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In situ Glyco-nanostructures Formulation via Photo-
Polymerization Induced Self-Assembly

Khalid Ferji,*® Pierre Venturini,b Franck Cleymand,b Christophe Chassenieux,” Jean-Luc Six,’

Frequently, the classical self-assembly techniques applied to
amphiphilic glycopolymers lead to primitive morphologies, i.e.
spherical micelles/nanoparticles. Herein, we report a facile and
rapid one-pot synthesis and self-assembly of grafted amphiphilic
glycopolymers using photo-initiated Polymerization-Induced Self-
Assembly (Photo-PISA) under UV-irradiation at room temperature.
Such glycopolymers were based on dextran as hydrophilic steric
stabilizers backbone and poly(hydroxypropyl methacrylate)
PHPMA as hydrophobic grafts. Transmission electron microscopy
and light scattering analysis reveal formation of a broad set of
advanced glyco-nanostructures ranging from spherical micelles to
worme-like micelles and vesicles depending on both PHPMA grafts
length and the solids content.

Over the last decades, polymeric nanostructures,1 including
spherical/worm-like micelles and vesicles, have been
extensively investigated and exploited in various application
fields. In vivo drug/gene vectorization is particularly one of
their most attractive applications.2 Nanostructures covered
with poly(ethylene oxide) (PEO)3 have emerged as gold
standard nanomaterials approved by the Food and Drug
Administration (FDA), given the stealth properties of PEO.
However, after almost a half-century of clinical uses, some
studies have claimed that the intravenous injection of
PEGylated carriers can induce formation of anti-PEO antibody,
hypersensitivity reaction and complement activation.*** Given
their inherent biodegradability, and
bioactivity, some neutral polysaccharides have been recently
reported as suitable alternatives to PEO.? Dextran is probably
the most important neutral polysaccharide for medical and

immunogenicity

pharmaceutical industries.® Owing to its hydrophilicity, non-
toxicity and tunable biocompatibility, dextran has been
approved by FDA as a plasma expander.7 During the last two
decades, great achievements® have been made regarding the
synthesis of well-defined amphiphilic copolymers (called
glycopolymers) combining hydrophilic natural polysaccharides
and hydrophobic polymeric moieties, using mainly grafting
from® and grafting onto™® strategies. However, more work is
needed to optimize their self-assembly. Indeed,
synthetic polymeric amphiphiles which can easily self-
assemble into a broad set of morphologies,2 only spherical
micelles and core-shell nanoparticles have been systematically
reported for glycopolymers.8 Reports on advanced
glycopolymer-based nanostructures (glyco-nanostructures)
morphologies such as nanocapsules11 and vesicles? are
actually scarce. This may be attributed to the unsuitable
classical self-assembly processes currently used e.g. solvent
exchange or nanoprecipitation. The use of an organic solvent
which should be a good one from the thermodynamical point
of view is a requirement that fails to be achieved for most of
amphiphilic glycopolymers. Polymerization induced self-
assembly (PISA) is an emerging one-pot technique enables to

unlike

produce nanostructures based on self-assembled amphiphilic
copolymers in aqueous media. In PISA, the aqueous radical
polymerization of a suitable monomer, which forms a water-
insoluble polymer, is carried out using either a soluble
macroinitiator or a macromolecular Chain Transfer Agent
(macro-CTA). Amphiphilic copolymers are progressively
obtained, leading to an in situ phase separation that finally
generates stable colloidal polymeric nanostructures.
Depending on the nature of the monomer used, PISA process
could be performed either in emulsion polymerization,13 when
using a water-insoluble monomer or in dispersion
polymerization,14 with a water-soluble one. During the last five
years, PISA has been extensively carried out using synthetic
steric stabilizers, i.e. PEO™ or poly(glycerol monomethacrylate)
PGMA,® with hydroxypropyl methacrylate (HPMA) as a water-
soluble monomer leading to a water-insoluble biodegradable
poly(hydroxypropyl methacrylate) (PHPMA)”. Some efforts
have recently been devoted to use polysaccharides as efficient
water-soluble steric stabilizers in PISA to produce glyco-
nanostructures, but only spherical nanoparticles have been
obtained and no higher order morphologies being achieved.
Charleux and coworkers™® reported preparation of
submicronic latex particles using aqueous RAFT polymerization
of vinyl acetate from a dextran derivative as a macro-CTA.
Neufeld and coworkers™ demonstrated the formulation of
spherical micelles when methyl methacrylate was polymerized
from alginate macroinitiator in water/methanol mixture.
Thermal initiation is currently the most commonly used way
for aqueous PIsA. 147 However, some recent studies 17,18 have
reported an evolution of the nanostructures morphology
reached at high temperature (60°C-70°C, which is the range of
temperature required for azo-initiators decomposition) after
cooling to room temperature. To overcome this issue, photo-
PISA has recently emerged as a versatile alternative due to its
facility, rapidity (99% conversion within less than 1 hour) and
ability to produce a broad range of nanostructures
morphologies at room temperature. This approach can also
afford temporal control of polymerization by switching the
light “on” or “off”, which facilitates the tracking of the
polymerization progress and the isolation of nanostructures
morphologies at defined conversion. % In addition, owing to its
mild experimental conditions, the photo-PISA should ensure a
good reproducibility of the nanostructures morphologies. In
this present study, PHPMA is grafted from a dextran backbone
(Scheme 1) to demonstrate the ability for a dispersion photo-
PISA process to easily and rapidly prepare a broad set of
advanced glyco-nanostructures. To the best of our knowledge,
this work is the first report of a PISA using polysaccharide as
steric  stabilizer vyielding  high-ordered  non-spherical
morphologies.



First, the photosensistive chain transfer agent 4-(propylthio-
carbonothioylthio)-4-cyanopentanoic acid (TTC, 1, Scheme 1)
was synthesized (Fig. 511‘).20 The intensity (1) of the UV source
(365 nm) was then optimized by carrying out the RAFT
homopolymerization of HPMA in DMSO using TTC, without
using an exogenous photoinitiator. Indeed, thiocarbonylthio
compounds are known to act simultaneously as initiators and
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chain transfer agents, given the fragmentation of the weak C-S
bond under UV irradiation.”* A very good control of the HPMA
RAFT homopolymerization was observed with 1=27 mW.cm’z,

as evidenced from the linear evolutions of both In([M]y/[M],)
versus irradiation time and molecular weight versus monomer
conversion and by the low dispersities (P<1.2) of PHPMA
(Fig. S2t and S3t). Furthermore, TTC displays a better
photolytic stability under 1=27 mW.cm? rather than higher one
(1=53 mW.cm'Z) (Fig. S4t and S57). In the following, the UV
irradiation intensity was fixed at 27 mwW.cm? to perform PISA
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of dextran derivatives with HPMA grafts.

Scheme 1. Synthetic pathway of Dex—gN—PHPMAy—based glyco-nanostructures using aqueous photo-PISA process. N is the number
average of PHPMA grafts per dextran chain. y is the number-average degree of polymerization (X, ) of each PHPMA graft.

In a second step, the photo-macromolecular chain transfer
agent Dex-TTC (2) based on dextran, was prepared through the
partial esterification of some hydroxyl groups with TTC in the
presence of N,N’-carbonyldiimidazole (CDI) in DMSO (Scheme
1). The functionalization yield (7) has been estimated using 'H
NMR in DMSO-ds (see Fig. S61 for the detail of calculation).
Here, 2.5 TTC were introduced per 100 glucopyranosic units
meaning that Dex-TTC (2) contains about 5 TTC groups per
dextran chain. Such low functionalization yield (¢) has been
preselected to prevent precipitation of the glycopolymers that
will be prepared.*®

As shown in Scheme 1, Dex-TTC was then used to investigate
the in situ RAFT aqueous dispersion polymerization of HPMA
under UV irradiation leading to amphiphilic Dex—gS—PHPMAY
glycopolymers, where 5 is the number-average of PHPMA
grafts per dextran chain and Y is the number-average degree
of polymerization (X,) of each graft. Various Dex—gS—PHPMAy
glycopolymers has then been synthesized by varying the
targeted graft length (X,,) and the final solids content (table 1).
As evidenced from 'H NMR analysis, a high conversion for

HPMA (>90%) was reached within 10min to 60min of
irradiation depending on the solids content (see Fig. S7t and
S8t). A pretty good agreement between the theoretical
(Mphey) and the experimental (Mpse)) number average
molecular weight was observed for all glycopolymers. SEC
characterizations (Fig. S91) indicates that Dex—gS—PHPMAy
displays relatively high dispersity (D). This is attributed to the
large dispersity (D=1.8) of Dex-TTC macro-CTA used in the
preparation of glycopolymers. SEC analysis of cleaved grafts
(see Fig. S10t) shows chromatograms with narrow dispersity
(1.1), which indicates that the grafts grow uniformly and in a
controlled way from the dextran backbone. Examples of
photo-PISA kinetics investigation of HPMA at 5% w/w and 20%
w/w solids content using Dex-TTC as the macro-CTA are
presented in Fig. 1.

As shown in Fig. 1, whatever the solids content, the HMPA
photo-PISA proceeds without any induction period, unlike its
thermal analogue where an induction period of 50 min was
reported.15 In addition, a non-linear evolution of In([M]y/[M];)
versus time, which displays two time domains, was observed



for both solids content. The first one observed at low
conversion (X < 40%), which is characterized by a small slope of
the In([M]o/[M]; versus time, is related to growing grafts that
remained soluble. RAFT polymerization proceeds then in a

homogeneous aqueous medium. The Second domain, which is
characterized by a higher slope, observed above 40% of

Table 1. Characteristics of Dex-gS-PHPMAv glyco-nanostructures prepared by photo-PISA of HPMA in aqueous medium using Dex-TTC as the

macro-CTA, at different solids content.

Solids Irradiation 5 X Moeg™ My b d
Entry content time Dex-g-PHPMA, [HPMALL/[TTClo (%) (Kgn.(mo)l'l) (Kglt(mo)l'l) ® f"e"""’"( )
A Dex-g -PHPMA 5, 190/1 95 144 163 16 022
B 5% 60 min Dex-g>-PHPMAyq, 281/1 93 217 221 16  0.16
C Dex-g°-PHPMAsg0 370/1 92 252 280 17 013
D Dex-g°-PHPMA 10 110/1 95 90 109 18 035
E 20% 10 min Dex-g>-PHPMAs 7, 370/1 100 273 300 20 012
F Dex-g>-PHPMA,;0 422/1 97 297 330 17 011

(a) Conversion of HPMA estimated by "H NMR analysis in DMSO-d.

(b) Number average molecular weight (M_n(SEC)) and dispersity (D) estimated by SEC analysis in DMF/LiCl at 50°C.

[HPMA],

(c) Theoretical molecular weight calculated using Eq (1) : M, = 5 x TG
0

(d) Weight fraction of dextran in Dex—gS—PHPMAy calculated using Eq (2): fiextran =

conversion, indicates that PHPMA grafts have reached a critical
length and became water-insoluble, which drove from now on the
self-assembly of Dex-g5-PHPMAYy glycopolymers. The onset of self-
assembly was defined as the conversion of HPMA at which solution
started to become turbid (see Fig S11t for turbidity and
with  conversion).  Such
is generally observed

hydrodynamic radius evolutions

polymerization rate profile, which in
homogeneous medium, could suggest a gradual consumption of the
TTC up to its full consumption, which causes a change in activation

rate and thus the increase of the polymerization rate.
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Fig. 1. Kinetics of the aqueous HPMA photo-PISA performed at (m)

5% w/w and (A)20% w/w solids content using Dex-TTC as the

macro-CTA.[HPMA],/[TTC],=190/1.

The photo-RAFT polymerization of HPMA was performed in
DMSO, which is a good solvent for the Dex—gs—PHPMAy grafted
glycopolymers, in order to check the consumption of the TTC
in homogeneous medium (see Fig S127). In this condition, the
slope of the In([M]o/[M]; versus time remained linear, which
means that all TTC were consummated from the first instances

Xy X Mypma + Mpexrrc With Mypua = 144g.mol™ and Mpey,.,. = 34kg.mol™.

Mdex

. _ -1
T (tney with Mgex = 32Kg.mol™.

of the polymerization and that the number of the active
species remains constant during polymerization. However, the
increase of the rate of polymerization is due to a high local
residual HPMA concentration, which helps at solvating growing
water-insoluble PHPMA grafts. This finding is qualitatively
consistent with observations previously reported by Zhang and
coworkers™® for PHPMA-based diblock copolymers using PEO
as a macro-CTA. We note that for Dex—gS—PHPMAy grafted
glycopolymers, the onset of self-assembly occurs when the size
of PHPMA grafts reaches (X,) equal to 76 (i.e. PHPMA),
which is smaller than the value (X,= 120) reported for PEO-b-
PHPMA diblock copolymers.lga This indicates that growing
PHPMA chains are better solubilized within diblock
copolymers, and that the number of grafts has a considerable
effect on the onset of self-assembly.

The influence of the PHPMA grafts length (X,,) and of solids
content on the glyco-nanostructures morphologies was
systematically investigated by preparing various colloidal Dex-
gs—PHPMAy—based nano-objects at two solids contents (5% and
20% w/w) (see table 1 and S1). Crude aqueous colloidal
solutions of Dex—g‘r’—PHPMAy were first diluted, then
characterized by Dynamic Light Scattering (DLS, Fig. 2) and
observed by Transmission Electron Microscopy (TEM, Fig. 3)
without any purification. Whatever the solids content, a single
distribution of relaxation times over the whole scattering
range (from q = 4.6 x 10* A" t0 2.55 x 107 A™) was observed
by DLS. Typical examples of autocorrelation functions are
presented in Fig. S13t. The relaxation time derived from the
autocorrelation functions displayed a q2 dependence (Fig.
S14+t), which means that diffusive motions of the scatterers
were probed. This allows estimating their hydrodynamic radius
(Ry) using the Stokes-Einstein equation (Eq S1) since the
samples were diluted enough prior to measurements to
ensure that the interactions between the scatterers can be
neglected.

Visual inspection of the samples (Fig. 2) shows that the

turbidity of the final aqueous dispersions of glyco-



nanostructures increases with the size of the PHPMA graft
(X,), as well as with R,. We also note that the glyco-
nanostructures display a relatively low PDI (<0.25) and a pretty
good colloidal stability upon ageing since their sizes remain
almost unchanged after 4 months (Fig. 2). The increase of the
size of the nano-objects with the length of PHPMA grafts may
be attributed to a change of the morphology of the

nanostructures, which has been investigated by TEM
measurements (Fig. 3).
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Fig. 2. Evolution of hydrodynamic radius (R,), PDI and visual
inspection of the samples as a function of the grafts length (X,).
Dex-gS-PHPMAV colloidal dispersions were prepared at 5% w/w
solids content, by photo-PISA of HPMA using Dex-TTC as the macro-
CTA.

Dex-g>-PHPMA34
CRas . Yl

C g

m
Vesicle

Dex-g>-PHPMA410
Fse B
e ‘:J, > |

200nm @ . =
Dex-gs-PHPMA37o<
il :

Worm-like
micelle

[}

Dex-g3-PHPMA105

Dex-g3-PHPMA
. D i P =5

A TR Oblate micelle
"

Micelle

Fig. 3. TEM images of a series of Dex-gS-PHPMAY based glyco-
nanostructures prepared by aqueous photo-PISA of HPMA using
Dex-TTC as the macro-CTA, at room temperature and with two
solids contents (5% and 20% w/w) and y as targets. Samples were
observed at 1 mg.mL’l.

As shown in Fig. 3 a broad set of glyco-nanostructures
morphologies has been achieved in situ including spherical
micelles (Fig. 3A and 3D), oblate micelles (in addition to the
spherical micelles) (Fig. 3B), worm-like micelles (Fig. 3C and
3E), and vesicles (Fig. 3F) depending on both grafts length (X})
and the solids content. Indeed, with short PHPMA grafts (X_11 <
200), only spherical micelles were observed whatever the
solids content. Oblate and worm-like micelles were observed
by increasing the length of PHPMA grafts up to X, =370.
Finally, at a high solids content (20% w/w), vesicular
morphology was achieved with longer PHPMA grafts (X,
=410). Additional TEM images of various Dex—gS—PHPMAY nano-
objects are available in Fig. S151 to S20t. To the best of our
knowledge, this is the first time that such a broad set of high-
ordered morphologies is observed with glycopolymers,
especially oblate and worm-like morphologies. Such an
evolution follows what has been previously reported by Armes
and coworkers™ with PEO-b-PHPMA copolymers prepared by
thermal-induced PISA. It has been established that transition
from spheres to oblate micelles was due to the fusion of
spherical micelles into dimers and then trimers. Such theory is
confirmed in our case, since Fig. 3B shows a coexistence of
spherical and oblate micelles. Furthermore, for diblock
copolymers the morphology sequence can be rationalized in
terms of hydrophobic / hydrophilic blocks volume ratio.? For
grafted glycopolymers such a rationale is more difficult to
establish.

In summary and for the first time, we have demonstrated
that glycopolymers could self-assemble into a broad set of
advanced nanostructures morphologies, other than micelles
and solid core-shell nanoparticles when using polymerization
induced self-assembly (PISA) process. TEM observations and
DLS measurements support an evolution of morphology of the
glyco-nanostructures from spherical micelles to vesicles
depending on both the glycopolymers concentration and the
length of PHPMA grafts. A complete phase diagram and the
influence of the number of grafts on the morphology of the
glyco-nanostructures will be the subject of a future
investigation. We believe that PISA process could be an
efficient way for designing new smart biofriendly glyco-
nanocarriers for drug/gene delivery or medical imaging.
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MATERIALS AND METHODS

Materials. Dextran T4 (M,,=32,000 g.mol'l, D=1.4, determined by SEC-MALLS, see below) was
purchased from Pharmacia Biotech and dried under reduced pressure at 100 °C for one night
prior to use. 1-propanethiol (99%), carbone disulfide (>99%), iodine (99.8%), 4,4’-azobis(4-
cyanopentanoic acid) (98%), N,N’-carbonyldiimidazole (CDI) (97%), potassium tert-butoxide
(95%), lithium chloride (99%), sodium thiosulfate, sodium sulfate, dimethylsulfoxide (DMSO)
(299.9%), N,N-dimethylformamide (DMF) (99.8%), diethyl ether (Et,0), methanol (MeOH) and
ethyl acetate (99%) were purchased from Sigma-Aldrich and used as received. 2-Hydroxypropyl
methacrylate (HPMA) (98%) was purchased from ABCR, purified by dissolving the monomer in
water, then washed with hexane to remove diacrylates. After saturation of the aqueous solution
by NaCl, HPMA was extracted by Et,O to remove acrylic acid and dried over MgSQ, (3 wt %).

Finally, Et,O was evaporated off under reduced pressure at room temperature.

Synthesis of 4-(propylthiocarbonothioylthio)-4-cyanopentanoic acid RAFT agent (TTC) (1,
Figure S1).

TTC was synthesized using a modified procedure previously reported *. 1-propanethiol (3.4 g, 45
mmol) (1a, Figure S1) was added dropwise under nitrogen atmosphere at 5°C to a suspension of
potassium tert-butoxide (5 g, 45 mmol) in anhydrous Et,0 (100 mL) to provide a white slurry of
potassium thiopropanate. After stirring the mixture for 20 min, carbon disulfide (3.4 g, 45
mmol) was introduced dropwise to the mixture at 0°C to provide a yellow precipitate of
potassium—S-propyl trithiocarbonate, which was collected by filtration and used directly without
purification. Afterwards, solid iodine (5.9 g, 23 mmol) was added portion-wise to a stirred
suspension of potassium—S-propyl trithiocarbonate (8 g, 42 mmol) in anhydrous Et,0 (200 mL).
After stirring the mixture for 2h at room temperature, the white solid of potassium iodide was
filtered and the brown filtrate was washed three times with an aqueous solution of sodium
thiosulfate to remove excess iodine, then dried over sodium sulfate. After evaporation of Et,0, a
red oil of bis-(propanesulfyanyl thiocarbonyl)disulfide (4 g, 13.2 mmol) (1b, Figure S1) was
obtained and characterized by 'H NMR spectroscopy in CDCls.

A solution of bis-(propanesulfyanyl thiocarbonyl) disulfide (2 g, 7 mmol) and 4,4’-azobis(4-

cyanopentanoic acid) (2.8 g, 10 mmol) in ethyl acetate (40 mL) was heated under reflux for 24h.
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After removal of solvent, the crude product was solubilized in Et,0, washed five times with
deionized water, and finally dried under vacuum to obtain an oily product. Propyl 2-
cyanopropan-2-yl-carbonotrithioate (2.6 g, 9.4 mmol) (1) was analyzed by *H NMR in CDCl;
(Figure S1).

Synthesis of the macromolecular Chain Transfer Agent (Dex-TTC) (2, Figure S6).

Dex-TTC containing 5 TTC groups per dextran chain, was prepared via the partial esterification
of hydroxyl groups of dextran with carboxylic acid function of TTC in the presence of N,N’-
carbonyldiimidazole (CDI). CDI (0.3 g, 1.5 mmol) and TTC (0.4 g, 1.5 mmol) were dissolved in
anhydrous DMSO (20 mL) and stirred at 40 °C for 6h to produce the activated acid imidazolide.
Afterwards, the acid imidazolide reaction mixture was added under nitrogen atmosphere to a
solution of dextran (2g, 12.3 mmol glucopyranosic units) in DMSO previously prepared in a
separate flask. The reaction was kept under stirring for 72h at 60°C. Finally, the crude product
was precipitated in MeOH. Dex-TTC was collected by filtration, dried under reduced pressure

(yield=80%), and then analyzed by *H NMR in DMSO-d; (Figure S6).

Photoinitiated RAFT homopolymerization of HPMA in DMSO.
In a dried schlenk flask, HPMA (2.5 g, 17.4 mmol) and TTC (16 mg, 0.058 mmol) were dissolved

in dried DMSO (5.1 mL). The homogeneous mixture was purged with nitrogen for 10 min,
sealed, and then irradiated with a UV lamp (365 nm) using suitable light intensity (4 mW/cm?,
27 mW/cm'Z, 45 mW/cm'2 or 53 mW/cm'Z) at room temperature. Samples were taken under
nitrogen at different time and the polymerization was quenched by exposure to air and addition
of a small amount of hydroquinone. Crude product was then analyzed by 'H NMR in DMSO-dj
and by SEC-MALLS in DMF at 50°C (Figures S2 and S3).

In-situ preparation of Dex-g-PHPMA,e-based nano-objects via aqueous photo
polymerization-induced self-assembly.

In a typical experiment for the synthesis of Dex-g’>-PHPMA,¢0, HPMA (1.18 g, 8.2 mmol) and Dex-
TTC (0.2 g, 1.2 mmol glucopyranosic units) were dissolved in a dried schlenk flask using a
suitable volume of water to obtain a 5% w/w solids content (26.4 mL). The homogeneous

mixture was purged with nitrogen for 10 min, sealed, and then irradiated at room temperature



with a UV lamp (365 nm, light intensity of 27 mW/cm™) for 1h to achieve a full conversion. A
small aliquot of the obtained dispersion was taken. One portion was freeze-dried and analyzed
by 'H NMR in DMSO-dj (Figure S7) and by SEC-MALLS in DMF/LICl at 50°C (Figure S9). The other

portion was characterized by TEM (Figures S15 to S20).

Kinetics of photoinitiated aqueous RAFT dispersion polymerization of Dex-g>-PHPMA 150.

In a typical experiment for the synthesis of DEX-gS'PHPMAlgo, HPMA (0.8 g, 5.5 mmol) and Dex-
TTC (0.2 g, 1.2 mmol glucopyranosic units) were dissolved in a dried schlenk flask and using a
suitable volume of D,0 to obtain a 5% w/w solids content (19 mL). The homogeneous mixture
was purged with nitrogen for 10 min, sealed, and then irradiated with a UV lamp (365 nm, light
intensity of 27 mW/cm™) at room temperature. Samples were taken under nitrogen at different
times and the polymerization was stopped by exposure to air and addition of a small amount of
hydroquinone. Crude product was then analyzed by 'H NMR in DMSO-ds and by SEC-MALLS in
DMF at 50°C.

Cleavage of the PHPMA grafts from Dextran Backbone

In a typical experience of cleavage of PHPMA grafts from the glycopolymer Dex-g>-PHPMA g, 1 mL of the
crude aqueous suspension (5% w/w solids content) was mixed with 2 mL of alkaline solution of NaOH (1
mol.L™) for 24 hours at 50 °C to hydrolyze the ester functions linking grafts to dextran backbone. The
white precipitate (PHPMA) that formed was recovered by centrifugation, washed 1 times with aqueous
solution of HCI (1 mol.L-1) and two times with distillated water, dried overnight at 50 °C under vacuum,

then analyzed by SEC-MALLS in DMF at 50°C (see Figure S...).

Polymer Analysis.
'H NMR spectra of products were recorded on a Bruker Avance 300 apparatus (300, 13 MHz,
25°C) in CDCl3 or DMSO-dg.

Size Exclusion chromatography (SEC). The molecular weights were measured using a SEC in
DMF/LICl (flow rate of 1.0 mL min™) at 50°C, equipped with Multi-Angle Laser Light Scattering
(MALLS) detector (Mini Dawn Wyatt), differential refractometer detector (RID 10A, Shimadzu),
HPLC pump (LC 20AD, Shimadzu), degazer AF (DGU — 20A3R, Shimadzu), and three Plgel

columns (100000, 1000, and 100 A). Refractive index increments (dn/dc) of 0.01 was measured
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for all polymers (PHPMA, Dextran, Dex-TTC and Dex-g-PHPMA) in DMF/LICl at 50°C using a
differential refractometer from WYATT Technology (Optilab rEX and HELEOS-II).

Dynamic Light Scattering (DLS).

Hydrodynamic radii and size distribution of glycopolymers nano-objects were determined at
20°C using Dynamic Light Scattering. Samples were diluted 500-fold with water to produce
0.01% w/w solids content. Measurements were recorded using an ALV-5000 multitau correlator
system in combination with a vertically polarized helium-neon laser with a wavelength of A =
632.8 nm. The autocorrelation functions were analyzed in terms of relaxation time (t)
distribution according to REPES routine.” Measurements were done at angles 6 varying from 30°
to 150° corresponding to scattering wave vectors q ranging from q = 4.6 x 10*A™" to2.55x 1073
A™'. Z-average hydrodynamic radius (Rn) was estimated using the Stokes-Einstein relation (Eq-
S1), where Dq is diffusion coefficient determined from the slope of the g dependence of
relaxation rate (<I>=Dgq?), kg is the Boltzmann constant, T is experimental temperature and n is

the viscosity of the solvent (water).

KpgXT
Rh -
6XTTXNgXDg

(S1)

Turbidity measurement.

Evolution of the turbidity with conversion of PHPMA, during preparation of glyco-
nanostructures via PISA process, was estimated by measuring transmittance of suspension at
predefined time during UV-irradiation. Transmittance was measured at 600 nm using UVikon-XL

spectrometer (Bio-Tech instruments) (see Figure S10).

Transmission Electron Microscopy (TEM).

The glycopolymers-based nano-objects were investigated by Transmission Electron Microscopy
(TEM) using a microscope Philips CM200 operating at an accelerative voltage of 200kV. Images
were recorded with a post-column camera Gatan MSC600. Samples were diluted 50-fold with
water to produce 0.1% w/w solids content. A drop of the solution was adsorbed onto a copper

grid for 30 s, and then blotted with filter paper to remove excess solution. A drop of uranyl



acetate solution (0.5 wt%) was soaked on the sample-loaded grid for 30 s, and then blotted with

filter paper to remove excess stain.
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Figure S1. 'H NMR spectra of 1-propanethiol (1a), bis-(propanesulfyanyl thiocarbonyl) disulfide
(1b) and 4-(propylthiocarbonothioylthio)-4-cyanopentanoic acid (TTC) (1) in CDCls.

S11



1.0 4 mW em? 1
a 2.4 -2
0.9 - 27 mW em? v Y ( ) 22] - zi:mh:’cm 2 » (b)
LA - 24 e -
0.8 4 45 mWem? P 20.] m cmz ,"A,f’
0 - %1 B 5 ’
Y S3mWem? ¥ -7 ] 43 mWem e
0.7 - - 184 v 53mWem? A
—_ 4 1 2,7 .
¥ . 16 PR
= 0.6 ¥ -2 = "/, i
[ ’ ’, - = 1.4+ ‘.
2 0.5- ’ -7 = Sl
iel 4T S
2 04- A P Z 1.0 gt -
) = E -
5 !4 " 5 08 P ] -7
O 0.3+ ¢ - ] # -
S0 o™ 0.6 .-
0.2 - A7 a -
ff,f 0.4 ;nl _-a
044 g 0.2 ,og.",.!-‘
0.0 T T T T d D‘o‘ﬂ' v T T T T
0 50 100 150 200 [/} 50 100 150 200
Time (min) Time (min)
1 : (c) 207 o amwem? * d
45000-| ® 4 mWem? 1.9 « 27mWem? ? ( )
1 e 2 ° ]
400004 ° 27 mWem 18 4 45mWem? ?
1 * 45 mWem? o 53 mWem? *?
35000 2 1"
) 53 mWem v 1.7
— 30000+ - K 16
S 25000+ 1.5 | |
E 1 - @ v
© 20000 14
= ] A -
|= 4 . 1 =B,
15000 2 A 1.3 LY . - .
n
1““""" " 1.2 [ ] o .' e A °
5000 - 1.1 -
u T 1 T 1 T I T L 1 L} 1-0 | T 1 T I 1
00 01 02 03 04 05 06 07 08 09 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Conversion (X)

Conversion (X)

Figure S2. RAFT homopolymerization of HPMA in DMSO at room temperature, using TTC (1) with various
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Figure S3. Evolution of PHPMA SEC traces (LS detection, DMF/LICl at 50°C) with conversion (X). PHPMA

were prepared by RAFT polymerization of HPMA at room temperature in DMSO using TTC (1) with

various UV lamp intensities: (a) 4 mW/cm?, (b) 27 mW/cm?, (c) 45 mW/cm™ and (d) 53 mW/cm™.

[HPMA],/[TTC],=300/1.
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Table S1. Characteristics of Dex—gS—PHPMAy nanostructures prepared by photo-PISA of HPMA in aqueous
medium using Dex-TTC as the macro-CTA, at different solids content (HPMA + Dex-TTC).

Solid e Nano-objects R'®  Rygm®
Entry Wt(%) Dex-g -PHPMA, morphologies (nm)  (nm)
A Dex-g>-PHPMA 150 Micelle 33 2143
B 5% Dex-gS-PHPMAZGO Mixture of spherical and oblate micelles 45 40+13
C Dex-g>-PHPMA340 Worm-like micelle 163 225509
D Dex-g>-PHPMA 15 Micelle 26 1642
E 20%  Dex-g>-PHPMAs70 Worm-like micelle 103 450450
F Dex-g>-PHPMA410 Vesicle 74 53+7

(a)

Hydrodynamic radius obtained from DLS measurements.

(b) Number average radius of nano-objects obtained from TEM images. Statistics were made based
on a number of nano-objects between 50 and 100.

(c) Number average length (L) of worm-like nanostructures obtained from TEM images. Statistics
were made based on 40 nano-objects.
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Figure S13. Autocorrelation functions and size distributions recorded at scattering wave vectors q of
1.7x10” m™ for different Dex—gs—PHPMAy nanostructures prepared by photo-PISA of HPMA in aqueous
medium using Dex-TTC as the macro-CTA, at different conditions (see Table S1).
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Figure S15. TEM images of Dex-g>-PHPMA.g nanostructures prepared by photo-PISA of HPMA in
aqueous medium using Dex-TTC as the macro-CTA, at 5% w/w solids content. The histogram was made
from TEM images based on 100 nano-objects.
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Figure $S16. TEM images of Dex-g>-PHPMA,s nanostructures prepared by photo-PISA of HPMA in
aqueous medium using Dex-TTC as the macro-CTA, at 5% w/w solids content. The histogram was made
from TEM images based on 100 nano-objects.

523



Worm-like micelle

"“&\\,« N BN :.
0 50 100 150 200 250 300 350 400 450 500
L (nm)

Figure S17. TEM images of Dex;gS—PHPMA30 nanostructures prepared by photo-PISA of HPMA in
aqueous medium using Dex-TTC as the macro-CTA, at 5% w/w solids content.
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Figure S18. TEM images of Dex-gs-PHPMAlos nanostructures prepared by photo-PISA of HPMA in
aqueous medium using Dex-TTC as the macro-CTA, at 20% w/w solids content. The histogram was made

from TEM images based on 100 nano-objects.
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Figure S19. TEM images of Dex-g>-PHPMAs;, nanostructures prepared by photo-PISA of HPMA in
aqueous medium using Dex-TTC as the macro-CTA, at 20% w/w solids content. The histogram was made
from TEM images based on length (L) of 40 nano-objects.




Vesicle
=¥
gm‘
w
10-
0 ) T ) R 1
0 10 20 80 90 100

Figure $20. TEM images of Dex-g>-PHPMA,;, nanostructures prepared by photo-PISA of HPMA in
aqueous medium using Dex-TTC as the macro-CTA, at 20% w/w solids content. The histogram was made
from TEM images based on 50 nano-objects.
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