
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To further support these results, Tyndall effect tests were achieved. This effect
corresponds to the scattering of light by particles in solution (or in light-transmitting
media) when the incident beam wavelength is of the same order as the particles’ seize.
For these tests, we chose a red laser beam (650 nm, 1 mW) which does not interfere
with the triggerable SIP units. Figure 8, shows that the red laser beam appears as a
straight line crossing the non-irradiated solution, and it disappears when the same
solution is irradiated (the irradiation time was set according to the DCR results
discussed above: 2 minutes and 15 seconds for the self-assemblies obtained by direct
nanoprecipitation and 5 minutes for those obtained by direct dissolution in water). This
observation further supports the previous results and confirm the disintegration of the

self-assemblies under UV-light.

Figure 8. Pictures showing the scattered laser beam by the self-assemblies (Tyndall
effect). The solutions were prepared either by direct dissolution of the copolymer in
water (A) or by direct nanoprecipitation (B). For each case (A and B), the glasses
containing irradiated or non-irradiated solutions were put next to each other and the
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laser beam was applied from one side then the other of the whole. The laser beam
appears in the non-irradiated solution but not in the irradiated one, regardless of the

direction of the laser.

SEM images of the dried self-assemblies are shown in Figure 9. Nanoparticles with
mean diameters (Dsem) of 77 + 31 nm and 39 £ 15 nm are obtained from solutions in
water and ethanol respectively. These values were calculated from populations of 100
nanoparticles. The size distributions are also shown in the same figure. There is a
noticeable difference between the diameters obtained by the two techniques, Dos is
higher than Dsem by a factor of 2.1 and 1.4 for respectively the first and second
preparation method. This decrease in the nanoparticle size upon drying has been
noted in literature®® and attributed to the swelling character of the nanopatrticles in the
solvents. However, the observation that larger assemblies were obtained in water
compared to ethanol still coherent between the two techniques. Furthermore, the size
distributions calculated from SEM are not in accordance with the DLS curves, in the
way that direct dissolution method gives narrow distribution in DLS compared to
broader distributions for the direct nanoprecipitation, inversely to the SEM results.
These phenomena have already been mentioned in literature®’, DLS provides
hydrodynamic diameters from a measurement over a volume, it is a meaningful method
to characterize similar and monodisperse particles and becomes inadequate for
populations with multimodal or large distributions. In this sense, imaging method like
SEM is more suitable to reveal the presence of several populations of large
distributions and presents a complementary analysis, but drying can promote size
redistribution due to capillary forces, size-dependent adsorption on the metallic surface
of the stub during the evaporation of the solvent, and deformation of the particles. All

these factors, combined to the effects of image magnification and the viewing angle,

24



lead to limited populations of objects that are statistically non-relevant and different

from those obtained by DLS.

Figure 9 shows also the comparison between irradiated and non-irradiated samples.
The comparison highlights a drastic decrease in the number of nanoparticles due to

the UV irradiation, confirming the UV-triggered disintegration of the self-assemblies.
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Figure 9. Size distributions of the nanopatrticles and SEM images before and after UV-
irradiation. The solutions of self-assemblies were prepared either by direct dissolution

in water (A) or by direct nanoprecipitation from DCM to ethanol (B).

The products of the disintegration of the self-assemblies were analyzed by *H NMR, a
comparative analysis was carried on three samples self-assemblies of PEG:2o00-b-
SIP2000 in water, the first was kept as control sample (non-irradiated), the second one
was irradiated for 5 minutes and the third was irradiated for 25 minutes. The water was
evaporated from the three samples and the obtained residues were dried under
vacuum until removing all the water traces. The *H NMR spectra of the three residues
are in Supporting Information Figure S8, showing that the irradiation of the self-
assemblies causes both cleavage of the triggers (%Cleavage ~64%) and the
depolymerization of the SIP backbones (%Depolymerization = 31%) after 5 minutes of
irradiation, these two percentages increase respectively until ~100% and 43 % after 25
irradiation. Meaning that the two phenomena (cleavage and depolymerization) occur

in parallel causing the disruption of the self-assemblies.
Encapsulation and UV-triggered release of Nile red from the self-assemblies

To examine the potential for the system to encapsulate and release hydrophobic
payload upon irradiation, Nile red was used as hydrophobic model molecule and
incorporated to the self-assemblies. Figure 10 shows visually the comparison between
two suspensions in water, one containing only Nile red (A) and the other contains Nile
red with PEG2000-b-SIP2000 based self-assemblies. The difference in color indicates that
the Nile red was encapsulated in the hydrophobic cores of the self-assemblies. The
suspension of slef-assemblies containing Nile red was subjected to UV-irradiation with

monitoring the evolution of the emission spectrum of the Nile red, Figure 10 C shows
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the results. The emission intensity of the Nile red decreases gradually with the
irradiation time, this decrease reaches 86% of the initial value after 25 minutes
irradiation, no considerable changes were observed after this time. Moreover, the
emission spectrum of the non-irradiated suspension was collected 24 hours after the
incorporation of the Nile red (Non irr. in Figure 10 C), and it remained almost identical
to the spectrum at t=0. This result shows that there was a release of Nile red from the
self-assemblies due to the UV irradiation, and that the amount of the released Nile red

could be controlled by setting the irradiation time.
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Figure 10. Photography of (A): a suspension of Nile red in water, (B): a suspension of
Nile red in water containing 1mg.mL of PEG2000-b-SIP2000. (C): Emission spectra of
the suspension of self-assemblies containing Nile red at different irradiation times (the
numbers indicate the irradiation time in minutes). The excitation wavelength was 555
nm. The doted line (Non irr.) corresponds to a non-irradiated sample analyzed 24 four

hours after it's preparation.

27



The side product released during the deprotection of the SIP is 4,5-dimethoxy-2-
nitroso-benzaldehyde as shown in Figure 2 D. This molecule results from the cleavage
of the trigger. The protective group used in this work (DMNBA) and its derivatives are
among the most commonly used in biological research. [32:38-401 Some studies have
shown that this protective group have almost no cytotoxicity after cleavage. “%:421 Other
studies demonstrated that its cytotoxicity appears only at high concentrations;
Pinchuck et al. [*3l used DMNBA as UV-sensitive cleavable group in caged prodrugs of
vascular endothelial growth factor receptor (VEGFR-2). The release of VEGFR-2 was
accompanied by the release of 4,5-dimethoxy-2-nitroso-benzaldehyde (the same side
product as in this work), the authors demonstrated that this residue becomes cytotoxic
only when the concentration of the caged prodrug exceeds its efficacious concentration
by a factor of 500. Horbert et al. ¥ developed photoactivatable prodrugs of
antimelanoma agent vermurafenib by using DMNBA as UV-sensitive cleavable group,
the authors showed that the released nitroso compound (the same as in this work)
becomes cytotoxic when the concentration of the caged prodrugs is 100-fold higher

than the efficacious concentration for the treatment.
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CONCLUSION

Amphiphilic diblock and triblock copolymers, containing hydrophilic PEG and
hydrophobic SIP segments of different chain-lengths, were synthesized by ROP. The
SIP blocks are UV-sensitive and able to undergo triggered cleavage of the
methoxynitrobenzyl group and depolymerization of the backbone by intramolecular

cyclization, following a chain chattering self-immolative reaction.

Complete cleavage of the triggers was reached after 20-25 minutes depending on the
structure of the copolymers, the depolymerization rates of the backbones reached
values between 42 and 63%. To favor the depolymerization reaction of the SIP
backbones and increase the depolymerization rates, it may be suitable to achieve
these reactions in media with pH lightly higher than 7, this basicity can favor the
nucleophilic attack of the deprotected amine on the ester function of the backbone and
then increase the cyclization kinetics®3. Increasing the polarity if the environment, by
changing solvents or making mixture of solvents, can also favor the depolymerization
of the backbone through cyclization reactions,** with respect to the solubility of the

copolymers.

By designing amphiphilic block architectures, it was possible to make stable self-
assemblies from the diblock copolymers by different methods, the possibility to
disintegrate them in a triggered and rapid manner was demonstrated by different
techniques. A quick disintegration of the self-assemblies was observed, up to 135

seconds under UV-light at 352 nm wavelength.

In comparison with the systems developed in literature, the self-assemblies developed
in this work allow faster disassembling kinetics under stimulus, and higher control. This

was possible by using a different mechanism of the depolymerization of the SIP chains
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in the amphiphilic copolymers: chain-chattering depolymerization mechanism, ensured
by incorporating a trigger in each repeating unit of the SIP backbone, rather than a
head-to-tail depolymerization mechanism, caused by a unique trigger at the chain end

of the SIP.

From the fundamental point of view, these results can contribute to the extension of
the studies on SIPs, so far focused on chemistry and development of monomers, to
the design of macromolecular architectures in order to modulate and control their
physicochemical and physical properties, with the aim to make them processable and

useful in different applications.

Regarding the applicative aspects, this study is a proof of concept showing the
possibility to make UV-triggerable self-assemblies allowing quick disintegration, this
behavior can be exploited to initiate works on drug-loaded nanoparticles for triggered
and controlled drug-release. The architecture developed here will be tested for this

purpose in a coming study.
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