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Abstract

Within the general context of nanomedicine, drug delivery systems based on polymers
have sparked a rapidly growing interest and have arisen many efforts to tackle various
diseases, among which cancer. Polyester-based nanoparticulate drug delivery systems,
including polymer-drug conjugates and amphiphilic block copolymers, represent a major class
with promising outcomes, especially for those derived from poly(3-hydroxybutyrate) (PHB).
This review describes recent advances in drug delivery systems designed from the self-
assembly of synthetic (co)polymers derived from PHB. The various strategies for the
synthesis of PHB-conjugates, PHB/poly(ethylene glycol) (PEG) and other PHB-based
copolymers are first summarized. Nanoparticles, micelles, microparticles, and hydrogels
elaborated from these (co)polymers following various preparation methods, along with their
exploitation in the encapsulation and release of various therapeutic agents, are next detailed.
Finally, we discuss the synthetic challenges, drug delivery outlooks, and perspectives of PHB-
based drug delivery systems. Engineered nano-scaled materials based on PHB self-assembled
systems are thus anticipated to emerge as a valuable platform for original drug delivery

systems.

Contents

1. Introduction

2.  PHB-based (co)polymers prepared from synthetic routes


mailto:sophie.guillaume@univ-rennes1.fr

2.1. Chemically modified bacterial PHB-based (co)polymers

2.2. PHB-based copolymers prepared from ring-opening polymerization of
[-butyrolactone

PHB-based (co)polymers for drug delivery applications

3.1. Preparation methods and characteristics of PHB-based self-assembled systems

3.2. Encapsulation and drug release from PHB-based self-assembled systems

3.3. Targeting approaches associated with PHB-based self-assembled systems

3.4. In-vitro and in-vivo effects of PHB-based self-assembled systems

3.5. Biodegradation of PHB-based self-assembled systems

4. Concluding remarks and outlooks

Acknowledgements

References

Abbreviations

AG

A33scFv Green fluorescence protein

3HB-CoA 3-Hydroxybutyryl-coenzyme A

API Active pharmaceutical ingredient
ATRP Atom transfer radical polymerization
BL [-Butyrolactone

BLAW! Allyl-B-butyrolactone

rac-BL Racemic -butyrolactone
rac-BLAY' Racemic allyl-p-butyrolactone

BrdU
CD
CDI
CMC

Bromodesoxyuridine
Cyclodextrin
1,1’-Carbonyldiimidazole
Critical micelle concentration

DBTL Dibutyl tin dilaurate

DCC
DCP
DDS
Dn
Did O
DLC
DLE

Dicyclohexylcarbodiimide
Dicumyl peroxide
Drug delivery system
Hydrodynamic diameter
il Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate
Drug loading content
Drug loading efficiency



DLS Dynamic light scattering

Dwm Dispersity, Mw/Mn

DMAEMA 2-(Dimethylamino)ethyl methacrylate)
DMAP 4-Dimethylaminopyridine

DMTA Dynamic mechanical thermal analysis
DM-BCD Heptakis(2,6-di-O-methyl)-p-cyclodextrin
DOCA Deoxycholic acid

DOSY Diffusion ordered spectroscopy

DOX Doxorubicin

DSC Differential scanning calorimetry

EEP Ethyl ethylene phosphate

f Hydrophilic weight fraction

FDA U.S. Food and Drug Administration

FITC Fluorescein isothiocyanate

Fmoc Fluorenylmethyloxycarbonyl

FOL Folic acid

FRET Fluorescence resonance energy transfer

FT-IR Fourier transform infrared spectroscopy

GFP Green fluorescence protein

HB Hydroxybutyrate

HDI 1,6-Hexamethylene diisocyanate

ICso Half maximal inhibitory concentration

ICG Indocyanine green

K Partition equilibrium coefficient

LCST Low critical solution temperature

MALDI-ToF MS Matrix-assisted laser desorption/ionization - time of flight mass
spectrometry

MCS 3-D Multicellular spheroids

MLA B-Malic acid

MLAB®  Benzyl p-malolactonate

Mn Number average molar mass of a polymer sample

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

Mw Weight average molar mass of a polymer sample

Nagg Number of aggregation

nat Natural (microbial)

Nilered  5-Benzo[a]phenoxazinone
NIPAAM N-isopropylacrylamide

NMR Nuclear magnetic resonance
Oil Red O 1-(2,5-dimethyl-4-(2,5-dimethylphenyl) phenyldiazenyl) azonapthalen-2-ol
p p-value

P(3HB-4HB) Poly(3-hydroxybutyrate-co-

4-hydroxybutyrate)
P(HB-co-HB¥YY  Poly(3-hydroxybutyrate-co-allylhydroxybutyrate)
P(HB-co-HBY°H) Poly(3-hydroxybutyrate-co-dihydroxypropane-hydroxybutyrate)



P(R)-HB  Poly((R)-3-hydroxybutyrate)

PBS Phosphate buffered saline

PCL Poly(e-caprolactone)

PDMAEMA Poly(2-(dimethylamino)ethyl methacrylate)

PEEP Poly(ethyl ethylene phosphate)

PEG Poly(ethyl ethylene glycol)

PEG-COOH ®-Carboxy poly(ethylene glycol)

PF-127 or Pluronic  Pluronic® F-127, (polyethylene glycol)-b-(polypropylene glycol)-b-

(polyethylene glycol)
PHA Poly(hydroxyalkanoate)
PHB Poly(3-hydroxybutyrate)

PHBMO"  poly(dihydroxypropanehydroxy-butyrate)
PHBHH  Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA Poly(lactide)

PLAGA  Poly(lactic acid-co-glycolic acid)

PMLA Poly(B-malic acid)

PMLAB®  Poly(benzyl B-malolactonate)

PNIPAAM Poly(N-isopropyl acrylamide)

PPG Poly(propylene glycol)

PPO Poly(propylene oxide)

PVA Poly(vinyl alcohol)

RES Reticulo-endothelial system

Rg Gyration radius

RGD4C  Cyclic peptide (amino acid sequence: ACDCRGDCFCG)
Rn Hydrodynamic radius

SLS Static light scattering

Sn(Oct).  Tin octoate
SPEG Star poly(ethylene glycol)

synt Synthetic

TAM Triallyl trimesate

TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene

TEM Transmission electron microscopy
TEMPO  (2,2,6,6-tetramethylpiperidin-1-yl)oxy

Tg Glass transition temperature

TGA Thermal gravimetric analysis

Tm Melting temperature

Tween 80 Poly(ethylene glycol) sorbitan monooleate
XRD X-Ray diffraction

Keywords: Poly(3-hydroxybutyrate) (PHB), amphiphilic block copolymer, self-assembled
systems, colloidal properties, drug delivery system (DDS), biological properties



1. Introduction

Nanomedicine, the application of nanotechnology to a safer and more effective
medicine, aims at developing theranostic nano-scaled materials to tackle various diseases,
such as cancers, while avoiding the issues of conventional therapeutic agents [1-5].
Multifunctional nanoparticle-based drug delivery systems (DDSs) can contribute to improved
water solubility and prolonged circulation half-life of drugs, reduced immunogenicity and
enhanced biodistribution while controlling their release, and site-specific active targeting for a
specific distribution [6-12]. While a number of engineered nanoparticle platforms derived
from polymers are currently used in clinical treatments, much remains to be done to improve
their performance.

Polymer-based nanoparticulate structures used in DDSs are usually derived from
dendrimers, micelles, nanoparticles or nanogels, with diameters ranging from 1 to 1000 nm
[8,13-18]. Nanocarriers can incorporate a drug through covalent bonding to the polymer,
thereby resulting in a polymer-drug conjugate [11,19-22]. Alternatively, the drug can be
embedded through hydrophobic interactions within an amphiphilic polymer platform.
Polysaccharides, poly(aminoacid)s, polypeptides and proteins, polyesters, or poly(alkyl
cyanoacrylate)s are the most widely used polymers in nanocarriers [23]. Polyester-based
DDSs are the most widely developed, as the result of the biocompatibility and
biodegradability of these polymers. In particular, the ubiquitous poly(lactic acid) (PLA) and
poly(glycolic acid), and their copolymers poly(lactic-co-glycolic acid) (PLGA), have been
extensively investigated in combination with poly(ethylene glycol) (PEG) [24,25]. The
resulting amphiphilic block copolymers such as PLA-b-PEG and PLGA-b-PEG, self-
assembled into nanoparticles, micelles or polymersomes featuring a hydrophobic PLA or
PLGA core and an outer hydrophilic PEG corona [26-31]. Polyester-systems prepared from
poly(e-caprolactone) [32-34] or poly(hydroxyalkanoate)s (PHAS; vide infra), often associated

with PEG, similarly form nano-sized objects. PEG has thus been used as a biocompatible
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hydrophilic segment enabling the preparation of nanoparticles with controlled size.
Furthermore, PEG was shown to provide "stealth”, inhibiting fast recognition by the immune
systems (i.e., the opsonisation) and minimizing particle aggregation [16,35-39]. However, the
non-biodegradability of this polyether can impedes its application within DDSs. Moreover the
immunological inertia of PEG is not demonstrated and the accumulation of PEGylated
compounds in the liver has unidentified toxicological consequences over a long period of time
[40].

The synthetic approaches towards these polyester-based DDSs basically consist in the
ring-opening polymerization (ROP) of lactide (LA), glycolide (GA), or (e-caprolactone) (CL)
from PEG-macroinitiating moieties, or alternatively in the chemical coupling of preformed
PLA, PGA, PLGA, PCL, or PHA, with PEG segments. Furthermore, polyester
nanoparticulate DDSs can be formed from either naturally occurring polymers such as
chitosan [41] or PHAS [42-44], or from synthetic macromolecules such as PLA, PEG, PCL or
PHAs. Indeed, PHAS can be advantageously both naturally (microbial PHAS) or synthetically
(chemically) produced [43,45-57]. Among the numerous PHAS, the ubiquitous biocompatible
and biodegradable poly(3-hydroxybutyrate) (PHB) can be obtained from bacteria as isotactic
PHB, while ROP of substituted B-lactones provides a valuable entry into PHBs featuring
various tunable microstructures (atactic, syndiotactic, isotactic) [58-60]. The stereoregularity
of the enchainment of B-lactone units within PHB dictates its thermomechanical properties. In
particular, microbial isotactic PHB is a stiff and rather brittle polymer of high crystallinity,
and consequently not easily processable, thus impeding its applications such as in packaging,
implantable devices, or also drug delivery applications [57,61]. Therefore, the possibility to
access various PHBs with different stereochemistries from ROP opens new venues in PHB-
based DDSs [62]. In addition, PHB promotes the formation of micelles with enhanced
colloidal stability and high drug loading efficiency (DLE), without requiring the use of a

surfactant [63-73]. Moreover, the very low critical micelle concentration (CMC) of PHB-
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based micelles is expected to impart a longer in-vivo half-life and ultimately a better
efficiency compared to other polyester-based DDSs. Natural as well as synthetic PHBs have
thus been associated with various hydrophilic polymers such as PEG, poly(N-isopropyl
acrylamide) (PNIPAAM), poly(2-dimethylamino ethyl methacrylate) (PDMAEMA), or
poly(ethyl ethylene phosphate) (PEEP). However, the latter hydrophilic polymers are non-
biodegradable and can be excreted by the renal system only if their molar mass is below

20 000 g.mol™L. In addition, these polymers can be accumulated in the liver with unidentified

toxicological outcomes over a long period of time [40].

In this review, we first introduce the synthetic strategies for the preparation of PHB-
based (co)polymers next used for drug delivery applications, as summarized in Table 1. The
focus is placed on synthetic PHB-based DDSs and not on natural ones. We next highlight the
self-assembling properties of PHB-based systems, including nanoparticles, micelles,
microparticles and hydrogels, along with their characteristics, as gathered in Table 2.
Investigations of the ability of these PHB-based materials to encapsulate and subsequently
release a drug, possibly through targeting approaches, are reported along with some in-vitro

and in-vivo behavior (Table 3).

2. PHB-based (co)polymers prepared from synthetic routes

Most self-assembled systems using PHB are based on bacterial semi-crystalline
poly((R)-3-hydroxybutyrate) P(R)-HB [43,45-57]. Indeed, industrial production of bacterial
PHB, and generally of PHAs (poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-4HB)),
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)  (PHBV),  poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate (PHBHH), etc.), has known a tremendous development since the early 80’s
[45]. PHB is now available from fermentation processes using natural microorganisms such as

Ralstonia eutropha, Alcaligenes latus or Bacillus spp., or modified microorganisms such as



Escherichia coli, fed by glucose or sucrose [74]. Nevertheless, only long-chain isotactic PHB
polymers and random copolymers are obtained from this microbial strategy.

Given the aforementioned limitations of such native PHB-based materials, modified
PHB-based copolymers have been developed. Enhancing PHB properties by covalent bonding
to other polymers has been favored. Thus, the chemical modification of microbial isotactic
PHB or the chemical synthesis of — especially amorphous — PHB from the ROP of -
butyrolactone (BL), have afforded an emerging category of self-assembled systems with
tunable properties. The aim of this first section is to cover the different synthetic pathways to
PHB-based (co)polymers (originating from bacterial PHB or from fully man-made ones)
which have been developed for drug delivery applications. The two major approaches, namely
modification of bacterial PHB and PHB obtained by ROP of BL, are overviewed. Synthetic
strategies, catalytic systems and the characterization of the resulting copolymers are addressed
(Table 1). Note that Table 1 only gathers the most relevant features of the PHB-based
copolymers. The objective of this Table 1 being the comparative evaluation of PHB-based
copolymers, it is not devised to include all the reported properties. The reader is invited to

refer to the original work for other sparingly available data.

Table 1.

2.1. Chemically modified bacterial PHB-based (co)polymers

Historically, native PHB homopolymer, i.e,. P(R)-HB [93-97], and bacterial
copolymers such as P(3HB-co-4HB) [98-100], PHBV [101-103] or PHBH and derivatives
[104-106], have been used for the elaboration of self-assembled systems such as DDSs, tissue
engineering scaffolds and implants [107-110]. Those polymers have been chosen for their
biodegradability and biocompatibility. The properties of such bacterial PHAs remain limited

and their chemical modification opened the way to new (co)polymer structures of interest for



self-assembled systems and their subsequent applications. All native PHBs discussed in this

section are isotactic bacterial PHB (Table 1).

2.1.1. Bacterial PHB homopolymers chemically modified into PHB-conjugates

The synthesis of bacterial PHB conjugated to a targeting agent was scarcely reported
in the literature. Kim and coworkers investigated the synthesis of RGD4C-PHB conjugated
polymer (RGDA4C = a cyclic peptide with the amino acid sequence: ACDCRGDCFCG) [76].
The strategy was based on the use of fused RGD4C-PHA synthase. In the presence of
3(R)-hydroxybutyryl-coenzyme A (3HB-CoA), the PHA synthase produced PHB through an
enzymatic pathway, and the polymerization was proposed to afford a polymer chain which
remained covalently bound to the PHA synthase enzyme, itself bearing the peptide, namely
RGD4C-PHB. Nevertheless, no clear information was given to support this binding
[111,112].

This strategy was recently used by Kim and coworkers with the aim to synthesize
multi-functional PHB nanoparticles for theranostic applications [75]. Tri-fused protein
A33scFv-green fluorescence protein-PHA synthase (AG-PHA synthase), used as targeting,
imaging and catalytic moiety in the presence of 3HB-Co0A, led to the formation of AG-PHB
conjugate. In both cases, no information on the characterization of the polymer conjugates

was Yyet reported.
2.1.2. Chemically modified bacterial PHB/PEG-based copolymers

Bacterial PHB has often been associated with poly(ethylene glycol) (PEG) [113,114],
an hydrophilic and biodegradable polyether, to form amphiphilic copolymers.

Recently, bile acid deoxycholic acid (DOCA) was conjugated to a PHB-b-PEG block
copolymer [77]. Kulkarni, Aminabhavi and co-workers implemented a two-step route

(Scheme 1). First, long-chain bacterial PHB was transesterified by PEG-OH (M, = 4000



g.mol21) using dibutyl tin dilaurate (DBTL) as a catalyst, to afford short-chain o, ®-dihydroxy
telechelic PHB-b-PEG copolymer. The second step involved the coupling of this diblock
copolymer diol with DOCA using both dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP), leading to the di-DOCA conjugated block copolymer,
DOCA-PHB-b-PEG-DOCA, further analyzed by both 'H and solid state *C NMR
spectroscopy. This copolymer was next used for the formation of nanoparticles loaded with
fluorescein isothiocyanate labelled insulin, for cytotoxicity evaluation (vide infra).

Scheme 1.

Recently, Kim and co-workers showed the effect of the control of the relative length
of PHB/PEG blocks on the loading and the release profile of the drug from nanoparticles
prepared from PHB-co-PEG diblock copolymers (Ma, = 5600-9900 g.mol®1), obtained from
the coupling of PHB and PEG in the presence of tin octoate [69]. The study was performed
in-vitro by using Griseofulvin (antifungal drug) as hydrophobic model drug (vide infra).

The synthesis of ABA triblock copolymers using PEG (A) and PHB (B) was
developed following the pioneering work of Li’s group [78]. The triblock copolymer o,w-
dimethoxy poly(ethylene glycol)-b-poly((R)-3-hydroxybutyrate)-b-poly(ethylene glycol)
(PEG-b-PHB-b-PEG) was prepared according to a three-step strategy (Scheme 2) [64,67,78].
First, bacterial long-chain PHB was purified upon dissolution in chloroform, filtration and
precipitation in petroleum ether, to afford PHB with M, = 87 000 g.mol?! and Pv = 2.64. The
next transesterification step using diethylene glycol with DBTL as catalyst in diglyme, then
gave shorter a,w-dihydroxy telechelic PHB (PHB diol oligomers) with a controlled chain-
length ranging from 500 to 5500 g.mol21 [115]. During the latter procedure, diethylene glycol
and DBTL could be replaced by ethylene glycol and tin octoate (Sn(Oct).), respectively,
without affecting the overall strategy. The last step was the coupling of the PHB diol with two

equivalents of mono-carboxy terminated PEG (PEG-COOH), in the presence of DCC and
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DMAP as catalyst, finally affording the PEG-b-PHB-b-PEG triblock copolymer (M, = 4500—
13 400 g.molet; By = 1.04-1.21) [78]. The PHB block length was modulated from 7-59wt%
by controlling the reaction time of the transesterification step, and also by the selection of
PEG-COOH with different molar mass values. The presence of the two distinct repeating
units in the polymer chain was confirmed by 'H NMR spectroscopy, showing the
characteristic signals of the PEG and PHB segments, and by differential scanning calorimetry
(DSC) thermal analyses showing melting transition temperatures for PEG and PHB (Tm ca.
54 °C and ca. 147 °C, respectively). Li and co-workers subsequently studied the micellization
and self-aggregation behavior of such triblock copolymers (vide infra) [64,67].

Scheme 2.

Pun and co-workers also reported the synthesis of PEG-b-PHB-b-PEG triblock
copolymers (Mn = 12 700 g.mole:; Py = 1.13; measured by SEC using THF as eluent and
PEG standards) to form polymeric micelles for the encapsulation of doxorubicin (DOX), an
effective chemotherapeutic drug against a wide range of solid tumors [71]. Following the
synthetic approach previously reported, the authors further used o-amine,®-carboxylic PEG
(H2N-PEG-COOQH) for the synthesis of fluorescein-conjugated PEG-b-PHB-b-PEG triblock
copolymers (Scheme 3). The amine group of H>N-PEG-COOH reacted with the
isothiocyanate derivative of fluorescein, in the presence of trimethylamine as a catalyst,
leading to the formation of the fluorescein-PEG-COOH via a thiourea bonding. The latter pre-
polymer was then reacted with the PEG-PHB-OH diblock copolymer, previously formed by
esterification of PHB diol and PEG-COOH using DCC/DMAP, to ultimately give the
fluorescein-conjugated PEG-b-PHB-b-PEG triblock copolymer. The copolymer was purified
by ultrafiltration to remove unreacted fluorescein and then lyophilized. This copolymer
enabled the evaluation of DOX-loaded PEG-b-PHB-b-PEG micelles to diffuse through tumor-
like tissues (vide infra) [71].

Scheme 3.
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Following studies on poly(ethylene glycol-b-propylene glycol-b-ethylene glycol)
(PEG-b-PPG-b-PEG also known as Pluronic F-127; PF-127, vide infra) triblock copolymers
[116], Pun and co-workers reported the use of a mixture of PF-127 (PEG100-PPGss-PEG100;
PEGio0 = 100 ethylene glycol repeating units) and PEG-b-PHB-b-PEG in filamentous
micelles for tumor localization [79]. The PEG/PHB triblock copolymers were synthesized
according to the strategy developed by Li and co-workers [78], and characterized using NMR
and SEC analyses (Mn = 13 800 g.mol}; Pv = 1.20) (Scheme 4). Thus, HO-PHB-b-PEG (pre-
synthesized as aforementioned) was coupled with Fmoc-PEG-COOH (Fmoc =
fluorenylmethyloxycarbonyl), in the presence of both DCC and DMAP, to afford the Fmoc-
terminated triblock copolymer. The Fmoc protecting group was then removed by piperidine,
using the well-known deprotection procedure by basic cleavage [117], liberating the amine
reactive group. The molecular probe Alexa Fluor 488 succinimidyl ester dye was finally
coupled with the resulting PEG-b-PHB-b-PEG-NH>, leading to the a-dye triblock copolymer
conjugate, Alexa Fluor 488-PEG-b-PHB-b-PEG [79].

Scheme 4.

Li and co-workers have also studied copolymers based on PPG, PEG and native PHB
segments, covalently bonded within a polyurethane polymer [80]. PHB diol (M, = 1100
g.mol21), obtained from the transesterification of bacterial PHB with ethylene glycol and
DBTL, was mixed with PEG (M, = 1900 g.mol-1), PPG (M, = 2200 g.mol?1) (PEG/PPG ratio
= 2:1; PHB ratio = 3-9mol%), and 1,6-hexamethylene diisocyanate (HDI) used as a coupling
agent (Scheme 5). The poly(PEG/PPG/PHB urethane) random copolymers thus obtained
showed a high molar mass M, = 42 500-50 600 g.mol-! and a narrow dispersity Py = 1.37—
1.56. H as well as *C{*H} NMR spectroscopic analyses, confirmed the presence of each
repeating unit as well as the characteristic signals of urethane bonds. These copolymers were

next used for the formation of gels further evaluated for their cytotoxicity and cell culture
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efficiency (vide infra). Nevertheless, a major drawback of this strategy is the use of
isocyanates, which are known to be toxic [118-120].

Scheme 5.
2.1.3. Other chemically modified bacterial PHB-based copolymers

In order to study colloidal drug delivery systems, Pignatello, Ballistreri and co-
workers synthesized copolymers from bacterial PHB (Mw = 400 000 g.mol-t; bu = 2.10) or
PHBV (24mol% HV; My = 177 000 g.mol-!; Pu = 1.70), and poly(e-caprolactone) (PCL)
(Mw = 120 000 g.mol-t; bw = 1.70) [81]. The authors reported a single-step approach, for the
coupling of the microbial polymer (PHB or PHBV) with PCL, by a transesterification reaction
catalyzed by para-toluene sulphonic acid. Different initial ratios of pre-polymers were used,
affording random copolymers (Mw = 460025 900 g.mol*; Dy = 1.31-1.72). Matrix-assisted
laser desorption/ionization - time of flight mass spectrometry (MALDI-ToF MS) was used to
identify terminal groups, confirming the formation of a-hydroxy,o-toluene sulphonate
PHB/PHBV-co-PCL random copolymers. Along with the PHB-co-PHB¥Y' and
PHB-co-PHB %° (vide infra), these later PCL copolymers are the only examples of random
PHB-based copolymers used for drug delivery applications.

Previous examples have shown strategies based on the coupling of different polymer
chains. Indeed, PHB diols or derivatives (vide infra), were used as macroinitiators for the
polymerization of different monomers. Cheng and Wang reported the synthesis of poly(ethyl
ethylene phosphate)-b-poly(3-hydroxybutyrate)-b-poly(ethyl ethylene phosphate) (PEEP-b-
PHB-b-PEEP) by the ROP of ethyl ethylene phosphate (EEP), using PHB diol as a
macroinitiator [82]. PHB diol (Mn = 900; 1600 or 4050 g.mol-1), previously obtained from the
transesterification of bacterial PHB with ethylene glycol and DBTL as a catalyst, was reacted
with EEP in the presence of Sn(Oct)2 (Scheme 6) [121]. The resulting triblock copolymers

(Mn, = 3400-15600 g.molt; Py = 1.47-2.23) were characterized by 'H, *C{*H} and
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31p{I1H} NMR spectroscopy. In particular, the latter analysis showed a single resonance
assigned to a linear phosphonate function. PEEP-b-PHB-b-PEEP were next used to form
micelles, further studied for the encapsulation and the controlled delivery of Paclitaxel (an

anticancer drug; vide infra).

Scheme 6.

Li and co-workers and Loh and co-workers studied the use of short-chain PHBs as
macroinitiators for the atom transfer radical polymerization (ATRP) of different monomers,
such as N-isopropylacrylamide (NIPAAM) [70,83] and 2-(dimethylamino)ethyl methacrylate)
(DMAEMA) [73,84], respectively, according to a common strategy (Scheme 7). PHB diol,
again obtained from the transesterification of bacterial PHB with diethylene glycol and
catalyzed by DBTL, was reacted with 2 equivalents of 2-bromoisobutyryl bromide in the
presence of triethylamine. The resulting Br-PHB-Br (PHB-diBr; M, = 1700 g.mol!; Dy =
1.04, or My = 2100 g.mol-!; Dv = 1.33) macroinitiator was next reacted with NIPAAM or
DMAEMA, in the presence of CuBr and 1,1,4,7,10,10-hexamethyltriethylenetetramine, to
afford the triblock copolymers PNIPAAM-b-PHB-b-PNIPAAM (M,, = 3800-37 700 g.mol%;
Pwm = 1.09-1.50) [70], or PDMAEMA-b-PHB-b-PDMAEMA (M, = 5200-24 000 g.mol-* as
measured by *H NMR; Dy = 1.23-1.35), respectively (Scheme 7) [73]. The copolymers were
characterized by *H NMR and SEC (THF; vs. PEG standards) analyses. This synthetic route
enabled to tune the amount of the different monomers incorporated within the copolymer, and
thus to control the length of the different blocks. PNIPAAM-b-PHB-b-PNIPAAM
copolymers with different ratios of NIPAAM (N) and HB repeating units (N1oHB17N1o;
NeoHB17Neo; N15s7HB17N157; N1goHB17N180) Were synthesized and further investigated for their
ability to form micelles, and for their thermoresponsiveness (vide infra) [80,83]. These
properties were used for the encapsulation and controlled release of pyrene (a molecular

probe). On the other hand, a range of PDMAEMA-b-PHB-b-PDMAEMA triblock
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copolymers with different block lengths were synthesized (D21HB21N21; Ds3sHB21Dss3;
D110HB21D110), and further studied for their ability to form both pH- and thermoresponsive
micelles used for the encapsulation and controlled release of DOX (vide infra) [73]. These
triblock copolymers were also evaluated as nano-vectors for gene delivery [84].

Scheme 7.

Loh, Guillaume and co-workers reported the synthesis of multi-arm PHB-based
triblock copolymers (poly([R]-3-hydroxybutyrate)-b-poly(N-isopropylacrylamide)-b-
[[poly(methyl ether  methacrylate)-g-poly(ethylene  glycol)]-co-[poly(methacrylate)-g-
poly(propylene glycol)]], PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA), from bacterial
PHB [85]. Microbial PHB (M= 59 400 g.mol-!) was transesterified with different alcohols,
hexanol, ethylene glycol and erythritol, in the presence of DBTL as catalyst, affording linear
PHB-OH and PHB-diOH and four-arm PHB-tetraOH, respectively. Those hydroxy telechelic
PHB were brominated using the reported 2-bromoisobutyryl bromide-based strategy [70,83].
Thus PHB-Br (Mn = 1400 g.mol-Y), linear PHB-diBr (M, = 2500 g.mol-?) and four-arm PHB-
tetraBr (Mn = 1700 g.mol!) were used as macroinitiators for the sequential ATRP of
NIPAAM followed by a one-pot ATRP of PEGMEMA and PPGMA, leading to one-arm (Mp
= 26 300 g.mol!; by = 1.78), two-arm (M, = 17 300-20 000 g.mol*; Pm = 1.48-1.71) and
four-arm (Mn = 17700 g.mol!; Pm = 1.88) corresponding PHB-b-PNIPAAM-b-
(PPEGMEMA-co-PPPGMA) (Scheme 8). The triblock copolymers, presenting a PHB content
from 6 to 11wt%, were characterized by 'H, 3C J-MOD NMR, SEC, TGA, and DSC
analyses. While spectroscopic analyses confirmed the composition of the copolymers, thermal
analyses supported their proposed topology. The two thermal transition phenomena recorded
from DSC analyses (Tm = 35-38 °C; 135-150 °C) correspond to the PPEGMEMA block and
to the overlap of the melting transition of PHB with the glass transition of PNIPAAM,

respectively. TGA experiments showed a two stage degradation process, with first the
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degradation of PHB and PEGMA segments in the 250—325 °C temperature range, and
second the degradation of PNIPAAM and remaining PEGMA-PEGMEMA segments in the
325-445 °C temperature range. Such multi-arm PHB-b-PNIPAAM-b-(PPEGMEMA-co-

PPPGMA) have shown good thermogelling behavior (vide infra).
Scheme 8.

2.2. PHB-based copolymers prepared from ring-opening polymerization of
R -butyrolactone

The ring-opening polymerization (ROP) of racemic p-butyrolactone (rac-BL) is an
alternative approach for the synthesis of PHB-based copolymers. While bacterial PHB is a
highly crystalline thermoplastic material (isotactic PHB; Tm = 175-180 °C, Tg = 9 °C),
synthetic PHB can feature different stereochemical sequences (atactic (amorphous),
syndiotactic (Tm unknown), or isotactic PHBs) depending on the catalytic system used [58-
60]. Also, ROP may be used to copolymerize two distinct monomers, such as in particular
cyclic esters, either sequentially or simultaneously, thereby providing copolymers with

different topologies like block or random copolymers, respectively (Table 1).

2.2.1. PHB/PEG-based copolymers prepared from ring-opening polymerization of

B-butyrolactone

Similarly to microbial PHB, synthetic PHB segments have been covalently bonded to
PEG blocks, seeking the advantages of the hydrophobic and hydrophilic character of PHB and
PEG, respectively. The majority of PHB/PEG copolymers developed for drug delivery
applications was based on triblock copolymers with PEG as the central block.

Liu, Li and co-workers “clicked” a 8-arm star PEG (SPEG) with amorphous PHB
segments using the Huisgen’s reaction (1,3-dipolar cycloaddition) [72]. This strategy was
based on the complementary functionalization of PHB and PEG with alkyne and azide,
respectively (Scheme 9). Hydroxy terminated SPEG was chlorinated in the presence of SOCI»
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and then reacted with NaNs leading to the azide terminated SPEG. On the other hand, anionic
ROP of rac-BL was initiated by sodium adamantane carboxylate and terminated by propargyl
bromide, thereby giving a-adamantyl,m-alkynyl functionalized PHB. Both PEG and PHB
were next coupled in the presence of CuSO4.5H,0 and sodium ascorbate to afford PHB-b-
SPEG. This strategy resulted in the formation of diblock copolymers with an average of 6—7
functionalized PEG arms, as characterized by 'H NMR, SEC (in THF; vs. PEG standards: M
= 20 600-36 800 g.mol-!; P = 1.30-1.41) and DSC analyses. Those copolymers were used
for the formation of adamantyl functionalized nanoparticles with a PEG core, and further
supramolecularly assembled with heptakis(2,6-di-O-methyl)-B-cyclodextrin (DM-B-CD)
taking advantage of the host—guest interaction with the adamantyl chain-end functions (vide
infra).

Scheme 9.

Chen and co-workers synthesized PHB-b-PEG-b-PHB copolymers in order to form
nanoparticles with a hydrophobic core [65,66]. The one-step synthesis involved the use of
a,m-dihydroxy telechelic PEG (PEG diol; M, = 4000 g.mol-1) as a macroinitiator in the
presence of rac-BL and Sn(Oct) as a catalyst (Scheme 10). The ROP then led to a series of
triblock copolymers with different ratios of the repeating units from the PEG-enriched
PHB7-b-PEGo:-b-PHB7 to the PHB-rich PHB3gs-b-PEGo1-b-PHB3ss (Mn, = 5300-67 400
g.molt; Dm. = not reported) copolymers. *H NMR studies showed the formation of
a,m-crotonate terminated copolymers. Copolymers were further characterized by *C{‘H}
NMR, SEC, DSC and WAXD analyses. The range of copolymers featuring different
hydrophilic/hydrophobic balance enabled a complete study of the critical micellar
concentration (CMC) of those copolymers in aqueous solution, and further of the formation of
nanoparticles for the encapsulation of pyrene as a drug model (vide infra).

Scheme 10.
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Li and co-workers also studied PHB-b-PEG-b-PHB triblock copolymers [86]. The
authors reported an original synthetic strategy through the anionic ROP of rac-BL initiated by
a modified PEG (Scheme 11). First a di-anionic PEG macroinitiator was synthetized from
PEG diol. The (2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPQO) mediated oxidation of PEG
diol, in the presence of NaCl and NaBr, was next carried out. The sodium carboxyl end-
capped PEG thus obtained was deprotonated by Na>COz leading to the dianionic PEG
macroinitiator. The anionic ROP of rac-BL then proceeded and was terminated by the
addition of 2-iodoethanol, ultimately affording dihydroxy telechelic PHB-b-PEG-b-PHB
triblock copolymers, further characterized by *H NMR and SEC (THF; vs. PEG standards:
(Mn, = 4500 g.molt; Pu = 1.07) analyses. These short copolymers were used to form
supramolecular hydrogels using a-cyclodextrin (vide infra).

Scheme 11.

Oledzka and co-workers also developed triblock PHB-b-PEG-b-PHB copolymers
synthetized from the ROP of rac-BL [87]. The authors reported the synthesis and the
characterization of PHB-based peptide dendrimers for drug carrier applications. The two-step
synthesis of these dendrimers was performed from the third generation poly(L-lysine)
dendrimer end-functionalized with arginine-6-oligomer (Scheme 12). The PHB-b-PEG-b-
PHB was first synthesized by the ROP of rac-BL in the presence of different amounts of PEG
diol (Mn = 600 g.mol-!) macroinitiator and Sn(Oct), catalyst. The triblock copolymers thus
obtained (Mn = 1000-4900 g.mol; Dy = 1.48-2.26) were analyzed by NMR (*H and
BC{H}) spectroscopy and MALDI-ToF MS. These analyses revealed the presence of
crotonate end-groups onto PHB segments that remained minor in comparison to hydroxyl
termini, and did not alter the following step. These triblock copolymers were coupled with the
free-amine groups of the poly(L-lysine) dendrimer end-functionalized with arginine-6-

oligomer, in the presence of 1,1’-carbonyldiimidazole (CDI) and DMAP, leading to urethane
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covalent linkages. The PHB/PEG-based dendrimer formed were characterized by both
spectroscopic (*H and ¥C NMR; FT-IR) and spectrometric (MALDI-ToF) analyses.
Rheological and thermal behavior was also evaluated.

Scheme 12.

2.2.2. PHB/PHA-based copolymers prepared from ring-opening polymerization of -

butyrolactone

Carpentier, Thomas and co-workers developed PHB-based copolymers for the
encapsulation and controlled release of L-leuprolide acetate (an anticancer drug) [89].
Random copolymers were synthesized from a mixture of racemic monomers (rac-BL and
racemic-allyl-p-butyrolactone (rac-BL?™)) with rac-BL2' = 7 or 11mol% (Scheme 13). The
tacticity of these copolymers, as determined by *C{*H} NMR analyses, was tuned according
to the catalyst used. Polymerization of a racemic mixture of the monomers using the
syndiospecific yttrium(l11) catalyst led to syndiotactic copolymers (probability of racemic
linkage Pr = 0.82-0.84)[122-125], whereas polymerization of such a mixture with the non-
stereospecific p-diketiminate zinc catalyst [126] resulted in the formation of atactic
copolymers. Polymerizations with the p-diketiminate zinc catalyst afforded isotactic
copolymers (probability of meso linkage Pm = 0.96-0.97) when both enantio-pure monomers
were used, namely R-BL and R-BL#™!. The PHB-co-PHB¥Y' (M = 9200-61 100 g.mol-L; Pwm
= 1.24-1.62) were further chemically modified by reaction with osmium tetraoxide in the
presence of N-methyl morpholine N-oxide, leading to the dihydroxy end-functionalized
polyesters PHB-co-PHBYC" (PHBYOH = poly(dihydroxypropanehydroxybutyrate); M, =
11 200-69 600 g.mol-*; Pm = 1.28-1.76) [88]. The synthesis of such a range of copolymers

exhibiting different tacticities enabled to evaluate the impact of the microstructure on the
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encapsulation and kinetics of drug release (vide infra). The major drawback of this strategy
remains the use of highly sensitive catalysts, that require use with the rigorous exclusion of air
and moisture.

Scheme 13.

Finally, Barouti, Guillaume and co-workers developed the synthesis of
poly(hydroxybutyrate)-b-pol(B-malic acid) (PHB-b-PMLA) amphiphilic copolymers for the
formation of nanoparticles, further evaluated as nanovectors [91]. The synthesis was realized
by optimization of a previously reported three-step strategy (Scheme 14) [90]. First, the ROP
of rac-BL was carried out in the presence of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as an
organic catalyst, affording TDB-PHB-crotonate [127,128]. This polymer was next able to
initiate the ROP of benzyl B-malolactonate (MLA®) [90,129]. The growth of the PMLAB®
segment gave the PHB-b-PMLA®® hydrophobic diblock copolymer (M, = 8200-18 800
g.mol-t; Dv = 1.16-1.28). At this stage, the copolymers were fully characterized (*H, *C{*H}
and DOSY NMR, SEC, DSC, TGA, contact angle). The last step involved the deprotection of
pendant benzyl functionalities of the MLAB® units by hydrogenolysis [129]. The cleavage of
the benzylic group was carried out in the presence of Pd/C catalyst, under H, atmosphere,
affording carboxylic pending functions. Amphiphilic PHB-b-PMLA copolymers were thus
isolated with various hydrophilic weight fractions (MLA = 10-82wt%) and molar mass
values, which were determined by *H NMR, (M, = 8100-0 200 g.mol-!). Thermal and
micellization behavior was also evaluated. DSC showed a single glass transition (Tg = —6 to
+19 °C) ranging between the Tg4 of both polymers (Tg pHs = =2 °C ; Tg, pmLa = +12 °C). TGA
experiments confirmed the theoretical wt% of each block. Finally, water contact angles (100°
to < 20°) were found to decrease with the increase of the PMLA block length, in agreement

with the increase of the hydrophilicity of the copolymers.

Scheme 14.
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For applications based on self-assembled systems, triblock copolymers, are interesting
due to the possibility to form stable DDSs with low CMC values. Nonetheless, the synthesis
of triblock copolymers is often more complicated than that of the corresponding diblock
copolymers. Barouti and Guillaume developed a strategy for the synthesis of the
corresponding PMLAB®-b-PHB-b-PMLAE® triblock copolymers (M = 3300-11 500 g.mol-;
Pm, = 1.30-1.41; measured by *H NMR and SEC (THF vs. polystyrene standards,
respectively) [92], from the ROP of rac-MLA®® using PHB diol macroinitiator[130] in the
presence of neodymium triflate (NdOTf3) as catalysts [91]. The characteristic signals of
MLAZB® and HB units in the purified samples were observed in both *H and *C{*H} NMR
spectra. DOSY NMR measurements confirmed the presence of a single macromolecular
species in the sample, and that the triblock copolymer was not contaminated by
homopolymer. DSC experiments revealed a glass transition temperature for each segments (Tg
=1 and 26 °C for PHB and PMLAPB® segment, respectively). Finally, the corresponding
amphiphilic PMLA-b-PHB-b-PMLA (Mn = 2800-7100 g.mol-!; measured by 'H NMR)
triblock copolymers were obtained through hydrogenolysis of PMLABe-b-PHB-b-PMLAB?, in
presence of activated palladium. The amphiphilic copolymers were similarly characterized by
H, BC{H} and DOSY NMR spectroscopy, DSC and TGA analyses, which fully supported
the formation of these well-defined triblock copolymers. The relevance of the hydrophilic
weight fraction of the copolymer in its chemical composition-architecture-solution behavior
relationship was highlighted. Noteworthy, these copolymers represent, the first examples of

PHA-PHB-PHA triblock copolymers.
3. PHB-based (co)polymers for drug delivery applications
3.1. Preparation methods and characteristics of PHB-based self-assembled systems

PHB-based self-assembled systems have been developed from both natural and

synthetic PHB segments and involve from nanoscale to macroscale: nanoparticles, micelles,
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microparticles and gels. The preparation methods and characteristics of these self-assembled

systems are discussed in this section.
3.1.1. Preparation methods and characteristics of PHB-based nanoparticles

Polymer-based nanoparticles have been widely studied in the past few decades to
encapsulate anti-cancer molecules in order to increase their bioavailability and to avoid some
severe side effects [3,131-134]. Currently, nanoparticles are usually made of poly(lactide)
(PLA) [3,23,29,131], poly(lactic-co-glycolic acid) (PLGA) [3,131,135-137], poly(alkyl
cyanoacrylate) [138-140] and poly(e-caprolactone) (PCL) [3,33,34] that are biocompatible
and biodegradable copolymers. Among various available nanomaterials, PHB-based
nanoparticles are promising drug delivery systems (DDSs). Indeed, the high hydrophobicity
of this polyester results in the formation of stable nanoparticles with longer biodegradation
times compared with other biodegradable PLA-, PLGA- or PCL-based particles [65].
Moreover, the synthesis of PHB by ROP of -butyrolactone enables control of the tacticity of
PHB (atactic, syndiotactic or isotactic [58-60]), providing a viable route to control the
physico-chemical properties of PHB-based self-assembled systems, whereas microbial
production only gives highly crystalline (isotactic) PHB. Both PHB homopolymers, as well as
PHB-based block copolymers, are used to form nano-drug carriers in aqueous solutions
(Table 2).

Table 2.
3.1.1.1. Preparation methods and characteristics of nanoparticles derived from PHB
homopolymers

PHB homopolymers used as drug carriers are mainly naturally produced ones [43].
However, the present review aims to address synthetic PHB-based systems used for drug
delivery applications. Therefore, only PHB homopolymers which are chemically modified

after their microbial production are discussed in this section. Such PHB conjugates feature a
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PHB moiety covalently bonded to various molecules of interest such as targeting ligands
[76,141] or fluorescent probes [75] (Table 2).

The microbial synthesis of PHB facilitates the control of some physico-chemical
characteristics of the nanoparticles such as the hydrodynamic diameter (D). Indeed, the
precise control of the size of the nano-object is an important issue for the design of circulating
DDSs [145]. After intravenous administration, small particles (Dn < 20 nm) are eliminated by
renal excretion and larger particles can be rapidly taken up by the mononuclear phagocyte
system cells present in the liver, the spleen and the bone marrow. Nanoparticles of 150 to 300
nm are thus mainly found in the liver and the spleen. Also, it is generally admitted that the
“ideal” size requirements for self-assembled systems developed for cancer treatments are
between 70 and 200 nm [84,146-148].

In the case of nanoparticles made of A33scFv green fluorescence protein-natural PHB
conjugate (AG-PHB), the Dn values were tuned by the enzyme/(3-hydroxybutyryl-coenzyme
A (3HB-CoA)) substrate ratio used during the polymerization[75]. Kim and co-workers thus
reported the formation of AG-PHB nanoparticles with an average diameter ranging from 70 to
550 nm, as evaluated by dynamic light scattering (DLS), upon modulating the enzyme
concentration, while maintaining the same (3HB-CoA) substrate loading. Dn was found to
decrease with higher concentrations of enzyme as the length of the AG-PHB was inversely
proportional to the concentration of the enzyme [75].

The formulation method implemented also plays a key role on the control of the
physico-chemical properties of the self-assembled systems [149,150]. Nanoparticles are
commonly obtained by nanoprecipitation, emulsion techniques (single or double), or
electrospraying methods [3]. Several parameters such as the choice of the solvent, the use and
the nature of the surfactant, the organic/aqueous solvent volume ratio, the mixing rate and
time, do significantly affect the nanoparticles characteristics and in particular their size
[15,151-153]. For example, nanoparticles derived from folic acid (FOL)-PHB with Dy ranging
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from 44 to 1132 nm (DLS) were obtained by modifying the sonication time during the double
emulsion-solvent evaporation process from 30 to 5 min, respectively, without modifying their
shape as assessed by scanning electron microscopy (SEM) of the nanoparticles [141]. As
mentioned above, the use of a surfactant also significantly modifies the nanoparticles
characteristics such as their size, shape, and stability. Poly(vinyl alcohol) (PVA), one of the
most commonly used surfactant with excellent emulsifying and stabilizing properties, enabled
to significantly reduce the size of these nanoparticles based on FOL-PHB. Indeed, Dn ranging
from 142 to 208 nm (DLS) were then obtained with PVVA concentrations ranging from 0.15 to
0.005% (w/v), respectively [141].

Furthermore, it is important to note that Dn can be significantly affected by the
grafting of a targeting molecule since the hydrophilic/hydrophobic balance of the final
material is then changed. Kim and co-workers reported the preparation of PHB-based
nanoparticles with a Dy of 209 nm by an oil-in-water emulsion-solvent evaporation process
without the use of any surfactant. The diameter of the recovered nanoparticles was increased
by ca. 46 nm after grafting RGD4C as a targeting peptide, and an increase of the size
distribution of the nanoparticles was also observed, as assessed by DLS analysis (Figure 1)
[76]. The grafting of the peptide thus increased the hydrophilic character of the polymer, then
resulting in the formation of core-shell particles with higher Dy, (Figure 1).

Figure 1.

3.1.1.2. Preparation methods and characteristics of nanoparticles derived from PHB-

based copolymers

The covalent association of a hydrophilic block with a hydrophobic PHB block and
the control of the block lengths facilitate precise control of the physico-chemical properties of
the resulting nanoparticles. While the use of natural PHB homopolymer as a drug carrier has
been extensively studied, the control of the physico-chemical properties remains nonetheless

quite limited in these reports. In this regard, the use of (synthetic) PHB-based copolymers
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provides a viable route for the elaboration of highly tunable drug carriers. Indeed, the control
of the hydrophilic weight fraction (f) of PHB-based amphiphilic block copolymers affords
self-assembled systems tunable in terms of size, encapsulation efficiency, stability, and
degradation time.

Upon nanoprecipitation of PHB-b-PMLA copolymers in phosphate buffered saline
(PBS) solution, spherical self-assembled systems exhibiting Dn ranging from 17 to 180 nm
with a narrow size distribution were obtained, as assessed by DLS and transmission electronic
microscopy (TEM). The most hydrophobic copolymers (f = 10%) were found to form
particles with the largest Dn, while copolymers with f up to 65% afforded self-assembled
systems with Dn = 17 nm [91].

Furthermore, as shown by Kulkarni, Aminabhavi and co-workers, the use of PHB
enabled the formation of small particles (Dn < 20 nm) [77] with a highly compact
hydrophobic core compared to PLA-, PLGA- and PCL-based particles [3]. Indeed, PHB-b-
PEG copolymers conjugated with deoxylic acid (DOCA) enabled to form ultra-small
nanoparticles with a Dn of 10 nm, as assessed by DLS and high resolution TEM. These
particles were obtained by a modified solvent diffusion and solvent evaporation method, and
stabilized with poly(ethylene glycol) sorbitan monooleate (Tween 80) surfactant at a
concentration of 1% (w/w) [77]. The size of the recovered nanoparticles was rationalized by
the compartmentalization of the aqueous phase within the particles.

While amphiphilic block copolymers enable to prepare nanoparticles, they are also
often used to form nano-carriers with micellar structures, as discussed in the following

section.
3.1.2. Preparation methods and characteristics of PHB-based micelles

Amphiphilic block copolymers are found to form aggregates in aqueous medium by
the association of their hydrophobic blocks [154]. These self-assembled systems are often

called micelles. It is important to note that micelles refer to the self-assembly of a block
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copolymer in a dynamic equilibrium, while nanoparticles are kinetically frozen [155]. The
self-assembly of block copolymers is less straightforward than that of small surfactants where
the exchange of molecules and dynamic equilibria are often favored. The distinction between
nanoparticles and micelles in literature reports is not always possible as dynamic exchanges
are simply not systematically assessed or are not evaluated on a sufficient time scale [154].
Several studies have reported the use of PLA-, PGA- or poly(propylene oxide) PPO-
based copolymers for the preparation of micelles for drug delivery applications [156-158].
The major drawback of these latter systems is that the critical micelle concentration (CMC) of
the copolymer is highly dependent on the hydrophobic block length. In addition, the
molecular weight and the number of aggregation (Nagg) Of these self-assembled systems vary
with the temperature without any precise control, which thus makes these systems highly
dependent on the surrounding conditions, and therefore not very stable [157,159]. All these
observations suggested that, the use of a more hydrophobic polymer such as PHB can

promote the development of micelles with more suitable characteristics (Table 2).
3.1.2.1. Preparation methods and characteristics of PHB/PEG-based micelles

The association of PEG as hydrophilic block with PHB leads to the development of
interesting polymeric self-assembled systems. The presence of PEG on the surface of particles
leads to neutrally charged objects which help to inhibit electrostatic interactions of plasma
components with polymer-based self-assembled systems [3]. Indeed, PEG is a biocompatible
polymer which increases the half-life of the drug carrier in the organism as discussed
thereafter in the section “Targeting approaches associated with PHB-based self-assembled
systems”.

Kim and co-workers reported the formation of micelles based on PHB-co-PEG with
diameter ranging from 61 to 109 nm as assessed by atomic force microscopy (AFM). The
increase of the hydrophilic weight fraction f from 13 to 50% influenced the self-assembly

mechanism by affecting the hydrophobic interactions which induced an increase of the
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particle size as often observed with PEGylated self-assembled systems[69]. These micelles
were then used for the sustained release of Griseofulvin.

Li and co-workers and Pun and co-workers both reported the conception of promising
micelles resulting from the self-assembly of PEG-b-PHB-b-PEG triblock copolymers
[64,67,78]. Copolymers with PHB molar mass ranging from My 470 to 3 800 g.mol™* and with
a constant PEG block length of Mn 4750 g.mol-1 (PEGsono) were found to form spherically
shaped micelles with a Dy ranging from 27 to 48 nm, as assessed by TEM analysis [64].
Conversely, the length of the PEG segments was varied from M, 3600 (i.e., two extreme
blocks of 1800 g.mol-* each) to 9500 g.mol™ (i.e., two extreme blocks of 4750 g.mol-! each)
while maintaining the central PHB block with M, 800 g.mol™, thus resulting in a D value
decreasing from 40 to 26 nm and from 86 to 64 nm, as measured by TEM and DLS
respectively [67]. The change in the hydrophilic weight fraction (f) thus affected the
hydrophobic interactions and the size of the self-assembled systems. In addition, SLS
analyses showed that the gyration radius (Rg), Dnh and Nagg Were not significantly modified
when the polymer concentration was varied from 1.4 to 11 mg.mL™ [67]. These observations
suggested that a diluted concentration regime was reached without interference from the
neighboring micelles. Remarkably, the molecular weight and Nagg of the particles remained
constant in the temperature range going from 10 to 50 °C. Only, Dn decreased with the
temperature due to dehydration of the hydrophilic block [64]. The self-assembled structures
formed with PHB as highly hydrophobic block led to stable self-assemblies. It is noteworthy
that the CMC value of this triblock copolymer (CMC of PEGsoo-b-PHB3s00-b-PEGs000 =
1.3.10° g.mL1) determined from the fluorescence excitation spectra of pyrene, was around 10
times smaller than that of analogous PEG-based triblock copolymers with PLGA as central
hydrophobic block with comparable block length (CMC = 1.2-1.4.10% g.mL™) [64,157].
Moreover, the CMC was also found to be non-sensitive to temperature from 23 to 45 °C
(Figure 2) [64].
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Figure 2.

These PEG-b-PHB-b-PEG-based micelles revealed successful DDSs toward 3-D
multicellular spheroids (MCS) as in-vitro cells model and towards a tumor in a murine
xenograft model [71]. In order to enhance and tune the physico-chemical properties of these
micelles, Pun and co-workers reported the formulation of PEG-b-PHB-b-PEG micelles mixed
with PEG-b-PPO-b-PEG (Pluronic, PF-127) copolymers [79]. These self-assembled systems
were shown to form thermosensitive filamentous micelles (Figure 3). Such micelles were
quite unexpected because the PEG-b-PHB-b-PEG and PF-127 exhibited hydrophilic weight
fractions of f = 80 and 70%, respectively. Indeed, amphiphilic copolymers with such a high f
value usually form spherically shaped micelles due to a large surface area available [160,161].
The alternative filamentous morphology resulted from interactions between the two
copolymers, as assessed by the transfer of energy between PEG-b-PHB-b-PEG is conjugated
with a “donor” molecular probe, and F-127 is conjugated with an “acceptor” molecular probe,
as evidenced by fluorescence resonance energy transfer. These observations confirmed the
spatial proximity and the localization of both copolymers in the same micellar structure. The
interest in mixing PHB-based triblock with Pluronic was that stable micelles with Dn below
20 nm (i.e., 5 nm) were formed at 37 °C. The morphology of the formed micelles significantly
improved the passive tumor penetration as compared with the spherical micelles based on
PEG-b-PHB-b-PEG alone [79]. All these studies suggested that linear block copolymers
containing both PHB and PEG blocks were able to form interesting self-assembled systems in
an aqueous medium.

Figure 3.

The macromolecular architecture of a polymer can lead to the formation of peculiar
structures resulting from the arrangement of the polymer chains relatively to one another. For
example, micelles with “flower” like structures were obtained with the “reverse” triblock

PHB-b-PEG-b-PHB copolymers [65]. Indeed, such micelles were prepared by the
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precipitation-solvent evaporation technique without the use of any surfactant. Micelles with
sizes varying from Dn = 20 to 127 nm were thus formed upon increasing the PHB block
length [65]. Noteworthy, Dn was more affected by changing the hydrophilic weight fraction of
the “reverse” copolymer than of the PEG-b-PHB-b-PEG based micelles [64,65,67].
Moreover, the CMC values of these copolymers (CMC = 3.3 — 14.4.10° g.mL) were much
lower than those of the “reverse” triblock structure (CMC =1.3.10° — 1.1.10° g.mL?) [64].

The concentrations of copolymers used for the preparation of self-assembled systems
are always much higher than the CMC, permitting dilution of the systems in the organism
without reaching a concentration lower than the CMC value. It is thus important to determine
the optimal polymer concentration below which all the characteristics of the micelles remain
constant. This concentration corresponds to the one at which micelles are diluted enough not
to interact with one another. At this concentration, the measured parameters such as the
micelles’ radius and molecular weight are close to the real values. For example, micelles
derived from the most hydrophilic PHB-b-PEG-b-PHB copolymers were not affected by
dilutions below a concentration of the triblock copolymer of 6 mg.mL™, while a slight
increase of the diameter was observed upon dilution of the most hydrophobic copolymers
[65]. This was rationalized by the aggregation of particles. This phenomenon is nonetheless
surprising and remains to be further confirmed by SLS measurements. The molecular weight
values of the nanoparticles would then provide interesting information to confirm this
hypothesis.

The formation of original and stable micelles can be induced by restricted polymer
chains mobility during the formulation process thanks to the use of non-linear block
copolymers [160,161]. Indeed, Liu and co-workers, and Li and co-workers reported the use of
star-shaped copolymers consisting of multiple adamantyl end-capped PHB anchored to a
central star-shaped PEG (average of 6 or 7 arms; SPEG) block as potential DDS (Figure 4).

SLS measurements revealed the formation of self-assembled systems with a very high Nagg
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(1030-6314) and a high molecular weight (30-185.10° g.mol™) corresponding to “nanogel-
like large micelles”. The star-shaped structure of the adamantyl-PHB-b-sPEG conjugate
copolymer led to the formation of original and stable structures considered as micellar objects
with Dp 154-264 nm [72] much higher than those obtained with PEG-b-PHB-b-PEG linear
copolymers (64—86 nm) as assessed by SLS measurements [67]. Furthermore, the structure of
these self-assembled objects was then modified upon addition of a highly hydrophilic
derivative of B-cyclodextrin, namely heptakis(2,6-di-O-methyl)-p-cyclodextrin (DM-B-CD).
Nano-sized vesicles with diameters ranging from 200 to 500 nm were thus obtained due to
polymer/CD host/guest interactions [72]. The organization of the self-assembled systems was
thus modified by the cyclodextrin which induced other supramolecular interactions. This
study showed that the relationship between the polymer architecture and the resulting
nanostructure is not straightforward. All these results underlined the potential of these
copolymers as carriers for the co-delivery of both hydrophilic and hydrophobic drugs in
nanogel-like structures or in vesicles.

Figure 4.

As illustrated in this section, PEG is often used as hydrophilic block. However, the
weaknesses of PEG are not always addressed. Indeed, after exposure to PEG, the serum of
healthy blood donors was found to often contain anti-PEG immunoglobulins, thus showing
that PEG is not immunologically inert. In addition, the clearance times of PEGylated
compounds resulted in the accumulation in the liver of high molecular weight compounds,
with unidentified toxicological consequences over a long period of time [40].

3.1.2.2. Preparation methods and characteristics of PHB-based stimuli-responsive
micelles

The recent interest in stimuli-responsive polymers [162-164] and the unique properties
of micelles containing a PHB core promoted the development of PHB-based stimuli-

responsive drug carriers [57,165,166]. Indeed, thermo- or pH-responsive copolymers enable
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to tune the physico-chemical properties of the micelles and also to modify the drug release
profile [167-171].

Poly(N-isopropyl acrylamide) (PNIPAAM) (low critical solution temperature (LCST)
= 32-34 °C) [172,173], poly(propylene glycol) (PPG) (LCST = 15-45 °C) [80], and poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) (LCST = 50-52 °C) [174], are hydrophilic
polymers under their LCST and induce the collapse of their self-assemblies upon reaching
their LCST. Amphiphilic copolymers containing such hydrophilic blocks form micelles at
temperatures lower than the corresponding LCST, and induce the release of the drug when
increasing the temperature above the LCST due to the collapse of the micelles [172]. Li and
co-workers reported the formation of thermoresponsive micelles based on PNIPAAM-b-PHB-
b-PNIPAAM (Dn = 287-844 nm) dissolution in aqueous solutions at 25°C. The
hydrophobicity of the PNIPAAM segments increased with the temperature resulting in the
collapse of the corona, thus reducing the size of the micelles (Dn = 140-550 nm, DLS) and
their polydispersity above 35 °C (Figure 5) [70]. The CMC of these PNIPAAM-b-PHB-b-
PNIPAAM systems (CMC = 1.5-41.10° g.mL™) was lower than that of other PNIPAAM-
based copolymers such as PNIPAAM-b-PCL-b-PNIPAAM [175,176] (CMC = 1.5-5 g.mL™)
or PCL-b-PNIPAAM-b-PCL (CMC = 34-42.10% g.mL™) [177], thus supporting the
formation of enhanced systems in the case of the former PHB copolymers, thanks to the high
hydrophobicity of the PHB segment.

Figure 5.

In addition, the micellization process is entropy driven, thus making it strongly
dependent on the hydrophilic/hydrophobic balance of the copolymer [80,157]. Also, it is
generally admitted that the micellization process is favored by a high hydrophobic content as
it is mainly driven by hydrophobic interactions [178]. In this regard, Li and coworkers
reported that the micellization entropies of poly(PEG/PPG/PHB urethane) copolymers

became less positive with longer PHB blocks. The hydrophilic weight fraction (f) of the
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copolymer is a key parameter to tune the size, the structure and the morphology during the
formation of the particles, up to the dissociation of the self-assembled systems. Indeed, the
morphology of the gels obtained after the collapse of poly(PEG/PPG/PHB urethane)
copolymers-based micelles was found to depend on f. Thus, worm-like structures resulted
from copolymers exhibiting a PHB content of 2 and 5% (w/w), while copolymers with a PHB
content of 8.1% (w/w) led to lamellar structures, as assessed by AFM images. Finally, these
thermoresponsive copolymers formed slightly viscous micellar solutions in the temperature
range of 5-15 °C, and then gels with various morphologies at 20-50 °C, while the structures
collapsed at 50 °C [80].

Stimuli-responsive polymers constitute a smart strategy to deliver a molecule nearby
tumoral cells. For example, the close surrounding of tumoral cells is more acidic (pH = 6.5)
than that of blood (physiological pH = 7.4) due to the increased glucose uptake, the reduced
rate of oxidative phosphorylation, the poor blood supply and the decreased lymphatic
drainage [179]. Therefore, the use of pH-responsive copolymers is extremely attractive
[165,166,178,179]. Indeed, the decrease of the size of micelles in acidic medium enables the
transport of the drug at physiological pH, and subsequently its fast release in the close
proximity of tumoral cells, thereby protecting normal cells. pH- and thermoresponsive
micelles derived from PDMAEMA-b-PHB-b-PDMAEMA copolymers were prepared by the
solvent evaporation method [73]. These copolymers exhibited a LCST in the range of 29—
36 °C. A similar behavior was observed with micelles based on PNIPAAM-b-PHB-b-
PNIPAAM copolymers. Furthermore, the change of pH significantly modified the Dy of the
micelles. Indeed, at pH 7.4 and at 20 °C, two populations of particles with Dy of 10-20 nm
and aggregates with Dy of 500-600 nm were observed, while at pH 2 and 20 °C the size of the
second population’s objects was decreased down to 100-200 nm. Due to the
thermoresponsive behavior of the copolymer, an increase of the temperature up to 40 °C at pH
7 resulted in a single population with a Dy of 700 nm as assessed by DLS [73]. It appeared
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that the large size (> 200 nm) of the micelles in physiological conditions made them non-ideal

drug carriers for systemic injections.

3.1.2.3. Preparation methods and characteristics of micelles derived from other PHB-

based copolymers

Other hydrophilic blocks have been associated with PHB. Thus, PHB centered
poly(ethyl ethylene phosphate) (PEEP) triblock copolymers, PEEP-b-PHB-b-PEEP, were
used to form by dialysis, micelles with Dy ranging from 30 to 70 nm as determined by TEM
analysis [82]. The CMC (measured by pyrene fluorescence) of these systems (3.6-7.0.10°
g.mL™) [82] was lower than that of the PEG-b-PHB-b-PEG copolymers (1.3.10°-1.1.103
g.mL™) [64]. These results highlighted the fair potential of PHB-based triblock copolymers as
diversified self-assembled systems for drug delivery applications, thanks again to the high
hydrophobicity of the PHB block.

Besides PHB-based systems self-assembled into nanoparticles and micelles,
microparticles have also been considered for drug delivery applications as discussed in the

following section.
3.1.3. Preparation methods and characteristics of PHB-based microparticles

Microparticles are commonly defined as particle with diameter ranging from 1 to 1000
pm [180]. Therefore, their use is not recommended for systemic injection due to their too
large size, as discussed above. Nonetheless, microparticles remain useful for other parenteral
administrations [3]. PHB-based microparticles derived from random copolymers have thus
been used for drug delivery applications with the objective to enhance the bioavailability of
the drug, and to avoid the side effects due to the high cytotoxicity of active ingredients used in
anti-cancer therapies (Table 2).

Microparticles were formed from the same polymers as the ones used for the

elaboration of nanoparticles, yet upon changing some parameters during the formation of the
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self-assembled systems. Indeed, both microparticles and nanoparticles based on P(HB-co-CL)
were prepared by the solvent evaporation method, simply upon changing the stirring method.
Nanoparticles with Dn around 500 nm were obtained by using a high stirring rate (24 000
rpm; with an Ultraturax), while larger microparticles of 2.5-3.0 um were recovered upon
stirring more slowly (500 rpm; with a magnetic stirrer), as evidenced by DLS [81].
Nanoparticles exhibited more negative Zeta potential values than larger particles, due to their
larger surface area and higher propensity to hydrolysis. The Zeta potential values are indeed
typically good indicators of the colloidal stability of a system. The choice and the
optimization of the formation of the particles are thus fundamental to get the desired particles
in terms of size, shape and porosity.

In addition, the chemical structure of the polymer plays a key role in the formation and
the structuration of the self-assembled systems. The use of P(HB-co-HV-co-CL) enabled the
formation of smaller particles (Dn 200-300 nm) than the ones formed with P(HB-co-CL) [81].
This resulted from the change of the crystalline nature of the copolymer. The HB/HV/CL
terpolymers were amorphous, while HB-enriched P(HB-co-CL) copolymers were highly
crystalline. Indeed, amorphous polymers generally lead to the formation of smaller particles
than crystalline copolymers, as the result of the higher mobility of the polymer chains during
the preparation of self-assembled systems.

Noteworthy, the microstructure (i.e., tacticity) of the copolymer highly impacts the
physico-chemical properties of the resulting self-assembled system, in particular the drug
release and degradation profile [181-183]. P(HB-co-HBR114) (with R = allyl or diOH, molar
ratio (%)) with tunable tacticity (atactic, syndiotactic or isotactic), were used to form, by
solvent precipitation or coprecipitation, L-Leuprolide-loaded microparticles with a Dy ranging
from 10 to 100 um, as assessed by SEM images [89]. The size of the particles were not
significantly affected by the functionalization of the polymer (i.e., allyl or diOH). The drug
loading efficiency (DLE) and the drug release profile were then highly dependent on the
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crystallinity and on the functionality of the copolymer, regardless of the formulation process,

as discussed in the section below.
3.1.4. Preparation methods and characteristics of PHB-based hydrogels

Hydrogels are three-dimensionally cross-linked hydrophilic polymer networks, which
can absorb and retain a considerable amount of water without dissolution. When the polymer
network is bearing functional groups, exposure of the hydrogels to some chemical,
biochemical, or physical stimuli induces changes in its swelling. This response of the
hydrogels is mainly governed and tuned by the hydrogel composition, the cross-linking type
(chemical or physical) and the degree of cross-linking. There are numerous applications of
hydrogels including in particular vehicles for drug delivery, scaffolds for tissue engineering,
actuators for optics and fluidics, and model extracellular matrices for biological studies [184-
190]. However, PHB-based hydrogels used as DDS remain quite rare in comparison to the
PHB-based nanoparticles, micelles or microparticles.

The reactive extrusion modification of an additive-free PHB (1400 kg.mol?, Bwm = 7)
in the melt state using a dicumyl peroxide/triallyl trimesate (DCP/TAM) afforded high
degrees of PHB branching and/or crosslinking depending on the amounts of DCP and TAM
[142]. Dynamic oscillatory rheological properties of TAM(PHB-b-DCP-b-PHB)s, as well as
extensional viscosities showed that with added amounts of DCP (0.2 and 0.3wt%) and TAM
(up to 1wt%), a gel fraction of up to 65wt% was obtained and the viscosity of PHB increased
by about two orders of magnitude from unmodified PHB to DCP/TAM-modified PHB, thus
suggesting that TAM was a very effective branching/crosslinking agent for PHB. PHB with
enhanced melt strength was thus produced for the first time. The crosslinking, resulting from
the incorporation of TAM, thus substantially improved the thermal stability. Indeed, the
TAM-modified samples exhibited a significant increase (> 15 °C) in the crystallization
temperature of PHB, thus supporting a nucleating effect, supplemented by a decrease of

crystal spherulite sizes, as observed by DSC and microscopy, respectively. Also, the solid-
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state storage modulus measured by dynamic mechanical thermal analysis (DMTA) was higher
(65%) in formulations featuring high gel contents, whereas the glass transition temperature
(Tg) of the cured formulations was slightly lower. No further studies from this modified PHB
have been reported so far.

Well-defined low molar mass (Mnsec = 4500 g.mol™, By = 1.07) amphiphilic triblock
copolymers reported by Li and co-workers, and featuring two relatively short (12, 24 or 30
repeating units) atactic PHB segments sandwiching a middle PEGeg block (PHB12,24,30-PEGes-
PHB122430) formed strong hydrogels with a-cyclodextrin (CD) molecules, the latter
preferentially covering the PEG segment [86,143]. X-Ray diffraction (XRD) measurements
indicated that the hydrogels based on PHB-PEG-PHB had less crystalline columnar o-CD,
thus leading to physical crosslinking. In comparison to hydrogels obtained from PEG of
similar molar mass, the hydrogels based on the triblock copolymer/a-CD also demonstrated
better elastic responses over the investigated frequency range. Indeed, the host-guest
interactions between the polymer and the macrocycle led to the formation of strong
supramolecular self-assembled structures. The hydrophobically associative nature of PHB-
PEG-PHB was shown to confer a high G’ value (10°-10° Pa) to the supramolecular hydrogels,
along with a high yield stress value (> 10? Pa) and a fast structural recovery after yielding, as
evidenced by CMC and DLS measurements. The hydrophobic interactions lead to the
formation of extended and strong hydrogel networks, similar to hydrogels formulated with
high molar mass PEG. However, no application was therein presented.

Li and coworkers have developed biodegradable thermogelling copolymers from
poly(ester ether urethane)s, namely poly(PHB/PPG/PEG urethane)s [80,144]. An increase of
the temperature of aqueous solutions of the copolymers from 4 to 80 °C induced a sol-gel-sol
transition (Figure 6). Also, aqueous solutions of the copolymers featured a very low critical
gelation concentration ranging from 2 to 5wt%. Based on these results, an associated micelle

packing mechanism was proposed for the sol-gel transition of the copolymer gels. Further
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insights into the thermogelling behavior of the aqueous polymer solutions by variable
temperature *H and *C NMR spectroscopy showed a broadening of the signals indicative of
the reduced motion of the polymer segments upon gelation. The formation of the gel was
proposed to result from the aggregation of micelle clusters, while a higher PHB content
increased the size of the micelle cluster. Cytotoxicity and cells attachment were next studied
(vide infra).

Figure 6.

Other thermoresponsive copolymers with various macromolecular architectures were
used to form original self-assembled systems as described by Guillaume, Loh and co-workers
[85]. Linear and star-shaped (poly([R]-3-hydroxybutyrate)-b-poly(N-isopropylacrylamide)-b-
[[poly(methyl ether  methacrylate)-g-poly(ethylene  glycol)]-co-[poly(methacrylate)-g-
poly(propylene glycol]] (PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA))-based
copolymers formed micellar solutions and gels, respectively. The mechanical properties of the
gels varied according to the number of arms of the copolymers (from two to four arms).
Copolymers with four arms exhibited interesting characteristics with high storage modulus
(up to 460 Pa). The formed supramolecular structures were then used as biocompatible DDS

of doxorubicin.

3.2. Encapsulation and drug release from PHB-based self-assembled systems

Drug delivery systems are developed to encapsulate an active pharmaceutical
ingredient (API) (a drug, a gene or a functional agent; yet these latter two are beyond the
scope of the present review), and to achieve its controlled release at the targeted site. Several
parameters such as drug loading content (DLC) and drug loading efficiency (DLE) indicate
the efficiency of the system to encapsulate a molecule. The drug release refers to how the
molecule is moved from the inner polymeric matrix to the outer surface and then to the
surrounding medium. These phenomena are mainly explained by a diffusion mechanism

through water-filled pores and through the polymeric matrix [3,131,191]. These mechanisms
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are governed by the Brownian motion of molecules and by the osmotic pressure gradient. In
addition, the surface erosion of the polymeric matrix induces a further porosity which can
promote the API release. Another kind of erosion called “bulk erosion” can result from the
large hydration of the polymer and generally leads to the hydrolysis of the polymeric matrix
and the dissolution of the self-assembled system [3,131,191]. Most often, a zero-order
Kinetics, that is a constant and continuous release of the drug at a defined concentration, is
targeted. Nevertheless, the undesirable burst effect corresponding to a fast and short release of
the drug is most commonly observed [3,131,191]. Classically, drug delivery profiles obtained
from polymeric self-assembled systems are divided in three phases: the first one
corresponding to the burst effect, is followed by a slow release explained by the slow drug
diffusion through water-filled pores and through the polymeric matrix, and finally by a third
phase with a fast release corresponding to the polymer matrix erosion [3,192]. In some
particular cases for which a pulsatile drug release is preferred, the burst release is voluntary
triggered [193,194]. To date, some strategies have been established to avoid the burst effect
such as the coating of particles or the homogenous repartition of the encapsulated API
[3,131]. The kinetic profile is then highly depending on the physico-chemical properties of the
self-assembled system. The encapsulation and drug release from PHB-based self-assembled
systems reported in the literature involve nanoparticles, micelles microparticles as well as gels

(Table 3).
3.2.1. Encapsulation and drug release from PHB-based nanoparticles

Nanoparticles based on PHB homopolymer have been used to encapsulate
hydrophobic drugs with excellent DLE due to the absence of hydrophilic group in the PHB
(hydrophobic) main chain. FOL-PHB conjugate-based nanoparticles encapsulated arsenic
trioxide used to target colon cancer with a DLE of ca. 94% [141]. The potential electrostatic
interactions between the electronegative oxygen of the ester carbonyl group of PHB repeating

units with the electropositive arsenic metal ion, and the hydrophobic interactions between
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PHB and arsenic trioxide, enabled to reach such a high DLE. Moreover, a typical sustained
release of the drug was observed mainly due to the drug diffusion and to the copolymer
erosion, as often observed. Indeed, 13% of arsenic trioxide was first released within 30 min
due to the “burst effect”, and then 40% was released in 48 h [141].

Several studies reported the encapsulation of fluorescent molecules such as
9-diethylamino-5-benzo[ a]phenoxazinone (Nile red), 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine perchlorate (Did Oil), calcein, or fluorescein isothiocyanate
labeled insulin into PHB-based copolymers, permitting visualization of the particles by

several imaging techniques after cells internalization[75-77,81,91].
3.2.2. Encapsulation and drug release from PHB-based micelles

Core-shell PHB-based micelles have been commonly used to encapsulate hydrophobic
molecules into their inner core. Several parameters such as the crystallinity of the core, the
partition equilibrium coefficient (K), the architecture of the copolymer and the surrounding

conditions determine the DLE of a molecule in a polymeric matrix.
3.2.2.1. Encapsulation and drug release from PHB/PEG-based micelles

Triblock copolymers formed core-shell micelles with different structures depending on
the macromolecular topology. Both PHB-b-PEG-b-PHB and the “reverse” PEG-b-PHB-b-
PEG based self-assembled systems successfully encapsulated hydrophobic molecules. Both
the DLE (14-61%) and DLC (1.4-6.7 mg.g}) of pyrene-encapsulated into micelles based on
PHB-b-PEG-b-PHB was increased with longer PHB blocks [65]. Micelles formed from the
“reverse” triblock structures (PEG-b-PHB-b-PEG) gave a DOX DLE of 64% [71]. Also, the
DLE of these latter self-assembled systems was reduced in the presence of added Pluronic due
to the higher crystallinity of the micelles core [79]. Indeed, as aforementioned, the
crystallinity of a polymer plays a key role for the encapsulation of a molecule. A high degree

of crystallinity of a low molar mass polymer decreases the ability to encapsulate a drug due to
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the poor mobility of the polymer chains which makes the incorporation of the drug more
difficult, as evidenced with PHB-b-PEG-b-PHB/pyrene [65,195]. Nevertheless, the
crystallinity has less impact on the DLE and the drug release rate when high molar mass
polymers with a high porosity are used [195]. Therefore, one major drawback of naturally
produced isotactic PHB is its too high crystallinity.

3.2.2.2. Encapsulation and drug release from other PHB-based micelles

As aforementioned, the DLE of a polymeric system is strongly dependent on the
partition equilibrium coefficient (K) of the encapsulated molecule. Hydrophobic molecules
such as pyrene are well-encapsulated by PHB-based copolymers thanks to the high
hydrophobicity of the PHB segment(s). The K values of pyrene in the aqueous PNIPAAM-b-
PHB-b-PNIPAAM micelles-based solution (1.64-20.42.10°, inversely correlated to f = 41—
96%) [80] were higher than the ones of PNIPAAM-b-PCL-b-PNIPAAM micelles-based
solution (3.1.10*-2.46.10°, inversely correlated to f = 65-86%) [196], thus highlighting the
higher hydrophobicity of PHB compared to PCL. The K values thus obviously increased with
the length of the hydrophobic block.

In addition, DLE and drug release rate also depend on the surrounding conditions.
Indeed, the hydrophobicity of the copolymers is tuned by modulating the pH. Micelles based
on PDMAEMA-b-PHB-b-PDMAEMA (DLE: 31-38%) released DOX much faster at pH 5
than at pH 7, as the result of the decrease of the size of the micelles and of a larger surface
area exposed to the buffer. In addition, the thermoresponsive behavior of the copolymer
impacted the drug release rate. Indeed, a prolonged release of DOX was observed during 20
days at pH 7 and at 20 °C, while decreasing down to 13 days at pH 7 and 40 °C. Interestingly,
the decrease of the temperature from 37 °C to 20 °C reversely slowed down the release rate.
(Figure 7) [73].

Figure 7.
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Noteworthy, micelles based on PDMAEMA-b-PHB-b-PDMAEMA were not
destroyed above the copolymer LCST as opposed to PNIPAAM-based micelles (PNIPAAM-
b-PCL-b-PNIPAAM and PNIPAAM-b-PMMA)[177,197], thus making these former
methacrylate triblock copolymers valuable as double stimuli-responsive DDSs.

Other triblock copolymers such as PEEP-b-PHB-b-PEEP were used to encapsulate
Paclitaxel (DLE = 1-46%) as a hydrophobic drug model. Up to 70% of the loaded drug was
released in 25 d. In addition, the DLE decreased upon lowering the hydrophilic weight

fraction because the stability of the self-assembled system was reduced [82].
3.2.3. Encapsulation and drug release from PHB-based microparticles

Microparticles are used to encapsulate either hydrophilic or hydrophobic molecules
depending on the physico-chemical characteristics of the copolymer used and of the
formulation method. Pignatello, Ballistreri and co-workers reported the encapsulation of
calcein, an hydrophilic molecule, by P(HB-co-CL)-based microparticles with a DLE of 100%.
On the contrary, the encapsulation of a hydrophobic molecule such as 1-(2,5-dimethyl-4-(2,5-
dimethylphenyl) phenyldiazenyl) azonapthalen-2-ol (Oil Red O) probe gave lower DLE. The
highest Oil Red O-DLE (up to 57%) was obtained for the copolymer exhibiting the highest
content of HB. This was suggested to arise from the possible formation of lipophilic
microdomains resulting from the presence of numerous HB units in the polymer chains. It
thus appeared that P(HB-co-CL) copolymer was more appropriate to encapsulate hydrophilic
molecules. The prolonged release of calcein at 37 °C was preceded by a burst phase due to the
high adsorption of the drug on the hydrophilic outer layer of the particle, while the release
profile of Oil Red O displayed a linear release kinetic during 72 h without any burst effect.
Assessing the adsorption of the hydrophilic probe on the particle outer layer by Zeta potential
measurements, revealed that the negative surface charge increased after the encapsulation of
calcein (from 20 to —27 mV), while it remained constant after the encapsulation of Oil Red O

[81].
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The synthesis of PHB from the ROP of B-butyrolactone associated with the precise
control of its microstructure, clearly illustrated the effect of the crystallinity on DLE and drug
release rate. Indeed, P(HB-co-HB¥™'115) based microparticles with various tacticities were
used for the encapsulation and the prolonged release of L-Leuprolide. While atactic PHB-
based microparticles released more than 80% of encapsulated L-Leuprolide in 3 d, only 3%
were released within 2 d followed by a regular slow release recorded up to 20 d with isotactic
PHB-based microparticles. The slow release observed with highly crystalline PHB-based
microparticles was rationalized by the better stability of the microparticles and the potential
formation of hetero-stereocomplexes between the isotactic PHB and L-Leuprolide [89]. The
functionality of the copolymer also significantly affected the release of L-Leuprolide. P(HB-
co-HBYOH,14:) showed a faster and more linear release profile without reaching a plateau; this
was explained by the more hydrophilic character of the copolymer compared to the allyl
functionalized one.

In summary, different molecules with various hydrophilic/lipophilic balances were
successfully encapsulated by PHB-based self-assembled systems. The DLE and the release
rate were imparted by the polymer chemical structure, crystallinity and surrounding

conditions.
3.3.  Targeting approaches associated with PHB-based self-assembled systems

The circulation time of a drug carrier in the organism is increased by the control of
different parameters such as the size, shape, surface charge, flexibility of the particle and the
chemical composition of the polymeric matrix [198-200]. The effect of the chemical
functionality(ies) available at the surface of the particles on their half-life has also been
widely studied during the past few years [198,200]. Most commonly, PEG-based amphiphilic
block copolymers have been used to increase the in-vivo circulation time of the drug carrier.

Indeed, PEG helps to prevent the adhesion at the surface of the particles of the opsonins
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through steric and hydration effects [192]. Although PEGylation generally increases the size
of nanoparticles which in turn can induce a higher phagocytic activity, a longer circulatory
retention time and a lower uptake by the liver and the reticulo-endothelial system (RES), are
commonly reported [200]. This PEG-based approach significantly improved the therapeutic
approaches since other conventional carriers (i.e., first generation non-PEG nanovectors
without any targeting agent) are eliminated too rapidly by the RES (within seconds or
minutes) after intravenous injection [201-203].

More recently, the conjugation of a targeting ligand to the polymeric carrier has been
reported as a more efficient strategy to enhance the bioavailability of the API, and to reduce
the severe side effects due to the high toxicity of APl combined with the lack of selectivity
[200]. However, examples of conjugated PHB-based vectors remain nowadays very limited.
Ligands such as the single-chain variable fragment antibody A33scFv specific to colon
cancer, or the green fluorescence protein (GFP) useful for imaging, were covalently bonded to
PHB during the enzymatic synthesis of the polymer [75]. The uptake of A33scFv-GFP-PHB-
based nanoparticles by colon cancer cells took place through specific interactions between the
anti-body and the A33 antigen. Such an approach remains however limited because the
identification of a precise targeted receptor is not always obvious.

Another approach consisted in the conjugation to the polymer of a molecule involved
in DNA synthesis such as folates (FOLs); FOLs are required in high quantity by dividing
cells. For example, 90% of ovarian carcinomas over-express FOL receptors [204]. Binod and
co-workers reported the formation of nanoparticles based on FOL-PHB conjugate for the
targeting of fibrosarcoma L929 cells. These nanoparticles were rapidly internalized by
carcinoma cells as “nano-Trojan horses” and the cytotoxicity towards targeted cells was
significantly increased compared to non-functionalized nanoparticles, as assessed by

fluorescence microscopy imaging [141].
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An alternative method consists in using a specific peptide to produce protein-polymer
hybrid particles. Proteins do form a layer at the surface of particles facilitating stabilization of
the self-assembled systems. For example, nanoparticles based on RGD4C-PHB conjugates
revealed efficient regarding MDA-MB 231 human breast cancer cells as assessed by the
monitoring of cells’ adhesion and cells’ uptake by fluorescence imaging [76]. Moreover,
some substrates like bile salts (DOCA) facilitated the cellular uptake by disrupting the tight
junctions. Kulkarni and Aminabhavi and co-workers reported the rapid cellular uptake of
nanoparticles based on DOCA-PHB-b-PEG conjugate by HT-29 human colon cells.
Monitoring the cellular uptake by fluorescence microscopy showed the highest fluorescence
rate after 3h of incubation [77]. However, internalization of non-conjugated PHB-b-PEG-
based nanoparticles by HT-29 human colon cell line was not reported, thus making difficult to

clearly evidence the benefit of DOCA grafting.
3.4. In-vitro and in-vivo effects of PHB-based self-assembled systems

Prior to any drug delivery application, the in-vitro and in-vivo biocompatibility of
synthetic PHB-based systems such as nanoparticles, micelles, microparticles and gels must be
evaluated.

3.4.1. In-vitro biocompatibility of PHB-based self-assembled systems

Despite the inherent biocompatibility of PHB, chemical modification of natural PHB
into PHB conjugates or PHB copolymers, and the chemical synthesis of PHB copolymers,
may affect the organization of cells through different known phenomena, such as interactions
with the phospholipid bilayers during the internalization, interactions with proteins during
their assembling process, or also interactions with DNA [205]. For these reasons, numerous
tests such as in particular the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays, have been carried out on several cell lines in order to evaluate the in-vitro

cytotoxicity. Most often, the viability of cells incubated with the polymeric self-assembled
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system is reduced, thus reflecting either mild or acute cytotoxicity. The half maximal
inhibitory concentration (ICso) which corresponds to the concentration at which 50% of the
incubated cells are killed, is often determined.

Generally, PHB homopolymers associated with a surfactant approved by the U.S.
Food and Drug Administration (FDA) induce a very mild cytotoxicity. Indeed, PHB
nanoparticles stabilized with PVA reduced the cell viability of HEK293T cells by less than
1% as assessed by MTT assays. Also, the encapsulation of arsenic trioxide as well as the
grafting of FOL induced an inhibition of cell viability up to 4% and 10%, respectively [141].
These higher cytotoxicities were most likely induced by the grafting of the targeting agent and
by the encapsulation of a cytotoxic drug, respectively.

An important consideration in assessing cell viability is that the comparison of the 1Cso
values remains difficult as these are strongly dependent on the nature of the investigated cell
lines. Indeed, several cell lines such as human and murine fibroblasts, human mesenchymal
stem cells, rabbit bone marrow cells, human osteogenic sarcoma cells, human epithelial cells,
and human endothelial cells, are all suitable models for in-vitro tests such as the cell viability
measurements and the cellular uptake of nano- or micro-drug carriers [205]. The cytotoxicity
of most particles based on PHB copolymers evaluated by MTT assays on various cell lines,
often showed a lower induced cytotoxicity as assessed by the high 1Cso values compared with
values commonly reported for polymeric nanoparticles (50-500 pg.mL™) [205,206]. Indeed,
the ICso of nanoparticles based on PEEP-b-PEG-b-PEEP evaluated on HEK293 cells were
higher than 1 mg.mL"* [82]. It was also reported that PNIPAAM-b-PHB-b-PNIPAAM based
micelles did not induced a significant cytotoxicity on L929 cells in the concentration range of
2-500 mg.mL™! [70].

Likewise, the cytotoxicity of amphiphilic PMLA-b-PHB copolymers was evaluated by
MTT assays on SK-MEL-28 melanoma cells and HepaRG hepatoma cells [91]. The ICso was
determined as 175 pg.mL™?, thus indicating a mild cytotoxicity in the range of ICso values of
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polymeric nanoparticles just mentioned above (50-500 pg.mL™?) [205,206]. Interestingly, the
levels of DNA replication and apoptosis were evaluated on proliferating HepaRG cells,
respectively (Figure 8). These results revealed that the proliferation rate of cells was
decreased as the incorporation of bromodesoxyuridine (BrdU), a labeled nucleoside involved
in cells proliferation, was slightly decreased, thus indicative of a cytostatic effect.
Nevertheless, no death of cells was induced as the caspase activity remained equal to that of
the negative control [91].

Figure 8.

The cytotoxicity is impacted by the physical state of the self-assembled system. It is
thus essential to verify that any change made on stimuli-responsive polymers does not induce
any cytotoxicity. Interestingly, poly(PEG/PPG/PHB urethane)s did not induce any significant
cytotoxicity on L929 fibroblast mouse cells in the range of 3-100 pug.mL™ despite the change
of state from solution to gels above 12.5 mg.mL?, as evaluated by MTT assays [80]. The I1Cso
of particles based on PDMAEMA-b-PHB-b-PDMAEMA was found to depend on the
temperature and the pH conditions. The ICso was decreased from 27 to 17 pg.mL*? by
decreasing the temperature from 37 to 20 °C. The I1Cso was also modified by the surrounding
as the pH conditioned the DOX release rate.

Interestingly, spheroids are 3-D cell cultures that are efficient models providing drug
accumulation and diffusion mechanisms transposable to solid tumors [71,207-210]. These
model cells were used to evaluate the cytotoxicity and the efficiency of PEG-b-PHB-b-PEG
micelles as DDSs. The penetration of DOX in these cells was enhanced by the self-assembled
systems. Indeed, the penetration of DOX in the core of the 3-D-spheroids was observed
within 30 min, while, in the same period of time, the free drug was only able to penetrate the
first outer layers, as assessed by fluorescence measurements. Moreover, it was reported that
free DOX mixed with drug-free micelles had the same behavior as DOX alone, thus evincing

the real necessity to encapsulate the drug during the formulation process for a better
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efficiency (Figure 9) [71]. The cytotoxicity of DOX loaded micelles was next determined
through the ICso (24 pg.mL™?) evaluated by MTT assays. Furthermore, the growth inhibition
tests evidenced that both free DOX and loaded micelles significantly inhibited the spheroids’
growth during a week. Nevertheless, the growth of non-treated cells and of cells incubated
with non-loaded micelles remained constant, thus suggesting that the cytotoxic effect was
mainly due to DOX. This inhibition of cells’ growth resulted from induced apoptosis as
evidenced by Annexin V apoptosis assays [71].

insert Fig 9.

Cytotoxicity studies performed on the poly(PHB/PEG/PPG urethane) copolymer or on
extracts of the copolymer gel, using the mouse fibroblast L929 cells and MTT assays,
indicated a good cell biocompatibility [80,144]. A significantly better cell attachment was
observed on the surface of the gel as compared to that on the commercially available PEG-
PPG-PEG triblock copolymer. The new materials were thought to be promising candidates for
injectable drug systems which could be formulated at low temperatures and formed a gel
depot in-situ upon subcutaneous injection, or for tissue engineering applications or 3-D cell

culture.
3.4.2. In-vivo efficiency of PHB-based self-assembled systems

Although cells constitute an efficient tool to assess the toxicity of PHB-based drug
carriers, it remains difficult to mimic all events related to cells signaling, cells communication
and tissues communication, the way they naturally occur in-vivo. Therefore, it is more
interesting to evaluate the biocompatibility and the drug carrier efficiency by using in-vivo
models.

The efficiency of PEG-b-PHB-b-PEG micelles as DDSs was assessed in-vivo on a
SiHa xenograft tumor model in mice. DOX loaded micelles ([DOX]Jo = 6 and 9 mg.kg?)

slowed the growth of tumoral cells during the observation period, while free DOX
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immediately inhibited the proliferation of cells, thus highlighting the prolonged release of
loaded micelles (Figure 10). In addition, the concentration of DOX in the blood of mice
treated with drug loaded micelles was significantly higher than that of mice treated with free
DOX. For example, DOX was detected beyond 4 hr with the use of such DOX loaded
miscelles, whereas the half-life of free DOX in the blood of mice is commonly around 10 min
[211]. Remarkably, the size of the tumor was also significantly reduced without any adverse
effects on the treated mice [71].

Figure 10.

The formulation from PEG-b-PHB-b-PEG copolymers mixed with Pluronic enabled
the formation of relatively rigid filamentous micelles which reduced the clearance rate and
increased the tumor targeting. The accumulation of the mixed micelles in the tumor of the
treated mice was evidenced by fluorescence imaging [79].

The biocompatibility of PHB-based carriers is quite often evaluated in-vitro and in-
vivo during a moderate time. However, it is also important to evaluate the biocompatibility
and the behavior of a polymeric self-assembled system during its complete degradation, as

discussed in the following section.
3.5. Biodegradation of PHB-based self-assembled systems

PHB is a fully biocompatible and biodegradable polymer which degradation product,
3-hydroxybutyric acid, is a normal constituent of blood within concentrations ranging from
0.3 to 1.3 mM [212]. Nevertheless, PHB is not always combined with fully biodegradable
moieties; indeed, many polymers cited here, including PEEP, PNIPAAM, PDMAEMA or
PEG are not biodegradable. In reported studies, the length of these latter hydrophilic blocks
were purposely restricted to M, < 20 000 g.mol™ to facilitate easy excretion of the final

fragments [70,84], although the renal elimination of PEG blocks was reported with a molar
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mass up to 30 000 g.mol™ [63,213]. In fact, the literature only reports very scarce data on the
biodegradation of synthetic PHB-based drug carriers, as discussed thereafter.

Different degradation pathways of PHB segments can occur; these include in
particular hydrolysis or biodegradation by enzymes such as the PHB depolymerize or the
more common esterase [209,214]. Most often, the PHB biodegradation requires the
contribution of some crystalline phase to induce the enzymatic hydrolysis, a phenomenon
known as the crystalline-induced biodegradation [214]. However, Yu and co-workers reported
that the biodegradation of fully amorphous PHB in core-shell micelles based on PHB-b-PEG-
b-PHB was possible by PHB depolymerase and by esterase from porcine liver [68].

The degradation of synthetic PHB-based self-assembled systems was monitored by
different complementary methods such as NMR and fluorescence spectroscopies, pH, and
SLS. Yet, SLS analysis of only the nanoparticles remaining after degradation does not For
example the direct monitoring of the degradation.

Hydroxybutyrate (HB) oligomers, monomer (dominant), dimer and trimer, are formed
during the degradation process of PHB-b-PEG-b-PHB by PHB depolymerase, as evidenced
by NMR spectroscopy analyses [65]. Noteworthy, HB monomer was the major degradation
product while HB trimer was formed in the lowest amount. Moreover, after degradation by
esterase, only HB monomer and dimer were identified as the major and minor degradation
products, respectively, as evidenced by *H NMR analyses [68]. These results suggested that
the degradation behavior was dependent on the enzyme used.

The degradation kinetic profile is monitored through the release of a fluorescent
molecule featuring characteristic bands corresponding to the encapsulated and non-
encapsulated molecule, respectively. Thus, the intensity of the band corresponding to the
pyrene entrapped in a hydrophobic domain has a wavelength of A 336.6 nm, while the band at
A 333.1 nm is the distinctive peak of free pyrene in water. The relative ratio of I(336.6)t/1336)0

then enables to follow its release and the degradation of the polymeric matrix as well. Thus,
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the degradation of nanoparticles based on PHB-b-PEG-b-PHB into HB oligomers of PHB,
increased with the PHB depolymerase concentration and decreased with the concentration of
the nanoparticles, as monitored by the pyrene fluorescence [65,66,68]. These phenomena
were rationalized by the available contact surface area relatively to the amount of enzyme.
Moreover, the degradation rate depended also on the PHB block length (Figure 11). The
initial degradation rate values increased with the PHB block length as the available surface
area was increased. Regardless of the nanoparticle and enzyme concentrations, a plateau was
reached due to the loss of the enzyme efficiency (itself resulting from the pH decrease during
the PHB degradation), resulting in the incomplete degradation of the PHB segment [65].

The biodegradation of PHB-based nanoparticles depend on several parameters such as
the concentration of the nanoparticles, the enzyme concentration, the PHB size, and the
surrounding conditions. The degradation of PHB was also correlated with a decrease of the
pH due to the release of hydroxybutyric acid units as followed by pH measurements (Figure
11).

Figure 11.
4. Concluding remarks and outlooks

The use of PHB within DDSs has been widely studied during the past few decades.
This polyester presents valuable properties in terms of biocompatibility and biodegradability.
Indeed, its degradation product, 3-hydroxybutyric acid, is physiologically present in human
organisms and PHB-based self-assembled systems often reveal no acute cytotoxicity.

Historically, PHB has been naturally produced by various bacteria under different
growth conditions. Despite its remarkable characteristics, the use of microbial PHB
homopolymer remains limited due to its high hydrophobicity and crystallinity. These features
induce a poor compatibility of PHB with therapeutic agents and a limited encapsulation
efficiency. In addition, the lack of control of the drug release rate makes these natural PHB

homopolymer-based materials unsuitable for drug delivery applications.
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Therefore, synthetic PHB, i.e., either chemically modified microbial PHB, or PHB
chemically synthesized by ROP of BL, led to the development of highly promising DDSs
over the past few years. Indeed, the grafting of molecules of interest into PHB-drug
conjugates, the synthesis of PHB by controlled ROP of BL, and the synthesis of amphiphilic
copolymers, aimed to tune the physico-chemical properties of these self-assembled systems
from the control of the hydrophilic/hydrophobic balance and of the microstructure of the
(co)polymer. These recent advances led to the emergence of bespoke self-assembled systems
for drug delivery applications. Such PHB-based self-assemblies demonstrated their potential
through enhanced water solubility, very low CMC values and high colloidal stability in
aqueous medium.

This review presents a comprehensive state-of-the-art view on synthetic PHB-based
DDSs. Accounts on the various suitable routes for the chemical modification of PHB into
amphiphilic (co)polymers have been addressed. This includes the grafting and the
copolymerization carried out from naturally produced PHB, as well as the synthesis through
ROP, with precise control of the PHB microstructure. However, the prodrug route certainly
remains nowadays under-explored with PHB in comparison to other polyester-drug
conjugates, and the elaboration of PHB-based nanoparticulate systems flanked with a
targeting moiety certainly deserves much attention and efforts to achieve the desired site-
specific delivery and to enhance the biodistribution in the cellular compartments. Besides, the
ROP approach has benefited from investigations on the catalytic systems used for the
polymerization and on the fine-tuning of the polymer stereochemistry. Progress in this field
are still on-going and future developments on B-butyrolactone ring-opening
(co)polymerization will also certainly contribute to improve the design of fine-tuned PHB-
based copolymer platforms. Therefore, other biocompatible and biodegradable hydrophilic
polymers ought to be investigated for original biocompatible and biodegradable PHB-based

nanoparticulate systems to unveil innovative performant DDS.
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The physico-chemical characteristics of these synthetic PHB-based self-assembled
systems are explored from nanoscale to macroscale. The different methods implemented for
the preparation of nano-objects, from solvent evaporation, direct dissolution in water,
nanoprecipitation through emulsion-solvent evaporation or dialysis, including the possible use
of a surfactant, have shown to significantly impact their morphology, size, and stability.
Remarkably, the use of PHB as hydrophobic segments reduced the CMC values of the
copolymers compared to the analogous ones containing PLA or PLGA as hydrophobic
segment. Highly stable self-assembled systems were thus formed in diluted conditions.
Moreover, the CMC of the PHB-based triblock copolymers were found to be non-
temperature-sensitive, while triblock copolymers consisting of PLA or PGA as central
hydrophobic block are usually thermosensitive. The self-assembly tendency of PHB segment
is really strong and independent on temperature changes. The few targeting approaches
developed on PHB-based DDSs in order to provide efficient vectors against various cancers
cells, are quite relevant. Indeed, the grafting of a peptide such as RGD4C or the grafting of
folate on the polymer chain-end led to the development of self-assembled systems with
enhanced accumulation in tumoral cells as demonstrated in-vivo. Results reported so far
evidence this targeting approach as a promising, although challenging, route. Finally, the
degradation behavior and the biological efficiencies of these DDS are demonstrated in-vitro
and/or in-vivo in terms of ICso values and of their response to various stimuli (pH,
temperature). However, a limited number of PHB-based self-assembled systems have been
investigated in-vitro and/or in-vivo, and these studies should be more extensively carried out.
The in-vivo efficiency of nanovector toward cancer cells is often a limiting factor despite the
promising in-vitro results. Therefore, efforts should be focused on the transition from in-vitro
to in-vivo. Although it is encouraging to see that the development of chemically modified
PHB-based self-assemblies affords new perspectives for the improvement of the physico-
chemical properties of drug delivery carriers, their clinical use is still quite far, yet reasonably
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foreseeable. Whereas there are, to the best of our knowledge, five PHA (co)polymers
currently under medical investigation (PHB — namely poly(3-hydroxybutyrate) —, poly(4-
hydroxybutyrate) (P4HB), P(3HB-co-4HB), PHBV and poly(3-hydroxyoctanoate-co-3-
hydroxyhexanoate), only PAHB-based materials have been approved by the FDA for clinical
applications as TephaFLEX®-based surgical materials (absorbable monofilament suture and
mesh). One major advancement towards clinical trials based on PHB-based biomaterials
would most likely be triggered by the FDA approval of PHB.

Given these advances from the past few decades of research, engineered nano-scaled

PHB-based materials are thus prone to emerge as a valuable platform for original DDSs.
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Figures and Schemes captions

Fig 1. (a) DLS and (b) field emission-scanning electron microscopy analyses of native PHB
nanoparticles versus surface functionalized hybrid PHB nanoparticles using RGD4C fused
PHA synthase. Scale bar is 100 nm. [76], Copyright 2011. Reproduced with permission from

Elsevier Ltd.

Fig 2. Plots of the 1337/1334 ratio of the pyrene excitation spectra in water as a function of the
copolymer concentration at different temperatures for PEGsooo-b-PHBz3goo-b-PEGs000. [64].
Copyright 2016. Reproduced with permission from American Chemical Society.

Fig 3. Cryo-TEM images of (A) PEG-b-PPG-b-PEG micelles, (B) PEG-b-PPG-b-PEG/PF-
127 (7:3, wiw) micelles, and (C) PF-127 micelles. Micelles were equilibrated at 37 °C before
flash-freezing in liquid ethane. Scale bar in inset of panel C is 20 nm. [79], Copyright 2016.

Reproduced with permission from American Chemical Society.

Fig 4. Schematic representation of (a) the self-assembly and TEM image of adamantyl-PHB-
b-sPEG (10-3.1) micelles (scale bar = 100 nm); (b) the self-assembly of adamantyl-PHB-b-
SPEG/DM-B-CD complexes and TEM of adamantyl-PHB-b-SPEG (Mnprec =10 000, MnpHg =
3100g.molt)/DM-B-CD aggregate (scale bar = 0.5 mm). [72], Copyright 2016. Reproduced

with permission from Royal Society of Chemistry.

Fig 5. (a) Proposed thermoresponsive behavior of PNIPAAM-b-PHB-b-PNIPAAM triblock
copolymers; (b) TEM micrographs of the PNIPAAM:oz00-b-PHB1460-b-PNIPAAM:0300
micelles prepared at 25 and 35 °C; (c) Particle size distribution of PNIPAAM20300-b-PHB1460-
b-PNIPAAM0300 micelles (solution concentration = 50 mg.L™ at 25 and 35 °C) measured by
DLS; (d) Schematic relation between the proposed structure of the micelle aggregates and the
TEM-observed structures. [70], Copyright 2008. Reproduced with permission from American

Chemical Society.
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Fig 6. (a) Graphics showing the gel transition of poly(PHB/PEG/PPG urethane)s
(Poly(PEG/PPG/PHB urethane)s are denoted EPH, E for PEG, P for PPG and H for PHB;
EPH2: 5wt% in H20) with increasing temperature. The transition from a clear sol to a gel and
further to a turbid sol is observed in the graphics. (b) Sol-gel phase diagrams of
poly(PHB/PEG/PPG urethane)s in aqueous solutions in comparison with EG100PGesEG100
triblock copolymer (A, EPH1; m, EH2; €, EPH3; x, EPH5; %, EG100PGesEG100). [80],

Copyright 2009. Reproduced with permission from American Chemical Society.

Fig 7. Effect of the temperature on the drug release profile of micelles based on PDMAEMA-
b-PHB-b-PDMAEMA, showing (a) a continuous uninterrupted drug release at 20 and 37 °C,
and (b) the effect of a temperature change midway of the drug release experiment. [73],

Copyright 2013. Reproduced with permission from Royal Society of Chemistry.

Fig 8. DNA replication measured by the BrdU incorporation in HepaRG proliferating cells
(left charts) and apoptosis level evaluated via the caspase 3 activity (right charts) in HepaRG
progenitor cells incubated with nanoparticles based on PMLAgoo-b-PHB7300 and PMLA3300-b-
PHBa100. Statistical analyses: *, p < 0.05 (p, p-value); **, p < 0.01. [91], Copyright 2015.

Reproduced with permission from Royal Society of Chemistry.

Fig 9. Penetration of DOX and micelle-encapsulated DOX in SiHa multicellular spheroids:
(a) DOX fluorescence in representative sections from SiHa MCS treated for 30 min with
unloaded micelles, free DOX, physical mixtures of free DOX with unloaded micelles, and
DOX-loaded micelles; (b) Quantification of mean fluorescence intensity normalized by area.
(* indicates a statistically significant difference from free DOX using the student’s t-test, p <
0.05, respectively, number of experiments = 10-25); (c) Penetration distance of DOX from
spheroid periphery; (d) Representative fluorescence images of sections from untreated SiHa
MCS and MCS treated with fluorescein-labeled micelles for 30 min. [71], Copyright 2010.

Reproduced with permission from Elsevier.
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Fig 10. Evaluation of in-vivo antitumor activity of free DOX and DOX-loaded PEG-b-PHB-b-
PEG micelles: (a) Tumor reduction study in SiHa xenograft mice after single intratumoral
injection of 5% glucose, empty micelle, free DOX and DOX-micelle (dose: 5 mg.kg™);
(b) Growth inhibition of subcutaneous SiHa tumors induced by multiple intravenous
injections of 5% glucose, empty micelles, free DOX, DOX-loaded micelle (6 mg.kg™tor 9
mg.kg? for each dose); (c) Body weights of treated mice; (d) Fluorescence intensity of DOX
in blood plasma at 4 h post-injection of free DOX and DOX-loaded micelles (dose: 5 mg.kg?,
intra-venous single injection) (* and ** indicate a statistically significant difference from
empty PEG-b-PHB-b-PEG micelle and free DOX, respectively, using the student’s t-test, p <
0.05, number of experiment = 3-5). [71], Copyright 2010. Reproduced with permission from

Elsevier.

Fig 11. Relative I@zsse)/l@3seo fluorescence ratio and pH values as a function of the
biodegradation time for PHBgo-b-PEGg1-b-PHBgo, Where Y presents lszs6 and pH values, and
the subscripts “‘0’’, “‘t>” and ““N’’ represent the time t = 0, t = t and t = end, respectively.
Initial degradation rate (Vo) as a function of time is presented in the inset. [65], Copyright

2006. Reproduced with permission from Elsevier.

Scheme 1. Two-step synthesis of o,®-diDOCA telechelic PHB-b-PEG copolymer [77].
Scheme 2. Three-step synthesis of PEG-b-PHB-b-PEG copolymer from microbial PHB [78].
Scheme 3. Two-step synthesis of fluorescein-conjugated PEG-b-PHB-b-PEG copolymer [71].

Scheme 4. Three-step synthesis of Alexa Fluor 488-conjugated PEG-b-PHB-b-PEG

copolymer [79].
Scheme 5. Synthesis of poly(PEG/PPG/PHB urethane) random copolymer [80].

Scheme 6. ROP of EEP using PHB diol as macroinitiator for the synthesis of PEEP-b-PHB-b-

PEEP copolymer [82].
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Scheme 7. a) Synthesis of PHB-diBr macroinitiator; b) synthesis of PNIPAAM-b-PHB-b-
PNIPAAM copolymer by the ATRP of NIPAAM using PHB-diBr as macroinitiator [70,83];
c) synthesis of PDMAEMA-b-PHB-b-PDMAEMA copolymer by the ATRP of NIPAAM

using PHB-diBr as macroinitiator [73,84].
Scheme 8. Synthesis of multi-arm PHB-b-PNIPAAM-b-(PPEGMEMA-co-PPPGMA) [85].
Scheme 9. Three-step synthesis of adamantyl-PHB-b-sPEG conjugate [72].

Scheme 10. ROP of rac-BL using PEG diol as macroinitiator for the synthesis of PHB-b-

PEG-b-PHB copolymer [65,66].

Scheme 11. ROP of rac-BL using a anionic PEG macroinitiator for the synthesis of PHB-b-

PEG-b-PHB copolymer [86].
Scheme 12. Synthesis peptide dendrimer-PHB-b-PEG-b-PHB conjugate [87].

Scheme 13. Synthesis of PHB-co-PHBA™ and PHB-co-PHBY®H with different tacticities

[88,89].

Scheme 14. Synthesis of PHB-b-PMLA amphiphilic copolymer [91].
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Table 1. Characteristics of PHB-based copolymers prepared from synthetic routes.

Molar mass
O|\1I:,1tur<’:l| PHB (co)polymer (q. mol™) PHB Thermal
PHB (co)polymer Synthet Mn; Dwm g ot content | Properties Ref.
. .mol@! er Wit °C
icpup | (@ ) PHB segment (wt%) | (°C)
2.1. Chemically modified bacterial PHB-based (co)polymers
2.1.1. Bacterial PHB homopolymers chemically modified into PHB-conjugates
AG-PHB nat - - - - - [75]
RGD4C-PHB nat - - - - - [76]
2.1.2. Chemically modified bacterial PHB/PEG-based copolymers
DOCA-PHB-b-PEG-DOCA nat - - 4000 - - [77]
PHB-co-PEG nat _5600_9900 (SEC): 3500-5000 750-5000 41-87 |- [69]
4500-13400 (SEC s
PEG-b-PHB-b-PEG nat 500-5500 1800-4750 7-59 Tm =54, 147 64,67,78
PEG); 1.04-1.21 " [ ]
PEG-b-PHB-b-PEG nat 121;00 (SEC vs PEG); 2500 4900 51 i [71]
Fluorescein-PEG-b-PHB-b-PEG nat - - - - - [71]
1 E PEG);
PEG-b-PHB-b-PEG nat 132300 (SEC vs PEG); 2300 4900 48 - [79]
Alexa Fluor 488-PEG-b-PHB-b-PEG nat - - - - - [79]
42 500-50 600 (SEC vs PEG : 1900
oly(PEG/PPG/PHB urethane nat 1100 2-8 - 80
poly( ) PEG): 1.37-1.56 PPG : 2200 [80]
2.1.3. Other chemically modified bacterial PHB-based copolymers
PHB-co-PCL nat 4600-25 900 (SEC vs PS); | 400 000(Mw) | 120 000(Mw) |28-81 |- [81]
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1.31-1.72
13600-17 300 (SEC vs | PHBV
PHBV-co-PCL nat 120 000(M 33-36 |- 81
PS); 1.35-1.56 177 000(Mw) (M) ol
_ 1 :
PEEP-b-PHB-b-PEEP nat i44070_2123600 (H NMR); 900-4050 1200-5800 19-62 |- [82]
PNIPAAM-b-PHB-b-PNIPAAM nat i80090__13;0700 (SECVSPS) 1 1700 1000-18 000 |5-45 |- [70,83]
N 1 .
PDMAEMA-b-PHB-b-PDMAEMA nat i22030 1235000 (H NMR); 2100 1600-11 000 |9-41 - [73,84]
Tm=  35-38,
PHB-b-PNIPAAM-b-(PPEGMEMA- 17 300-26 300 (SEC s 135-150
t - - - 85
c0-PPPGMA) na PMMA) 1400-2500 14 800-24 900 | 6-11 Ta= 255-325, [85]
325-445
2.2. PHB-based copolymers prepared from ROP of B-butyrolactone
2.2.1. PHB/PEG-based copolymers from ROP of BL
_ il .
adamantyl-PHB-b-sPEG synth iogggg 4316 800 (H NMRY); 1600-3100 9500-19900 | 34-64 |- [72]
— ! : Tg=-43,-24
PHB-b-PEG-b-PHB synth 5300-67400 ("H NMR); 650-31 700 | 4000 25-94 ’ [65,66]
- Tm = 35,60
PHB-b-PEG-b-PHB synth ‘1150070 (SEC vs PEG); 860 1800 19 i [86]
. : 1000-4900 (SEC vs PS); Ty =-26,-24
Peptide dendrimer-PHB-b-PEG-b-PHB | synth 1.48.2.26 200-2200 600 40-88 To = 60, 150 [87]
2.2.2. PHB/PHA-based copolymers from ROP of BL
9200-61 100 (SEC vs PS); Tg=-10
e Allyl _ _
PHB-co-PHB synth 124162 89 T, =113 [88,89]
PHB-co-PHB®°H synth 11 200-69 600 (SEC wvs |- - 89 Tg=-2 [88,89]
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PS); 1.28-1.76 Tm = 130
PHB-b-PMLABe synth 2?1060__11'28800 CH NMR): | 1200 7300 | 170017300 | 973 Ty=2, 38 [90,91]
PHB-b-PMLA synth ?100 ~10200 CHNMR): 11700 7300 | 800-8500 17-90 | Ty=-6,+19 | [91]
PMLAEe-h-PHB-b-PMLAE® synth i.33000__11.z11 1500 CHNMR): | 1100 6500 | 400-5200 16-75 | Ty=1,26 [92]
PMLA-b-PHB-b-PMLA synth | 2800-7100 (HNMR); 1100-6600 | 200-2600 17-86 |- [92]
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Table 2. Preparation methods and characteristics of PHB-based self-assembled systems.

. Size
(Co)polymer Self-assembled Preparation method Surfactant Ref.
systems (Dh)
3.1.1. PHB-based nanoparticles
3.1.1.1. Nanoparticles derived from PHB homopolymers
. Polymerization and
AG-PHB Nanoparticles . S - 70-550 nm [75]
nanoparticle formation in-situ
FOL-PHB Nanoparticles Modified  double —emulsion- | o, 44-1132nm | [141]
solvent evaporation
. Oil-in-water emulsion-solvent
RGD4C-PHB Nanoparticles . - 209-255 nm | [76]
evaporation
3.1.1.2. Nanoparticles derived from PHB-based copolymers
PHB-b-PMLA Nanoparticles Nanoprecipitation - 17-180 nm [91]
P(HB-co-CL) Nanoparticles Solvent evpaoration Tween 80 <500 [81]
P(HB-co-HV-co-CL) Nanoparticles Solvent evpaoration Tween 80 200-300 nm | [81]
DOCA-PHB-PEG Nanoparticles Diffusion and solvent Tween 80 10 nm [77]

evaporation

3.1.2. PHB-based micelles

3.1.2.1. PHB/PEG-based micelles
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PHB-co-PEG Micelles - - 61-109 [69]
PEG-b-PHB-b-PEG Micelles Direct dissolution in water - 27-48 nm [64]
PEG-b-PHB-b-PEG Micelles Direct dissolution in water - 64-86 nm [67]
PEG-b-PHB-b-PEG Micelles Solvent evaporation - 37 nm [71]
PEG-b-PHB-b-PEG Filamentous micelles | Solvent evaporation PF-127 5nm [79]
. Precipitation-solvent
PHB-b-PEG-b-PHB Micelles . - 73-89 nm [68]
evaporation (ultrasound)
. Precipitation-solvent
PHB-b-PEG-b-PHB Micelles . - 20-127 nm [65]
evaporation (ultrasound)
. Precipitation-solvent
PHB-b-PEG-b-PHB Micelles . - 20-130 nm [66]
evaporation (ultrasound)
adamantyl-PHB-b-sPEG Micelles Dialysis - 154-264 nm | [72]
adamantyl-PHB-b-sPEG/DM-BLICD | Vesicles Dialysis - 200-500 nm | [72]
3.1.2.2. PHB-based stimuli-responsive micelles
PNIPAAM-b-PHB-b-PNIPAAM Micelles Dissolution in water 140-844 nm | [70]
Poly(PEG/PPG/PHB urethane)s Micelles Solubilization - not reported | [80]
. . 10-20 nm,
PDMAEMA-b-PHB-b-PDMAEMA | Micelles Solvent evaporation - [73]
aggregates

3.1.2.3. Micelles derived from other PHB-based copolymers
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PEEP-b-PHB-b-PEEP Micelles Dialysis - 30-70 nm [82]

3.1.3. PHB-based microparticles

P(HB-co-CL) Microparticles Solvent evaporation Tween 80 2.5-3um [81]

P(HB-co-HB¥Y Coprecipitation

_ Microparticles PVA 10-100 pm [89]

P(HB-co-HBY M) Solvent evaporation

3.1.4. PHB-based hydrogels
Reactive extrusion

TAM(PHB-b-DCP-b-PHB)3 Hydrogels odification of PHB - - [142]
Vortexing and ultrasonicating

PHB-b-PEG-b-PHB/B-CD Hydrogels the bulk copolymer in a|- - [143]
saturated a-CD solution

poly(PHB/PPG/PEG urethane) Hydrogels Reversible so_l-gel transition in | _ - [144]
aqueous solution

PHB-b-PNIPAAM-b-(PPEGMEMA- Hydrogels Direct dissolution in aqueous | ) [85]

co-PPPGMA)

solution
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Table 3. Characteristics of encapsulation and drug release from PHB-based self-assembled systems.

DLC Drug release

PHB (co)polymer Encapsulated Application Ref.

molecule DLE kinetic profile

3.2.1. PHB-based nanoparticles

PHB homopolymer nanoparticles

AG-PHB Nile red - - Colon cancer [75]
40 mg.gt

FOL-PHB Arsenic trioxide Burst_ release and then Colon cancer [141]
94% sustained release

RGD4C-PHB Nile Red - - Breast cancer [76]

PHB copolymers nanoparticles

PHB-b-PMLA Did oil - - Cancer [91]

Burst effect (20%

ca. 1% i i

P(HB-co-HV-co-CL) Calcein released in 15 m'.n ) and Drug carriers [81]
< 20% 100% released in ca.

3.5d

ca. 1% Linear release Kinetic

P(HB-co-HV-co-CL) Oil Red O preceded by a lag time | Drug carriers [81]
< 20% of 6-8h

DOCA-PHB-b-PEG FITC-Inulin - - Colon cancer [77]

3.2.2. PHB-based micelles
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3.2.2.1. PHB/PEG-based micelles

- Cancer therapy

PEG-b-PHB-b-PEG DOX 30% released in4 d [71]
64% (Xenograft tumor)
1.4-6.7mg.g*

PHB-b-PEG-b-PHB Pyrene Second » order [65]
14-61% exponential decay
not reported Burst effect followed

PHB-co-PEG Griseofulvin by sunstained release | Drug delivery [69]
14-67% during 48 h

3.2.2.2. Other PHB-based micelles

PNIPAAM-b-PHB-b-PNIPAAM pyrene i ; Chemotherapeutics [70]

applications

- 13d,pH 7,37 °C i

PDMAEMA-b-PHB-b-PDMAEMA | DOX Chemotherapeutics [73]
31-38% >20d, pH 7, 20 °C applications
0.01-5%

PEEP-b-PHB-b-PEEP Paclitaxel 70% released 25 d Drug delivery [82]
1-46%

3.2.3. PHB-based microparticles
2-9%

P(HB-co-CL) Calcein Burst eff_e ct followed Drug carriers [81]
100% by a sustained release

P(HB-co-CL) Oil Red O 1-6% No  burst  effect, | pryg carriers [81]

sustained release
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10-57% highly depending on
the polymer molar
mass and crystallinity
P(HB-co-HB*™) - Rel
_ L-Leuprolide elease de_pendent on Drug delivery [89]
P(HB-co-HB{°H) 94% the PHB microstrcuture
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