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Abstract

Polyphosphoesters (PPEs) are a class of (bio)degradable polymers with high chemical versatility and
functionality. In particular, water-soluble PPEs with the phosphoester group in the polymer backbone are
currently discussed as a potential alternative to poly(ethylene glycol) (PEG). Ring-opening polymerization of
typically 5-membered cyclic phosphoesters gives straightforward access to various well-defined PPEs.
Several PPE candidates have proven their biocompatibility in vitro in terms of cytocompatibility, antifouling
properties, “stealth effect”, degradability (hydrolytic and enzymatic), and some promising in vivo results in
drug delivery vehicles. The possibility to control the properties with the appropriate tuning of the lateral
chain makes PPEs especially appealing. This review summarizes recent developments of such PPEs for
biomedical applications, e.g. in protein-polymer conjugates, hydrogels for tissue engineering, or
nanocarriers for drug and gene delivery. We summarize the progress made over the years, highlighting the
strengths and the shortcomings of PPEs for these applications to date. We critically evaluate the current
state of the art, try to assess their potential and to predict future perspectives, shedding light on the

pathway that needs to be followed to translate into clinics.
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Abbreviations:

Al(O'Bu)s: aluminium triisobutanoate

Al(O'Pr)3: aluminium triisopropanoate

AROP: Anionic Ring-Opening Polymerization

ATP: adenosine triphosphate

ATRP: Atom Transfer Radical Polymerization

BHT: 2,6-Di-tert-butyl-4-methylphenol

BSA: Bovine Serum Albumin

CMC: critic micelle concentration

CPT: camptothecin

DBU: 1,8-diazabicyclo[5.4.0]Jundec-7-ene

DFT: Density-Functional Theroy

DNA deoxyribonucleic acid

DOX: doroxubicin

ECDL: 1-[3'(dimethylamino)propyl]-3-ethylcarbodiimide methiodide
EDDA: 2,2'-(ethylenedioxy)bis(ethylamine)
ESI-MS: Electron Spray lonization-Mass Spectrometry
FDA: Food and Drug Administration

GPC: Gel Permeation Chromatography

HES: hydroxy ethyl starch

HMPA: poly(N-(2-hydroxypropyl)methacrylamide)
HPPE: hyperbranched polyphosphoester

IgM: immunoglobulin M

My: myoglobin

NADH: nicotinamide adenine nucleotide

n-DSC: nano-Differential Scanning Calorimetry
n-DSF: nano-Differential Scanning Fluorimetry
NMR: Nuclear Magnetic Resonance

NPs: nanoparticles

P(EEP-co-EMEP): poly(ethyl ethylene-co-ethyl 2-methylehtylene phosphate)
PAEP: poly(allyl ethylene phosphate)

PBEP: poly(3-butenyl ethylene phosphate)



PBS: phosphate buffered saline

PBUEP: poly(butyl ethylene phosphonate)

PBYP: poly(3-butynyl ethylene phosphonate)

PCEP: poly{[(cholesteryl oxocarbonylamidoethyl) methyl bis(ethylene) ammonium iodide] ethyl phosphate}
PCL: poly(e-caprolactone)

PDMAEMA: poly[2-(dimethylamino)ethyl methacrylate]

PDS: poly(disulfide)

PEBP: poly(2-ethylbutyl ethylene phosphonate)

PEEP: poly(ethyl ethylene phosphate)

PEG: poly(ethylene glycol)

PEI: poly(ethylene ammine)

PEMEP: poly(ethyl 1-methylethylene phosphate)

PEOMP: in-chain poly(ethyl (S)-methylethylene phopshoramidate)
PEP: poly(ethylene phosphate)

PEtEP: poly(ethyl ethylene phosphonate)

PG: poly(glycerol)

PGA: poly(glutamic acid)

PHMEP: poly(ethylene H-phoshponate)

P'PrEP: poly(isopropyl ethylene phosphonate)

PLGA: poly(lactic-co-glycolic) acid

PLL: poly(L-lysine)

PLLA: poly(L-lactic acid)

PMeEP: poly(methyl ethylene phosphonate)

PMEP: poly(methyl ethylene phosphate)

PMMA: poly(methyl methacrylate)

PMOEPA: poly(2-metoxyethyl ethylene phosphoramidate)
Poly(CL-co-OPEA): poly(e-caprolactone-co-[2-(2-ox0-1,3,2-dioxaphospholoyloxy) ethyl acrylate]
POxs: poly(2-oxazoline)s

PPAs: polyphosphoramidates

PPE3: poly(2-hydroxyethyl propylene phosphate)

PPE-EA: poly(2-aminoethyl propylene phosphate)

PPE-EA-Boc: poly(2-(N-tertbutoxycarbonylamino propylene phosphate)
PPE-HA: Poly(6-aminohexyl propylene phosphate)

PPEI: poly(ethylene phosphate) ionomer

PPE-MEA: poly(N-methyl-2-aminoethyl propylene phosphate)



PPEs: polyphosphoesters

PPLs: phospholipids

PS: polystyrene

PTX: paclitaxel

PVP: poly(vinylpyrrolidone)

RNA: ribonucleic acid

ROP: Ring-Opening Polymerization

SANS: Small Angle Neutron Scattering Spectroscopy

SC: succinimidyl carbonate

SnOct; : tin octanoate

TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene

TFPC: 7,8-dihydro-5,10,15,20-tetrakis(pentafluorophenyl)-21H,23H-porphine
Tris-Urea: 1,1',1"-(nitrilotris(ethane-2,1-diyl))tris(3-(3,5-bis(trifluoro-methyl)phenyl)urea)

TU: 1-1-[3,5-bis(trifluoromethyl)phenyl]- 3-cyclohexyl-2-thiourea

1. Introduction

This review summarizes the application of PPEs in biomedical applications and compares the data to well-

known PEG-based analogs.



Main-chain PPEs - PPAs are polymers based on phosphoric or phosphonic acid derivatives (esters and

amides). A variety of chemical modifications around the central phosphorus gives access to polymers with
different properties and chemical functionality. The most common classification varies the linking chemistry
in the lateral chain, defining the subclasses of polyphosphates, poly(alkylene H-phosphonate)s, PPAs, and
polyphosphonates, with respectively an -OR, an -H, an -NR; (or -NHR), and an -R group as the lateral group
(Scheme 1). Besides the side chain, also the linkages in the main chain allow control over materials
properties, especially backbone-hydrolysis, as in the case of in-chain polyphosphoramidates [9] or —
diamidates [10] and in-chain polyphosphonates [11] (Scheme 1). More recently, also polythionophosphates
(Scheme 1) have been reported, in which formally the P=0 bond is replaced by the more hydrophobic P=S-
moiety, inducing an additional handle on polymer properties, e.g. oxidative lability [12]. To date, these are

the known members of the family, however, further structural modifications are possible.

Pentavalent

o '/\ phosphorous 7
11

P. R
I\O/ \01/
tho’of

I
Fu’\x'R"Yf
OR

R = alkyl,aryl Polyphosphonates X=N;Y,Z=0 In-chain poly(phosphoramidate)s

R =Q0R" Polyphosphates X,Y=N;Z=0 In-chain poly(phosphorodiamidate)s
R=H Poly(alkylene H-phoshonate)s ~ X = CHy; Y,Z =0 In-chain poly(phosphonate)s

R = NR"R"(or NHR") Poly(phosphoramidate)s X,Y=0;Z=8 Polythionophosphates

Scheme 1: Overview of the subclasses of PPEs reported to date.

Most PPEs are hydrophobic and prepared by classical polycondensation chemistry. However, pioneering
works of Penczek and co-workers in the 1970s on the ring-opening polymerization of cyclic P-containing
monomers paved the way for a broad family of hydrophilic (and hydrophobic) PPEs [13-15]. The chemical
diversity is the major strength of the PPE-chemistry: the presence of the pentavalent phosphorus in the

backbone allows the synthesis of polymers with a broad scope of functional groups in the side chain or

(6]



main chain, which allows controlling properties such as biocompatibility, hydrophilicity, degradability,
crystallinity, thermal stability, etc.. The side chain could contain additional functional groups, that open the
possibility to post-modification reactions, widely employed to prepare various kinds of co- and graft-
polymers or to stimuli-responsive materials [16]. From a literature analysis [17], we could estimate more
than 100 different PPE homopolymers synthesised to date by different strategies (e.g. polycondensation,
polyaddition, ROP, metathesis), and the number of structures available rapidly increases if we consider all
the post-modification reactions performed. The high variability of the structure represents one of the most
competitive advantages of PPEs respect to the PEG and most of the other potential substitutes, however, it
also makes the right choice difficult. The abundance of phosphorus-containing compounds in nature makes
PPEs promising materials, as they are expected to show high compatibility with biological systems and low
toxicity. Besides, with accurate miming of biological scaffolds, the polymers are expected to be
biodegradable and producing non-toxic degradation products. The selection of the lateral chain substituent
could also be useful for the tuning of the polymer degradability [18]. All these features render PPEs a
promising platform for degradable and biocompatible materials for biomedicine. To date, they have not
been reached clinical trials, because a systematic and comprehensive evaluation in vitro and in vivo still
needs to be completed for some promising candidates. Figure 1 shows a timeline for the most important

developments made concerning the features and applications of main-chain water-soluble PPEs.
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In this review, we will focus on the competitive advantages given by the use of main-chain, water-soluble
PPEs in biomedical applications, presenting the progress made through the years and the recent
discoveries. Previous review articles about PPEs covered the synthesis, properties, and applications [4,19—

23].In 2017, our group published a comprehensive overview of PPEs history and synthesis [17]. The current

article updates the former review but - on biomedical applications, _

The review is divided into four sections: after a short motivation for PPEs as promising PEG alternatives, we
will summarize the synthetic procedures and features of water-soluble PPEs, mainly prepared via ring-
opening polymerization, including some very recent developments in the field. Later, we critically evaluate
two fundamental properties for biomedical applications: biocompatibility and biodegradability and how
these factors have been studied for PPEs in vivo and/or in vitro. In the last section, we report on selected

examples relying on water-soluble PPEs for biomedical applications, in particular in protein-polymer

conjugates (“PPEylation”), PREsbased hydrogels, and PPEs for driigand gene deliveryl

2. PPEs as an alternative for PEG

an additive in'paints due to'its antifouling properties [24]. Moreover,it is the most common water-soluble

polymer in the conjugation field, ofter referred to as the “gold standard” [25—27]. Covalent attachment of
PEG chains to proteins, peptides, nanocarriers, oligonucleotides, or other kinds of molecules is called
“PEGylation” and it is widely used in the biomedical field. Today, 15 PEGylated pharmaceuticals have been
approved by both the U.S. Food and Drug Administration Agency and the European Medicines Agency, and
used for therapeutic purposes, while 36 PEGylated drugs, dendrimers, proteins, aptamers, or PEG-
containing copolymers forming NPs are currently in clinical trials (Data from the U.S. Food and Drug

Administration Agency and the European Medicines Agency websites) [26].

Despite their current use, PEGylated drugs have raised some concerns in the last 10 years, due to the
observation of unexpected drawbacks. Long-term treatments with PEGylated drugs (required for the
treatment of chronic diseases) could lead to polymer accumulation in the body, causing unwanted side
effects [25]. Immunogenicity problems, hypersensitivity responses after the treatment and the formation
of anti-PEG IgM antibodies have been reported, leading to an accelerated polymer clearance from the
bloodstream [28-33]. Moreover, PEG has been shown to trigger complement activation pathway in the

body, which can bring anaphylactic reaction in sensitive patients [34]. The chemical structure of PEG brings



additional disadvantages, such as low biodegradability _, while it can be degraded in

sewage-plants by certain microorganisms [35]. Besides, oxidative main-chain degradation can occur,

leading to the formation of toxic compounds (e.g. 1,4-dioxane or formaldehyde) [25].
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(PG, POxs, HMPA, PVP, PGA, and PPEs; R and R’ groups represent various (mostly) aliphatic residues).
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Table 1 and 2: Comparison between PEG and promising potential alternatives: water-soluble PPEs,

HMPA, POxs, and PG.
*Data from U.S. Food and Drug Administration Agency and European Medicines Agency websites; referred to drug-
polymer conjugates of nanocarriers where the candidate is the whole polymer or a co-polymer moiety. **In-chain post
modification reactions, beyond the end-chain functionalization, possible for all the polymers.***Experiments made
prevalently in vitro. **** No candidates are in a trial at the moment but some candidates have been subjected to

discontinued clinical trials in the past years.

OTHER
STRENGTHS DRAWBACKS
CONSIDERATIONS

- Chemically versatile: possible to add

different groups in the lateral chain (tuning

of properties, allowing post-modification - In vivo studies show - This class of polymers is
reactions or NPs cross-linking, multiple promising results but are still still young in the field;
PPEs linking with drugs); not enough to express a therefore, it is still under
- Stealth effect, biocompatible, general evaluation. evaluation.

biodegradable in vitro;

- Controlled synthesis.

- No chemically versatile;
- Enhanced pharmacokinetics of PEGylated
- Issues related to assessed - Itis the gold standard
drugs in the body;
PEG long term non- (15 candidates currently
- Biocompatible and stealth effect;
biodegradability, in use, 36 in trials).
- Cheap and controlled synthesis.
hypersensitivity reactions, and




antibody formation.

- Behaviour comparable to PEG in terms of
- In-chain post-polymerization
pharmacokinetics in the blood; - 1 candidate in a clinical
POxs reactions not allowed;
- Biocompatible; trial.
- Non-biodegradable.
- Cheap and controlled synthesis.

- Enhanced pharmacokinetics of the - No chemically versatile;
- 5 candidates in clinical
PGA candidates in vivo; - Complement activation in I
trials.
- Biodegradable. the body.
- Non-biodegradable; - Some candidates are
- Enhanced pharmacokinetics of the
- Some candidates have shown subjected to
PHMPA candidates in vivo;
marginal efficiency in clinical discontinued clinical
- Biocompatible.
trials. trials.

The differences in the chemistry, e.g. choice of linkages in the main- or side-chains lead to very different
intrinsic properties, leading to different strengths and drawbacks for each material. In this context, we
believe that PPEs find their place as very promising to substitute PEG and others, but also, as PPEs are one
of the most recent materials in the field, a long way will be ahead; it was not even reported in the reviews
that describe the possible alternative to PEG published before 2016 [25,40,41]. The chemical versatility in
combination with degradability differentiates PPEs from the other candidates listed in Scheme 2, Tables 1

and 2, and opens new possibilities toward personalized medicine and drug-delivery.

3. Synthesis of water-soluble PPEs

PPEs can be synthesized by polycondensation, transesterification, ring-opening polymerization, olefin
metathesis, and some other strategies [17]. For water-soluble PPEs, mainly the AROP is used (Scheme 3)
because of the high control over molar masses, dispersity, and chemical functionalization (either of the side

chain or the chain termini).

Herein, we will define the polymers using the most used nomenclature: i) poly(alkyl alkylene phosphate)s
for polyphosphates with the alkylene-group in the main chain (mostly ethylene-bridge) and the alkyl
substituent present as an alkoxy group in the lateral chain; ii) poly(alkyl alkylene phosphonate)s for
polyphosphonates defined with the same criteria (but in this case, the lateral alkyl-chain is directly linked to
the phosphorus by a P-C-linkage); iii) poly(alkyl alkylene phosphoramidate)s to define PPAs with the same

criteria (but in this case the lateral alkyl-chain is connected to phosphorus atom by a P-N-bond). In addition,
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if polymers with the P-C or P-N bonds in the main-chain are mentioned, they will be called explicitly "in-
chain polyphosphonates” or “in-chain PPAs” (in such cases, the substituent in the lateral chain is connected

by a P-O bond). Other polymers are named individually, if necessary.

R
" O\ O
R\/OH n
o R
+ P. _R. O-
R i R N

/- R R n+1 n+1
o._ 0 + Cat-H*

R0

1. Initiation 2. Propagation 3. Termination

Scheme 3: AROP of cyclic phosphate monomers towards main-chain PPEs (R=alkyl, or O-alkyl; Cat.= catalyst,

cf. Scheme 4; E'= electrophilic termination reagent).

Ring-opening polymerization is a chain-growth technique, used for the synthesis of various classes of
polymers, e.g. polyesters, polyamides, poly(ester amide)s, polyphosphoesters, which often allows the
preparation of well-defined polymers with a low molar mass dispersity [42]. Besides cationic or metal-

catalyzed ROP, the anionic ROP (AROP) is the most used technique to polymerize cyclic P-containing

monomers (mainly five-membered cyclic phosphates). _
_ One drawback of the AROP procedure is its high sensitivity to

moisture and other nucleophiles, therefore the monomer needs to be carefully purified and dried to
achieve control during the polymerization. The monomer purification itself is a delicate step, due to its high
sensitivity to traces of water or other protic species that can easily open the ring, therefore high-vacuum
distillation and subsequent dry storage are required. When stored properly, most cyclic phosphoester
monomers are stable for at least several months. Most cyclic phosphate and phosphonate monomers that
have been reported to date, react immediately with water, due to the high-ring strain of the five-
membered ring. The only monomer that had been reported to withstand the hydrolysis with water for at

least several hours is the phostone (see Table 3, line 2), recently reported by Bauer et al. [11].

The AROP of cyclic phosphoesters is initiated by a hydroxyl group of the initiator, which undergoes a
nucleophilic attack at the phosphorus atom of the strained monomer. The use of different kinds of

initiators has been reported in the literature, as aliphatic alcohols, benzylic alcohols (useful for the

11



determination of the polymer’s absolute molar mass by NMR spectroscopy [43]), macroinitiators (for the
formation of block copolymers [44—47]), or an anticancer drug (e.g. CPT [48] or PTX [49]). The last choice is
an innovative pathway that led to the formation of nanoparticles for anticancer therapy, where the drug

can be at the same time encapsulated and covalently linked.

Several catalysts have been employed for the ROP of cyclic phosphoester monomers. Initially,
organometallic compounds (in particular AI(O'Pr)s [50] or Sn(Oct), [44]) were used, in analogy with the
polymerization of lactones to polyesters (Scheme 4). In 2010, lwasaki reported the first organocatalyzed
AROP using DBU or TBD (Scheme 4) for the synthesis of _ [51]. In 2012,
Clément et al. reported the combined use of the catalyst DBU and the co-catalyst TU to prepare PPEs with

lower molar mass dispersity. They also hypothesized the mechanism of action for the three catalysts: -

_ The intermediates during AROP were recently studied in detail

by Ninfant’ev and co-workers utilizing DFT calculations [53—-55]. They were able to reveal that in the TBD-

catalyzed polymerization of MEP, the transesterification reaction is energetically non-favourable and that
the low-energy pathway for the catalyst action involves a “donor-acceptor” mechanism. Beyond the AROP
(that nowadays is the polymerization strategy commonly used for the synthesis of PPEs for biomedical
applications), new trends in ROP involve the use of catalysts such as N-heterocyclic carbenes [56] or
heteroleptic BHT alkoxy magnesium complexes [57,58] (Scheme 4). Table 3 summarizes the monomers that

to date have been polymerized to form water-soluble main-chain PPEs.
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Scheme 4: Catalysts used in AROP polymerization of main-chain water-soluble PPEs and the new generation

of catalysts for PPE polymerization.

Table 3: Monomers that homopolymerize with ROP mechanism to form water-soluble main-chain PPEs.

31p NMR & 3P NMR &
Monomer Catalyst Polymer X Reference
(ppm)* (ppm)
(4S)-2-ethoxy-4-methyl-
1,3,2-oxazaphospho- 26.0-25.2 TBD PEOMP 10 [9]
lidine 2-oxide
2-ethoxy-1,2- TBD, DBU/TU,
In-chain
oxaphospholane 2-oxide 49.3 or DBU/Tris- 35 [11]
polyphosphonate
(phostone) urea
2-ethoxy-2-oxo-1,3,2- SnOct,, TBD,
16.8 PEEP -1 [43,44,59]
dioxaphospholane DBU
PHMEP (and PPE- 7.2 (and
4-Methyl-2-oxo-2-hydro- ‘
7.6 Al(O'Bu)s EA, PPE-MEA, respectivel | [50,60,61]
1,3,2-dioxaphospholane
PPE-HAY) y2,-4,-1)
2-methoxy-2-oxo-1,3,2- Al(O'Pr)s, BHT
17.6-16.8 PMEP 0.4 [57,62]
dioxaphospholane complex, TBD
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2-methyl-20x0-1,3,2-

48.8 DBU PMeEP 32 [63]
dioxaphospholane
2-ethyl-20x0-1,3,2-
52.5 DBU PEtEP 35 [64]
dioxaphospholane
2-isopropyl-20x0-1,3,2- ‘
55.0 TBD P'PrEP 36.1 [64]
dioxaphospholane
2-allyloxy-20x0-1,3,2-
17.6 DBU/TU PAEP -1.4 [65]
dioxaphospholane
N-Methoxyethyl PMOEPA (and 10 (and
25.8 TBD [66]
phospholane amidate PPEIY) 1.01)
2-Ethoxy-4-methyl-2-oxo-
15.7/15.8 TBD PEMEP -1.2/-3.5 [67]
1,3,2-dioxaphospholane
2-(N-tert-
butoxycarbonylamino) Not PPE-EA-Boc (and Not
SnOct, (68]
ethoxy-2-oxo-1,3,2- reported PPE-EA®) reported

dioxaphospholane

a: 3P NMR of the monomer; b: 3'P NMR of the polymer; c: Obtained after chlorination and proper nucleophilic

substitution; d: Obtained after hydrolysis of PMOEPA; e: Obtained after deprotection of the lateral chain.

Biomedical applications often require the development of a multi-functional polymeric structure to achieve

their objectives [69]. For example, the formation of micelles or NPs in the aqueous environment requires

polymer amphiphilicity, often achieved by the synthesis of block copolymers. PEEP is one of the most

exploited in this area, being the hydrophilic part of copolymers with a wide range of hydrophobic polymers

(e.g. PEG [70], PCL [44,45,71-73], PDS [46], PBYP [48]). Besides, post-modification reactions are also widely

used to introduce new functionalities in the polymers. For example, the introduction of a triple bond and

the subsequent click reaction is the key for the polymer covalent conjugation to drugs [48,74,75], to other

polymers [76], or to change the nanoparticles surface charge [76—79]. More details about the PPEs

structures developed for biomedical applications and their biological implications are reported in the

dedicated section (see below).
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4. Properties of water-soluble PPEs

4.1 Enzymatic and hydrolytic degradation

The degradation of polymers is an important property that strongly affects their applicability, in particular
in the biomedical field [80]. Following the IUPAC definition, polymer degradation is a chemical change that
leads to an alteration of its properties linked to a decrease of the molar mass. The process is called bio-

degradation, when the breakdown of the substance is initiated by enzymes, in vitro or in vivo [81,82].

Degradability is desirable for every polymer that wants to be used as a protein-modifier, drug, or gene
carrier, in the treatment of diseases. The gradual breaking of its structure is necessary to avoid
complications related to the long-term presence of foreign material in the body, due to its accumulation.
The tuning of the degradation rate lies in the thin line between the desired functionality of the polymer and
its necessary clearance from the body, therefore it represents an important challenge in the design of new

polymeric structures for biomedical applications [83].

PPEs present promising properties in this field, as they permit to control the degradation rate with an

accurate choice of the substituent in the lateral chain.

Mechanisms of hydrolysis

Important investigations on kinetics and mechanism of PPEs degradation were performed by Penczek and
Baran in 1995 [18]. They studied the hydrolysis of PMEP and bis(2-methoxy ethyl) methyl phosphate by
NMR spectroscopy and titration, evaluating the degradation rate constants of the main chain (km) or the
side chain (ks) at different pH values (Scheme 5). The studies revealed that in acidic conditions, the
hydrolysis of the lateral chain proceeded faster compared to the main chain (ks/km>1), while under basic
conditions the lateral or main chain was cleaved statistically. The authors explained these results by the
occurrence of different degradation mechanisms: under acidic conditions, the a-carbon atom is attacked by
a nucleophilic water molecule, therefore the attack at the side chain is favoured by less steric hindrance.
Under basic conditions, OH" attacks the phosphorus center and induces the formation of a trigonal
bipyramidal geometry, in which the axial position (that can be occupied by either the lateral or the main-
chain substituent) is preferentially broken (Scheme 6). Moreover, the similarities found between PMEP and
bis(2-methoxy ethyl) methyl phosphate, led them to the assumption that the polymer degradation rate is

comparable to small molecules.
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Scheme 5: Definition of hydrolysis rate constants ks and kn, for PMEP and bis(2-methoxy ethyl) methyl
phosphate.

More recently, our group studied the hydrolytic degradation of PMEP and PEEP in detail [84]. We
performed a comparative analysis by 3'P, *H, and 3P DOSY NMR (Figure 2a, 2b), supported by additional
GPC analyses and DFT calculations, from which they hypothesized a different predominant mechanism for
the hydrolysis of PPEs in basic conditions, namely a backbiting degradation (reported in Table 2 and Scheme
6). The formation of a five-membered cyclic intermediate from the terminal OH-group with the preferential
cleavage of the main chain was observed for PEEP and PMEP. The mechanism was corroborated by the
observation of a drastic reduction in the degradation kinetics when the OH-chain end was blocked by a

stable urethane linkage (Figure 2c).
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Figure 2: a) The overlay of several *H NMR spectra for PEEP, recorded at different degradation times. b) The

degradation profiles of PEEP and PMEP at pH 11 derived from *H NMR spectra. c) Chemical structures of

PEEP and b/PEEP, with respectively a terminal hydroxyl or a urethane functionality, and the respective

degradation profiles derived from 3P NMR spectra. Reproduced from: Mechanistic study on the hydrolytic

degradation of polyphosphates, K.N. Bauer, L. Liu, M. Wagner, D. Andrienko, F.R. Wurm, Eur. Polym. J. 108

(2018) 286—294 [84]. Copyright © 2018, with permission from Elsevier.
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Scheme 6: Degradation mechanism of PMEP in basic conditions, suggested by a) Penczek and Baran [18]

and b) Bauer et al. [84].

Wolf et al. highlighted the increased hydrolytic lability of the side-chain in polyphosphonates, with
increasing hydrolysis rates going from the isopropyl, to the ethyl, to the methyl-substituted polymer [64]
(Table 4). Interestingly, in-chain polyphosphonates prepared by ROP of phostones exhibited a much lower
hydrolysis rate compared to both polyphosphonates and polyphosphates (with similar pendant groups)
[11]. These differences in the experimental degradation rate of polyphosphonates and polyphosphates are
probably caused by the electron density of the central phosphorus and the different tendency to form the
5-membered cyclic intermediate. Knowing that the major hydrolysis mechanism of PPEs synthesized by
ROP relies on backbiting, allows further control of their degradation kinetics and the design of future

applications.

Besides phosphoester-linkages, the more hydrolysis-labile P-N-bonds can be installed either in the lateral
chain or in the polymer backbone. The group of Leong gave a significant contribution to this topic, reporting
the degradation rate of different polymers in PBS at 37°C, determined through an evaluation of the
polymer weight loss by GPC [50,61] (Table 4). They proposed a self-catalytic degradation mechanism,
occurring via the nucleophilic attack of the substituent on the central phosphorus atom with the formation
of a cyclic intermediate (Scheme 7). The degradation rate is therefore regulated by energetic factors,
related to the number of atoms of the cyclic intermediate and the substituent polarity. The possibility of a
nucleophilic attack of lateral chain substituent on the phosphorus atom was recently confirmed by Kosarev
et al. with their study on the hydrolytic degradation in basic conditions of a 2,3-dihydroxy propyl
functionalized polyphosphates [85]. They observed by NMR the degradation profile over time and, thanks
to the molecular identification, they suggested the hypothesis of a degradation pathway that involves a 5-
membered cycle intermediate, preferred to the 6-membered ring (Scheme 8). PPAs degradation implies a
different mechanism, due to the acid-sensitive P-N-bond. The Wooley group has evaluated the degradation

of PPAs with the P-N bond in the lateral chain [66] or the main chain [9], while Steinmann and co-workers
18



evaluated the degradation of main-chain polyphosphorodiamidates synthesized by acyclic diene metathesis
polymerization [10] or thiol-ene reaction [86] (Table 4). PPAs with the P-N bonds forming the polymer
backbone proved pH-dependent hydrolysis, namely an increase of polymer degradation with decreasing
pH-values. It is important to note that for side-chain PPAs, the hydrolysis leads to the loosing of the side
chain and the formation of a negatively charged polyphosphodiester, while backbone cleavage is achieved
for main-chain PPAs. In the last case, the Wooley group evaluated more in detail the composition of the
degradation products by ESI-MS, finding that the at 40% of conversion, the major degradation products
were trimeric units (m/z= 512), subsequently object of further degradation, i.e. not following a backbiting

mechanism.
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Scheme 7: Self-catalytic degradation mechanism proposed by Leong and co-workers [50,61].
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Scheme 8: Possible degradation mechanisms linked to the hydrolytic degradation of 2,3-dihydroxypropy!
functionalized PPEs proposed by Kosarev et al. [85].

19



The degradation profile of various PPEs is reported in Table 4. Besides, the degradation profile of PPEs in

block copolymers have been reported, in which a faster degradation of _

Table 4: Main-chain degradation by hydrolysis of main-chain water-soluble PPEs, calculated by 3P NMR

or GPC.
Degradation %
Polymer Exp. Conditions | Method of analysis Ref.
After 24 h | After 7 days | After 30 days
pH7.4 100 100 /
PEOMPgg pH5 31p NMR? 98 80 [9]
pH 3 90 15 /
PPE-EA140 37°CPBS pH: 7 GPCP 20 33 / [50]
PPE-HA10; 37°C PBS pH: 7 91 88 40
GPCP [61]
PPE-MEA44 37°C PBS pH: 7 91 90 80
PEtEP40o / Quantification not performed;
GPCP
degradation rate increase going from | [64]
PMEEP21 /
Me to Et substituent and increasing pH
PMEPg; 82 60 36
pH 11 31p NMR? [84]
PEEPg3 80 38 28
2,3-dihydroxypropyl- Quantification not performed;
substituted degradation rate increase at higher pH;
pH 8.5, 11 31p NMR?® [85]
poly(ethylene considered faster than the others
phosphate)s; poly(alkyl ethylene phosphates)
pH 10.9 94 83 40¢
PEEPs,-PLLA29-PEEPs; pH 7.4 GPCP 98 96 71 [88]
pH 2.5 96 / 66°
PPE33s 37°CPBSpH: 7 GPCP 91 20 / [90]

a: Calculated as the conversion of polymer signal in different species; b: Calculated as % of residue molecular weight

respect to the initial one; c: After 20 days.
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Degradation of PPE micelles and nanoparticles

To date, several studies on the hydrolytic degradation of PPEs as a constituent of micelles or nanoparticles
have been reported. The degradation studies were usually conducted at physiological temperature (37°C)
but different pH values, to simulate different environments (blood has pH 7.4; pH 5.0 mimics the conditions

of endosomes/lysosomes or tumour tissues; pH 3.0 mimics the gastric fluids [1]).

In the last decade, the Wooley group has reported several elegant studies on the degradation of PPE-NPs,
with interesting results. In 2019, they compared the hydrolysis of Au-NPs coated with citrate, PEG, and the
polyphosphoester PBYP, monitoring the surface plasmon resonance (SPR) over 14 days (Figure 3) [77]. They
reported that the Au-NPs coated with the zwitterionic polymer PBYP presented a broadening and a redshift
of the SPR band over time, indicating an aggregation of the NPs induced by the degradation of the polymer
coating. This result is important because it highlights the effective PPEs degradation when used for NP
coating, while PEG is non-biodegradable under the same conditions. In addition, they performed a cross-
linking reaction of the PBYP after the NP coating, to evaluate the eventual influence of this reaction on the
properties of the NPs. The new NPs with cross-linked PBYP showed high stability over 14 days, suggesting
the possibility to tune the polymer degradability with accurate control of the cross-linking degree, as

already reported in other papers [91,92].
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Figure 3: a) Chemical structure of AUNPs coated with the zwitterionic polymer PBYP; b) On the left UV-VIS
spectra of Au-NPs coated with PBYP recorded at 0, 1, 2, 4, 6, 14 days and on the right correspondent
degradation profile over time. Adapted with permission from: Functional, Degradable Zwitterionic
Polyphosphoesters as Biocompatible Coating Materials for Metal Nanostructures, R. Li, M. Elsabahy, Y.
Song, H. Wang, L. Su, R.A. Letteri, S. Khan, G.S. Heo, G. Sun, Y. Liu, K.L. Wooley, Langmuir. 35 (2019) 1503—
1512 [77] . Copyright © 2018, American Chemical Society.

21



The Wooley group has also investigated the effect of the chemical structure and charge of the substituent
on the degradation rate of polymeric nanoparticles [91-94]. Elsabhay et al. published the biochemical
evaluation of a set of PPE-based micelles and cross-linked nanoparticles with non-ionic, cationic, anionic,
and zwitterionic surface charge, monitoring the size of the samples over time [91]. The size was retained
for a longer time when the NPs were cross-linked, while the stability decreased going from of the anionic
and non-ionic to zwitterionic, followed by the cationic NPs. The cationic NPs proved a size decreasing within
several days, and a concomitant zeta potential reduction over time (from positive values to -45 mV)
suggesting the formation of negatively charged-phosphates in the side-chain substituents during the
degradation process. Overall, the degradation was higher when amino groups were present in the side
chain and slightly faster at pH 7.4 than at pH 5.0, confirming the higher stability of PPEs in acidic conditions.
The rapid loss of the positive charge of cationic NPs was confirmed by Shen and co-workers [92], who
correlated the higher hydrolysis rate at pH 7.4 to a possible attack at the central phosphorus atom by the
nucleophilic amino groups in the lateral chain, supporting the hypothesis (described in the previous

paragraph) that it has an important role in the degradation mechanism.

Enzymatic degradation

Phosphodiester bonds are widely present in living systems; therefore, the enzymatic degradation of
synthetic PPEs is important to be evaluated and could give more accurate hints on the behaviour of the
polymeric material in a physiological environment. Some examples of enzymes that promote the
degradation of PPEs have been reported in the literature, e.g. phosphodiesterase | [45,72,95], alkaline
phosphatase [96,97], and phosphotriesterase [98]. Among the others, the alkaline phosphatase has great
importance in the research of new target-specific drugs, because it is overexpressed in various cancer cells

[99,100] and bacteria [101].

The accelerated degradation rate by enzymes could bring a higher release of the drug encapsulated in the
micelles/nanoparticles, as shown by Wang et al., who obtained the release of 83.8% of DOX from their PPE-
based nanocarriers after 140h using phosphodiesterase |, compared to the release of 30% obtained without
the use of the enzyme [72]. The release of DOX encapsulated in hyperbranched PPEs, induced by alkaline
phosphatase, was reported by Yao and co-workers [97]. The enzymatic degradation could be used to
selectively degrade the other moiety linked to the PPEs in a block copolymer. For instance, the treatment of
PPE-b-PLA block copolymers with proteinase K permitted the complete cleavage of the PLA block [93], and
a similar result was obtained with the treatment of polycaprolactone-b-PPE block copolymers with

Pseudomonas lipase [45,102].
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To date, the hydrolytic and enzymatic degradation of PPEs was explored prevalently in vitro, and very few
studies on in vivo evaluations have been reported. Chaubal et al. studied the degradation profile of a linear
polylactide with phosphate units inserted in the chain, comparing the percentage of the polymer mass loss
over time obtained in vitro (after dissolving the polymer in PBS at 37°C) and in vivo (after injection in mice)
[87]. They found a significantly fast degradation in vivo, without any lag phase. Very recently, Liu et al.
reported in vivo analyses on the antitumoral activity of NPs (called PPE-FP,, Figure 4) composed of the
probe TFPC conjugated to a homotelechelic PMEP [103]. Through real-time fluorescence imaging
performed in mice, they found the accumulation of the NPs in the tumour site and the suppression of
tumour growth after phototherapy. The spleen and kidneys of mice analysed after two months of
treatment showed no damage caused by their use, in contrast to the severe damages caused after using
the PEGylated analogues under the same conditions. The results were explained by a complete
biodegradability of the PPE-FP, NPs, that exhibit with good performances their antitumoral action, without

provoking damages to the spleen and kidneys caused by their accumulation.

PPE-FP:

Degragatio®

,},rf"

O
N T LT g

‘t Treeceliirets

Figure 4: Schematic illustration of PPE-FP2 NPs and their biological action in photodynamic therapy in mice.
Reproduced from: Hydrophilic polyphosphoester-conjugated fluorinated chlorin as an entirely
biodegradable nano-photosensitizer for reliable and efficient photodynamic therapy, Z. Liu, M. Wu, Y. Xue,
C. Chen, F.R. Wurm, M. Lan, W. Zhang, Chem. Commun. 56 (2020) 2415—-2418. [103]. Published by the Royal

Society of Chemistry.

Beyond these first results, other in vivo studies are still missing for main-chain water-soluble PPEs. The

abundance of phosphorus-containing compounds in nature and the presence of enzymes for their digestion

23



make this class of polymers promising in terms of biodegradability, but the real behaviour needs to be
tested, as in a living body unpredictable factors can influence the expected result. The alleged
biodegradability is one of the key properties of PPEs because it could permit to overtake the problems

linked to the non-biodegradability of PEG.

The good results in the biomedical field reported for PGA (another biodegradable candidate for the
substitution of PEG) lead us to predict an increasing interest in the research on this sector. PPEs are
expected to have comparable results to PGA in terms of biodegradability, with the further advantage to
permit a fine-tuning of the properties, given by the proper choice of the substituent in the lateral chain or
the chemistry around the central phosphorus, e.g. phosphonates vs. phosphates. Thus, we expect a rapid

increase in the research interest on the in vivo biodegradability PPEs soon.

4.2 Biocompatibility

Cytocompatibility

Biocompatibility is defined by IUPAC as the ability of a material to be in contact with a biological system
without producing an adverse effect [82]. It is a fundamental quality that needs to be assessed in any novel
drug candidate, to avoid an undesired answer from the immune system of the patients. Even though the
large presence of phosphate-containing compounds in the human body suggests the body acceptance of
this kind of compounds, the variability in chemical structure and functionalisation brings the necessity of an

evaluation case-by-case.

The determination of cytocompatibility (namely the capability to being non-toxic against cells) is a typical
start to assess biocompatibility in vitro, and therefore it is one of the basic characterizations usually
performed after the synthesis of novel polymers. For example, the polymer PEEP and the copolymer P(EEP-
co-EMEP) have proven low cytotoxicity in vitro against Hela cells up to a concentration of 600 pg/mL
[43,67], while the polymers PMOEPA and PPEIl, acid or sodium salt, resulted to be non-toxic up to a
concentration of 1000 ug/mL [66]. Hyperbranched polyphosphates have been proven to be non-gytotoxic
against COS-7 cells even at a concentration of 10 mg/mL [104], while polyphosphonates present a cytotoxic
behaviour dependent on the length of the lateral substituent [63,64]. Besides, several examples of in vitro

biocompatible PPEs-containing block copolymers are reported in the literature [46-48,88,89,105].

When PPE-based copolymers are used to form micelles or nanoparticles, another important parameter that
influences the cytocompatibility is the surface charge. In particular, cationic charged nanoparticles are
usually tolerated only in low concentrations (below 1-200 pg/mL), probably due to their interactions with

negatively charged cell-membranes [79,91,106]. Leong and co-workers reported between 2001 and 2004
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the synthesis and evaluation of a set of cationic PPEs used as gene carriers, all presenting lower cytotoxicity

compared with other common polymers previously used as gene vector, e.g. PEl, or PLL [50,61,90,107]. All

major results about the in vitro cytocompatibility of PPE-containing (co)polymers are collected in Table 5.

Table 5: Cytocompatibility of PPE-containing (co)polymers.

Non-toxic
M, Incubation
Polymer Cell lines Assay conc. Ref.
(kDa) time (h)
(mg/mL)°
In-chain
polyphosphonat | 7.5, 25 RAW 48 ATP Cell Viability Assay 0.03¢ [11]
e
PEEP 5 Hela 48 Presto Blue fluorescence 0.6 [43]
PEEP-b-PDS-b- L929,
9.8 48 MTT 200¢ [46]
PEEP Hela
PAMAM-PBEP- L929,
65 24 MTT 1¢ [47]
PMP-FA HepG2
Hela,
Poly(BYP-co-EEP) 18 HePG2, 48 MTT 0.2 [48]
L929
C0Ss-7,
PPE-EA 18 24 MTT 0.1 [50]
HEK 293
C0S-7,
PPE-MEA 13° 24 MTT 0.1 [61]
HEK 293
C0s-7,
PPE-HA 37° 24 MTT 0.04¢ [61]
HEK 293
PMeEP 5.6 Hela 48 Presto Blue fluorescence 1 [63]
CellTiter-Glo Luminescent
PEtEP 5.4 Hela 24 1 [64]
Cell-viability
, CellTiter-Glo Luminescent
PPrEP 5.7 Hela 24 1 [64]
Cell-viability
CellTiter-Glo Luminescent
PBUEP 6.5 Hela 24 0.01 [64]
Cell-viability
PMOEPA from 3 Hela, 24 CellTiter-Glo Luminescent 1 [66]
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to9 RAW Cell Viability
PPEI acid or from 3 Hela, CellTiter-Glo Luminescent
24 1 [66]
sodium salt to9 RAW Cell Viability
5.2,
P(EEP-co-EMEP) Hela 48 Presto Blue fluorescence 0.6 [67]
5.4
PEG-b-PEEP 28,35 | HEK 293 72 MTT 10 [89]
PEG-b-P(EEP-co-
35 HEK 293 72 MTT 10 [89]
PEP)
PEEP-b-PLLA-b-
20 HEK 293 24 MTT 1 [88]
PEEP
C0s-7,
PPE3 6.3 24 MTT 12.5 [90]
HEK 293
HPPE 4.2 COos-7 24 MTT 10 [104]
HepG2,
poly(CL-co-OPEA) 4.4 48 MTT 100 [105]
Hela
PCEP 42 Hela 24 WST-1 dye reduction 0.068¢ [107]
HepG2,
HPHEEP-SP 9.2 24 MTT 150 [108]
HUVEC

a: Weight average molecular weight, M,,; b: Maximum tested concentration at which the cell viability is 100% (within
the experimental error); c: Maximum tested concentration at which the cell viability is more than 80% (within the
experimental error); d: Maximum concentration of polymer tested at which the cell viability is more than 90% (within

the experimental error); e: ICso, namely conc. of 50% of cells death.

complete studies that must be performed with primary cells and additional in vivo studies. Moreover, given

a real therapeutic application of the polymers, the toxicity of the degradation products needs to be
carefully evaluated, because the biocompatibility of the polymer does not always imply the
biocompatibility of its degradation products. For example, polylactide and poly(lactide-co-glycolide) have
good biocompatibility, but their degradation process may lead to an inflammatory response, due to the
decreasing of pH and the toxicity of the degradation products (lactic and glycolic acid) at high
concentrations [109]. Moreover, some low molecular weight oligomers of ethylene glycol (in particular

triethylene glycol and PEG with a molecular weight around 200 g/mol) are toxic at concentrations above
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5mg/mL in in vitro experiments [110] and in vivo after the oral administration to rats [111,112] and

monkeys [113].

To date, the cytocompatibility evaluation of PPEs degradation products is reported only in a few papers

that show promising results. The degradation products of PEEP (mainly phosphates units with different

attached to the oxygens) have been evaluated not toxic to cells up to a concentration of 0.5
mg/mL in linear block copolymers PEG-b-PEEP [89], and of 10 mg/ mL in hyperbranched polyphosphates
[104]. In addition, the Wooley group has reported that the degradation products obtained from the
degradation of anionic, non-ionic, and zwitterionic PPE-based nanoparticles were non-toxic up to
concentrations of 3 mg/mL, while for cationic nanoparticles the tolerated concentration was reduced to 0.6

mg/mL [91,92].

Overall, we have reported competitive results of PPEs respect to PEG in terms of cytocompatibility,

considering that PEG with a molecular weight between 400 and 400 kDa is tolerate by Hela cells at
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necrosis for PPE3 compared to PEI, (Figure 5), suggesting the absence of an acute tissue response for PPE3.
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Figure 5: Histology images of mouse muscle samples injected with PEl and PPE3, harvested on days 3 and 7.
Adapted with permission from: Water-soluble and non-ionic polyphosphoester: Synthesis, degradation,
biocompatibility and enhancement of gene expression in mouse muscle, S.W. Huang, J. Wang, P.C. Zhang,
H.Q. Mao, R.X. Zhuo, K.W. Leong, Biomacromolecules. 5 (2004) 306—311 [90]. Copyright © 2004, American

Chemical Society.

As suggested by the international standard ISO published by the U.S. Food and Drug Administration Agency
[115], the conditions necessary to define a material biocompatible and to exclude the occurring of an
unacceptable adverse biological response, imply several tests, including a long- and short-term evaluation.
The studies reported until now show promising features of PPEs, but the pathway to the real clinic use is
still long. Similarly to the degradation behaviour, we expect soon a more systematic evaluation of PPEs

biocompatibility (especially in vivo).

The “Stealth Effect” of PPEs

The use of PPEs in drug delivery requires their circulation in the bloodstream for a certain time to be
recognized by immune cells or target cells. The polymer interactions with the plasma proteins are
important to predict the eventual trigger of the immune system, the potential degradation by certain

enzymes, and the pathway that leads to the cellular uptake by specific or unspecific recognition.
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When a nanocarrier enters the bloodstream, it adsorbs proteins on its surfaces, leading to the formation of
a protein shell (the so-called “protein corona”) that alter the properties of the nanocarrier, such as size,
charge, interactions with cells [116,117]. In many cases, the nanocarriers’ chemical identity with properly
installed targeting groups might be masked by the protein corona and the resulting “biological identity”
behaves differently as intended. It has been reported by Dawson and co-workers that protein adsorption
reduced the efficiency of specific cell targeting [118], therefore the possibility to control the protein corona
to permit the use of targeted nanocarriers is one of the current challenges in drug delivery. Some proteins
present in the corona could belong to the class of opsonins, namely antibodies, complement or circulating
proteins that are responsible for the recognition of a foreign substance by the immune system and the
subsequent clearance from the body. The evaluation of the protein corona composition is, therefore, a

fundamental task to predict the biological fate of the nanocarrier.

PEG is currently used as a stealth coating for many drugs and nanocarriers as it decreases protein
adsorption. However, certain protein types are “recruited” from the blood and still assembled on the
nanocarriers’ surface. This specific protein adsorption is believed to be responsible for the increased blood-
half-life. This effect is generally called “stealth effect” and has been explained by several theories, linked to
the polymer hydrophilicity, absence of charges, flexibility, and capacity of hydration (Figure 6) [119,120]. All
these factors seem to influence the stealth behaviour of a polymer; they also allowed the design of various
PEG-alternatives with additional features, such as degradability and chemical functionality. Recently, some
concerns on the use of PEG after long-term treatments (e.g. the polymer accumulation and the
development of anti-PEG antibodies and hypersensitivity reactions) have been reported, increasing the
interest of research on novel polymers leading to a stealth effect [25,39]. Among the others, PPEs are a
promising alternative. This section highlights their tuneable stealth properties and indicates several

similarities, but also certain differences compared to PEG.
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Figure 6: Schematic representation of the features that help to prevent the opsonization process as

hypothesized for PEG.

The first studies about the - adsorption on the surface of PPE-based nanoparticles had been reported
in 2012 and 2013 [91,121]. Both the Wang and the Wooley groups reported that the protein adsorption
was dependent on the surface charge, i.e. the zwitterionic NPs exhibited a very low - adsorption, that
increased going to neutral, then anionic and cationic NPs. Similar findings had been previously reported for

other NPs, highlighting that the surface charge is a fundamental parameter in controlling the protein

adsorption andithe biological fate of the NPs [122-124].

The composition of the protein corona around polymer-coated NPs and the influence of the polymer
structure were _ the protein adsorption and
the cellular uptake of model-nanocarriers covalently modified with PEG or PEEP [125]. Both PEGylated and
PPEylated nanocarriers exhibited low internalization into macrophages (cells with a key role in the
clearance of foreign molecules from the bloodstream) when the nanocarriers were previously incubated
with human blood plasma. In contrast, the same NPs exhibited high internalization in plasma-free
conditions. This suggested that the stealth effect only occurred after selective recruitment of certain
proteins from the blood, and this combination is responsible for the stealth effect against macrophages.
The evaluation of the composition of the protein corona on both PEGylated and PPEylated nanocarriers
highlighted the enrichment of clusterin (an apolipoprotein of 38kDa) while the non-modified samples
exhibited a very different protein corona composition (Figure 7). Similar results were obtained by Miiller et
al., who evaluated the composition of the protein corona formed around NPs, however using a non-

covalent coating of nanocarriers with PPE-surfactants [126].
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Figure 7: Proteomic analysis of protein corona on the surface of polystyrene nanocarriers naked (PS-NH;),
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PEGylated (PS-PEG), PPEylated (PS-PEEP). Adapted from: Protein adsorption is required for stealth effect of
poly(ethylene glycol)- and poly(phosphoester)-coated nanocarriers, S. Schéttler, G. Becker, S. Winzen, T.
Steinbach, K. Mohr, K. Landfester, V. Mailédnder, F.R. Wurm, Nat. Nanotechnol. 11 (2016) 372-377 [125].

Copyright © 216, Springer Nature.

In 2018, Simon et al. reported how the hydrophilicity of the polymer chain regulated the stealth properties
of PPEs-coated nanocarriers [127]. They synthesized a set of PPEylated nanocarriers (analogue to the
nanocarriers synthesized by Schottler et al. [125]) using polyphosphonate-copolymers with a finely tuned
hydrophilicity (Figure 8). A similar amount of “hard corona” proteins (the proteins more strongly adsorbed
on the surface) was adsorbed on all the polymer-functionalised NPs, even though a significant difference in
the protein pattern was detected by electrophoresis and proteomic mass spectrometry, depending on the
polymer’s hydrophilicity. The protein pattern changed systematically with increasing polymer-

hydrophobicity in the way that the amount of clusterin decreased, while other proteins, such as albumin
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increased and thus the cellular uptake (into macrophages) increased. Overall, the data confirmed the
correlation (as already suggested by Schottler et al. [125]) between the protein adsorption pattern and the
polymer stealth properties, proposing, the possibility to control it with an accurate tuning of the polymer
hydrophilicity. However, hydrophilicity is only one factor that might influence cellular uptake, other factors

such as hydrogen bonding and charge must not be neglected.

PS-PEG,y; PS-P(1)45 PS-P(14,-co-2,) PS-P(134-c0-2,5)

modification = m-PEGy3 P(1)as P(142-c0-2,) P(131-c0-245)
chains / particle = 5300 5500 6300 5400
Dy (H20)/ nm 107+9 124 + 36 127 +28 105 + 13 105 +61
D, (Nailrr?gL‘U/ - 115 + 27 1M1 +17 106 + 24 155 + 16
{-potential / mV +47 +9 T 2T -24+5 -16+7 -22+4
C-potential in -28+9 3347 -30+19 -30+5 3117
plasma / mV

Figure 8: Analytical data of polystyrene nanoparticles covalently linked with PEG, and polyphosphonates
with a different degree of hydrophilicity. Scale bar: 200 nm. Adapted with permission from: Hydrophilicity
Regulates the Stealth Properties of Polyphosphoester-Coated Nanocarriers, J. Simon, T. Wolf, K. Klein, K.
Landfester, F.R. Wurm, V. Maildnder, Angew. Chemie - Int. Ed. 57 (2018) 5548-5553 [127]. Copyright ©
2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

One year later, Simon et al. were able to successfully combine the stealth effect with specific targeting to
modified with PPES carrying additional mannose target Unitsi Thanks to their stealth properties, overall low

adsorption of proteins was detected, and low internalization in monocytes was reported. However, a
selective internalization by dendritic cells (that express receptor for mannose) was achieved (Figure 9),
suggesting the combination of targeting and stealth properties as an - strategy for the development of

novel immunotherapies.
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Figure 9: a) Schematic representation of PPE amphiphiles adsorbed on PS and PMMA NPs, that possess
stealth and targeting properties; b) Cellular uptake toward dendritic cells (blue) or monocytes (red)
quantified by flow cytometry after the exposure of human blood plasma to PMMA NPs for 2 hours. Values
are expressed as mean + SD from triplicates. Adapted from: Noncovalent Targeting of Nanocarriers to
Immune Cells with Polyphosphoester-Based Surfactants in Human Blood Plasma, J. Simon, K.N. Bauer, J.
Langhanki, T. Opatz, V. Maildnder, K. Landfester, F.R. Wurm, Adv. Sci. 6 (2019) [128]. Copyright © 2019. The
authors published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Very recently, Bauer et al. published the synthesis of PS, PMMA, and HES nanocarriers functionalised by
non-covalent adsorption of different non-ionic PPE-surfactants [129]. Three different polymers were used,
composed by octadecanol as the hydrophobic tail and respectively poly(methyl ethylene phosphate),
poly(methyl ethylene phosphonate) or in chain-poly(ethyl ethylene phosphonate) as hydrophilic parts,
showing lower cytotoxicity than the common PEG-based surfactancts (e.g. Luthensol® AT 50) and a

hydrolysis rate controlled by the chemical structure.

5. Biomedical applications

5.1 Protein-polymer conjugates

Protein-polymer conjugates are compounds with a covalent bond between one or more polymer chains
and a protein. The first bioconjugations were reported in 1976 by Davis and Abuchowski, that published the
covalent attachment of the polymer PEG to the proteins BSA and bovine liver catalase. The two conjugates
showed a lower immunogenic response and a higher circulation time in animal models compared to native

proteins [130,131].
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The synthetic techniques used for the synthesis of protein-polymer conjugates have been improved
through the years, and nowadays different approaches exist, widely discussed in other reviews [27,132—
135]. The most common polymer used in bioconjugation is PEG. Today, there are 15 PEGylated proteins
approved by U.S. Food and Drug Administration Agency and used for therapeutic purposes [26], while other

proteins conjugated with PEG or other promising polymers are currently under investigation [40,41,136].

During the last five years, our group has reported the synthesis and characterization of different proteins
conjugated with PPEs, namely the proteins BSA, uricase, and MPB conjugated with the polymer PMeEP
[137,138]; BSA, bovine liver catalase, and myoglobin conjugated with the polymer PEEP [43,59] (Figure 10).
All the conjugates were synthesized with a grafting-to method, through the non-site-specific reactions
between the lysine groups available on the protein surface and a specific amount of polymer functionalised
with a succinimidyl ester group. Before the reaction, the effective reactivity of the functionalised polymer
was assessed evaluating that the rate of its hydrolysis and aminolysis reactions exhibit suitable values,
comparable to those measured for other polymers typically used in bioconjugation reactions [43]. An
important prerequisite for protein PPEylation is the stability of phosphoesters in presence of amines: in
contrast to carboxylic acid esters, they do not undergo aminolysis quickly so that the polymer backbone

stays intact [137].

Fig.10: Graphical illustrations of the conjugate BSA-PEEP. Adapted with permission from: Reversible
Bioconjugation: Biodegradable Poly(phosphate)-Protein Conjugates, T. Steinbach, G. Becker, A. Spiegel, T.
Figueiredo, D. Russo, F.R. Wurm, Macromol. Biosci. (2017) [43]. Copyright © 2016. The authors published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. The polymer arrangement has illustrative purposes and it

does not represent an actual configuration.

One of the first biochemical assays that need to be performed on a novel class of protein-polymer
conjugates is the evaluation of the enzymatic activity. In fact, due to polymer conjugation, the enzymatic
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activity in the conjugate is often altered: in most cases, the activity decreases due to partly denaturation
and/or steric shielding of the active site by the attached polymer chains [139]. For example, the currently-
in-use PEGylated interferon Pegasys® retained only 7% of the native antiviral activity of the protein [140].
Despite improved pharmacokinetics, high activity is beneficial, because it means a lower drug dosage for
the patients and reduces costs. Compared to the conventional PEGylation, also the PPEylation resulted in
decreased enzyme activities in a similar order of magnitude; the residual activities of the PPEylated

conjugates are summarized in Table 6.

Table 6: Activity of PPEylated protein-polymer conjugates and their PEGylated analogues.

Conjugates MW polymer (kDa) | Polymer chains attached | Activity %° Ref.
1° 23
Catalase-PEEP 3
2° 18
[43]
1° 22
Catalase-PEG 3
2° 16
3¢ 86
My-PEEP 5
5¢ 79
[59]
3¢ 97
My PEG 5
5¢ 90
Uricase-PMeEP 53
5 8¢ [137]
Uricase-PEG 53

a: Percentage of specific activity respect to pure proteins; b: Determined by experimental ratios; c: Calculated by GPC-

UV/RI/MALLS.

Looking more closely at the data in Table 6, all conjugates show a reduction of the specific activity
compared to the native protein. In particular, in the set of conjugates made with the protein My, a stronger
decrease of the activity was observed, when the number of polymers or their degree of polymerization was
increased, due to increased steric shielding of the active site or to the partial unfolding of the protein
(caused probably by the formation of new interactions between the protein and the polymer chains). The
influence of the bioconjugation procedure itself on the protein unfolding was excluded by an investigation
made in our of our previous studies [59]. The remaining activities were comparable or higher than those

found for similar conjugates made with different polymers.

Beyond the characterization and the assessment of the basic biochemical properties, the conjugates can be

studied from a biophysical point of view, to obtain more information on their structure, stability, and
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response to external stimuli. To date, few studies on the conjugates' biophysical properties have been
reported, even though the rationalization of all these features could enhance the fundamental knowledge
on the topic and orientate the design of future drugs. Our group evaluated the thermal stability of the set
of My-PEEP conjugates and their PEGylated analogues by n-DSF, n-DSC, and UV-VIS spectroscopy [59]. They
measured the onset and the melting temperature of the protein unfolding, revealing that all the values
present a higher reduction of both the temperatures (with respect to the pure protein) when increasing the
number of polymer chains attached to the protein and their degree of polymerization. Further analysis of
the thermograms was not feasible due to precipitation of the conjugates after the thermal unfolding. On
the contrary, a more detailed thermal analysis on the PEGylated analogues was conducted, thanks to the
action of PEG around the protein, that inhibits its aggregation after the unfolding, enhancing the

reversibility of the process [141].

Circular dichroism and fluorescence spectroscopy were used to assess eventual changes in the protein’s
secondary and tertiary structure given by the bioconjugation reaction. The analyses made on the
conjugates BSA-PEEP proved that the protein retained its secondary structure after the bioconjugation
process, while the tertiary structure seems to slightly depend on the grafting degree [43] (Figure 11).
Additional studies made by SANS revealed more precisely the partial loss of the protein tertiary structure at
high grafting density and gave more information on the conjugates 3D structures. The authors reported a
change from ellipsoid to globular shape when the number of polymer chains tethered to the protein
increased, with a polymer conformation that compactly coat the protein in case of a low grafting, and goes

to a star-like conformation when increasing the number of polymer chains attached [142].
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Russo et al. studied PPEylated conjugates using neutron scattering on the samples in the dry state and
hydrated powders. They focused their attention on the dynamics of the samples in the nanosecond and
picosecond timescale, using elastic, inelastic, and quasi-elastic neutron scattering on different PPEylated
proteins (MBP-PMeEP [138], BSA-PEEP [143], and My-PEEP [144]). As dynamics is directly connected to the
protein functionality, such fundamental analyses will allow tailoring the activity of future conjugates. The
authors observed that the formation of interactions between the protein and the polymer enhanced the
overall dynamics of the conjugates, which was larger than the sum of the two single contributes, i.e. the
mobility of both the components was enhanced due to the presence of the other. In the BSA-PEEP
conjugates, the polymer coating proved the same effect on protein dynamics than the hydration water and,
also, it adsorbed the water molecules in hydrated powders, protecting the protein. The comparison
between the three different studies revealed a non-trivial picture, in which the dynamics of the samples
were influenced at the same time by several factors, e.g. the number of attached polymer chains, the size

of the protein, the length of the polymer and its chemical structure.

5.2 PPEylated nanocarriers for drug delivery

The short lifetime and the low solubility of drugs in the bloodstream are two important challenges in drug
delivery [69]. One of the successful strategies applied to overcome these problems is the encapsulation or
the binding of hydrophobic drugs into nanocarriers, such as polymeric micelles. The polymeric micelles are
usually made by amphiphilic block-copolymers, that can self-assemble in aqueous solutions, forming a
structure with a hydrophobic core for the hydrophobic drugs and a hydrophilic shell that interacts with the
environment [145]. PPEs are interesting candidates in drug delivery. Here we report a summary of the most
important applications reported in the literature to date, highlighting the recent discoveries, intending to

shed the light on future perspectives.

The choice of the substituent in the PPEs lateral chain permits a high control of the polymer
hydrophilicity/hydrophobicity. In block copolymers, PPEs can thus act as either the hydrophobic part, e.g.
with PEG as hydrophilic block [146,147], or the hydrophilic block, e.g. with PCL [44,72] or poly(lactide)

[93,94] as the hydrophobic segments. Also, amphiphilic block copolymers, merely composed of PPEs with
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different lateral substituents had been reported: the use of PPEs bearing reactive groups allows a further
post-polymerization functionalization. Important contributions rely on thiol-ene or thiol-yne reactions or
click chemistry (for example PBYP, or PAEP, cf. Table 1). The introduction of charged-groups [91,94,106],
the conjugation with specific drugs, with other polymers or with dyes [74,76,148], was reported but also

cross-linking after the formation of the micelles were studied [91,92].

Several papers studied the preparation of drug delivery nanocarriers utilizing PPEs relying on different
chemistries in the literature. The drug, encapsulated or conjugated, could have an antitumoral (as in the
case of PTX, DOX, or CPT [48,70,74,149]) or antimicrobial effect (silver [78,93,150—152]). Here, we describe

some recent significant examples.

Chen et al. recently reported the double loading of silver cations and minocycline in PPE-based NPs for the
antimicrobial treatment of Pseudomonas Aeruginosa, a bacterium detected in the lungs of around 50% of
the patients with cystic fibrosis [78]. They use the copolymer PEBP-PBYP, functionalized with 3-

mercaptopropanoic acid by a thiol-yne reaction, to form NPs in water, followed by cross-linking reactions.

_ was evaluated in vitro, proving that the combined

administration of the two therapeutic agents reduced the dosage of each component needed to achieve
the same antimicrobial effect, while the use of nanocarriers mitigated their side effects. TEM images of

Pseudomonas Aeruginosa treated with silver acetate, minocycline, or both are reported in Figure 11.

Figure 12: TEM images of Pseudomonas Aeruginosa treated with antimicrobial agents. 20k magnification,
sale bar 0.5 um. From left to right: no treatment; treatment with 4 ug/mL of silver acetate; treatment with
2 ug/mL of minocycline; treatment with 4 ug/mL of silver acetate + 2 ug/mL of minocycline. Adapted with
permission from: Minocycline and Silver Dual-Loaded Polyphosphoester-Based Nanoparticles for Treatment
of Resistant Pseudomonas aeruginosa, Q. Chen, K.N. Shah, F. Zhang, A.J. Salazar, P.N. Shah, R. Li, J.C.
Sacchettini, K.L. Wooley, C.L. Cannon, Mol. Pharm. 16 (2019) 1606—1619 [78]. Copyright © 2019, American

Chemical Society.
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Wang et al. reported the first nanoparticles formed by the assembly of functional amphiphilic PPAs [154],

physically loaded with the anticancer drug CPT. As the backbone of the polymer is acid-cleavable, the NPs

degraded by decreasing pH value and released the cargo. _
_ One year later Dong et al. reported the synthesis of a

novel pH/reduction dual-responsive polymeric prodrug, with simultaneous conjugation of the antitumoral
drugs CPT and DOX [48]. A CPT derivative, with a disulfide bridge and a hydroxyl functionality (CPT-ss-OH),
was used as initiator for the PPE-based co-polymer, while DOX was efficiently incorporated in the PPE
lateral chain through a hydrazone bond (Figure 12). The copolymer self-assembled in water into spherical
NPs with a diameter of ca. 90 nm. As the drugs CPT and DOX are linked to the NPs by either a disulfide or a
hydrazone linkage, the release of the drugs inside of tumour cells was expected (the pH of the tumour cells
is 6.5-7.2 instead of 7.4, and the glutathione concentration is 2-10 mM instead of 2-10 uM [156]). The drug
release was studied in various buffers in _ or absence of glutathione and the authors
demonstrated that the drug was released in acidic or reductive conditions. In addition, the effective cellular
uptake and intracellular drug release were monitored by real-time imaging of Hela cells after different
incubation times with the NPs. As shown in Figure 12, DOX fluorescence was observed in the cytoplasm of
Hela cells, and exhibited higher intensity when increasing the incubation time, indicating the successful

internalization of the NPs and an efficient time-dependent drug release in the cells.

Other papers reported the preparation of responsive nanocarriers, e.g. by redox-labile disulfide linkages
[46,71] or diselenide bonds [75] in the polymeric chain, or by attaching a drug via an acid-labile hydrazone
bond [157]. Another current challenge in drug delivery is the targeted drug release. For PPE-based micelles,
Zhang et al. used covalently attached transferrin to direct their action to brain cells [73]. Other papers

reported the conjugation of folic acid, able to bind to certain tumour-associated antigens [95,158].
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Figure 13: a) Chemical structure of pH/reduction dual-responsive polymeric prodrug synthesized by Dong et
al. b) Fluorescence images of Hela cells incubated with the prodrug, for different incubation times, stained
by DOX The (scale bars: 50 um). Adapted with permission from: Multifunctional Polymeric Prodrug with
Simultaneous Conjugating Camptothecin and Doxorubicin for pH/Reduction Dual-Responsive Drug Delivery,
S. Dong, Y. Sun, J. Liu, L. Li, J. He, M. Zhang, P. Ni, ACS Appl. Mater. Interfaces. 11 (2019) 8740—-8748 [48].

Copyright © 2019, American Chemical Society.

Besides linear PPEs, hyperbranched architectures have shown promising results as carrier polymers. In
2012, Chen et al. proposed a hyperbranched polyphosphate, functionalised with a hydrophobic
photochromic spiropyran dye that undergoes a reversible isomerization under UV irradiation, forming the
hydrophilic merocyanine [108] (Figure 13). The changes in the properties of the dye permitted the
formation of UV-responsive micelles. Some years later, Yao et al. described the synthesis of amphiphilic
hyperbranched polyphosphoesters with 6-carbons long alkyl chains and PEG chains linked by phosphate
bonds as the branching points [97] (Figure 13). The polymers were assembled by a nanoprecipitation
method, encapsulating the anticancer drugs DOX and the photothermal agent IR-780. The system exhibited
good serum stability, preferential accumulation in tumour cells, and a relevant drug release, with effective
tumour suppression in mice. In addition, they found that the drug release was accelerated by the presence
of alkaline phosphatase, which is an interesting result because the enzyme is overexpressed in some
tumour cells [159]. Last year another interesting paper was published by Zhang and co-workers, proposing
the formation of supramolecular micelles starting from a multi-arm block copolymer, namely a poly(amido
amine) core with arms formed by block copolymers PBEP-PMEP conjugated with the folic acid [47] (Figure
13). The branched polymeric structure was inspired to poly(amidoamine) dendrimers, that present higher
stability in a fluid environment compared to micelles based on linear polymers. The presence in the

polymeric structure of the other two PPE moieties permitted the formation of a cavity, allowing a high drug
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loading and a controlled release. Moreover, the multi-arm block copolymer has biodegradable arms

(formed by the PPE moieties) and it is easier to be synthesized if compared with highly symmetric

dendrimers.
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Figure 14: PPE-based branched copolymers used for biomedical applications. a) Hyperbranched phosphate
functionalized with spiropyran molecules. Adapted from Reversibly light-responsive micelles constructed via
a simple modification of hyperbranched polymers with chromophores, C.J. Chen, Q. Jin, G.Y. Liu, D.D. Li, J.L.
Wang, J. Ji, Polymer (Guildf). 53 (2012), 3695-3703 [108]. Copyright © 2012, with permission from Elsevier;
b) Amphiphilic hyperbranched PPEs with phosphate bond as the branching point. Adapted with permission
from: Enzyme Degradable Hyperbranched Polyphosphoester Micellar Nanomedicines for NIR imaging-
guided Chemo-Photothermal Therapy of Drug-Resistant Cancers, M. Yao, Y. Ma, H. Liu, M.I. Khan, S. Shen, S.
Li, Y. Zhao, Y. Liu, G. Zhang, X. Li, F. Zhong, W. Jiang, Y. Wang Biomacromolecules. 19 (2018) 1130-1141
[97]. Copyright © 2018, American Chemical Society; c) Multi-arm block co-polymer, namely a poly(amido
amine) core with arms formed by block copolymers conjugated with the folic acid. Adapted with permission
from: Supramolecular micellar drug delivery system based on multi-arm block copolymer for highly effective
encapsulation and sustained-release chemotherapy, L. Zhang, D. Shi, C. Shi, T. Kaneko, M. Chen, J. Mater.

Chem. B. 7 (2019) 5677-5687 [47]. Copyright © 2019, with permission from Royal Society of Chemistry.

The use of PPEs in drug delivery vehicles opens many possibilities for the field. As shown by these selected
examples, several strategies from other polymer classes were adopted and extended to PPEs due to the
additional degradability or chemical functionality. We expect a further improvement that could bring some

of the nanocarriers to be evaluated in clinical trials.
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5.3 PPEylated nanocarriers for gene delivery

Gene therapy has been progressively developed in the last years [160]. The use of synthetic vectors is a
promising strategy, even though the non-biocompatibility and non-biodegradability of some of them are
problematic. PPEs have promising features to be used as effective biodegradable and polyfunctional gene

delivery vectors and their applicability in this field was tested since the beginning of the current century.

Synthetic polymeric vectors are mostly polycations, able to interact with negatively charged nucleic acids,
deliver and release them into the cytosol of the specific target cell. The first examples of PPE-based gene
vectors were reported by the Leong group between 2001 and 2003 [50,61]. They synthesized a set of
cationic poly(aminoalkyl propylene phosphate)s with different substituents, with a positively charged
amino group in the lateral chain, and they tested their gene transfer efficiency by electrophoresis and by
the evaluation of the luciferase expression in vitro and in vivo in mouse muscles. They found that the
nanocarriers could encapsulate the plasmid DNA and released it inside of the specific target, with a
transfection efficiency dependent on the degradation profile of the micelles, and therefore linked to the
polymer stability. One year later, the same research group proposed a new PPE-based drug carrier with
inverted polarity features, namely a polymer bearing a cationic group in the backbone and a lipophilic

substituent in the lateral chain [107].

In the same period, the group of Wang studied triblock copolymers made by PEG, PCL, and PPEEA with
different segment lengths for gene delivery (Figure 15) [45,162,163]. The effective formation of micelles by
self-assembly in an aqueous environment was confirmed by DLS, TEM, zeta potential, and fluorescence
measurements, showing a spherical morphology and diameters between 60 and 120 nm; zeta potential: 45-
48 mV; CMC: 2.7 x 10 mg/mL. The micelles were loaded with siRNA without losing the uniformity, forming

the so-called micelleplex, that proved high internalization of siRNA and its subsequent release in two
4
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different cancer lines (HEK293 and BT474). Afterward, the simultaneous loading of the anticancer drug PTX
and the genetic material siRNA, that can be delivered at the same time to the cancerous cells, was reported
to have a synergic effect [163]. The multiple loading into a PPE-based gene nanocarrier was reported also

some years later by Elzeny and co-workers [76].
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Figure 15: Chemical structure of the tri-block co-polymer mPEG-PCL-PPEEA, representative illustration of
micelleplex formation, and the subsequent loading of paclitaxel and siRNA. Adapted with permission from:
Simultaneous delivery of siRNA and paclitaxel via a “two-in-one” micelleplex promotes synergistic tumor
suppression, T.M. Sun, J.Z. Du, Y.D. Yao, C.Q. Mao, S. Dou, S.Y. Huang, P.Z. Zhang, K.W. Leong, E.W. Song, J.
Wang, ACS Nano. 5 (2011) 1483—-1494 [163]. Copyright © 2011, American Chemical Society.

In the following years, more complex structures have been exploited. In particular, we cite the tumor
acidity-responsive PEGylated polymers (synthesized with a click reaction between the PEG-PAEP di-block
copolymer and cysteamine) [164], and the recent and innovative fully degradable phosphonium-
functionalized amphiphilic di-block copolymer [79], both self-assembling into well-defined micellar systems

for efficient siRNA intracellular delivery.

The development of gene delivery systems is a young topic, therefore the research is still ongoing and full
of possibilities to be explored. The good results obtained with PPE-based nanocarriers suggest a growth of

their applicability in the field, expected in the next years.
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SCHEME CAPTIONS
Scheme 1: Overview of the PPEs subclasses reported to date.

Scheme 2: Overview of water-soluble, synthetic polymers used in biomedical applications PEG alternatives

(PG, POxs, HMPA, PVP, PGA, and PPEs).

Scheme 3: AROP of cyclic phosphate monomers towards main-chain PPEs (R=alkyl, or O-alkyl; Cat.= catalyst,

cf. Scheme 4; E*= electrophilic termination reagent).

Scheme 4: Catalysts used in AROP polymerization of main-chain water-soluble PPEs and the new generation

of catalysts for PPE polymerization.

Scheme 5: Definition of hydrolysis rate constants ks and kn for PMEP and bis(2-methoxy ethyl) methyl!
phosphate.

Scheme 6: Degradation mechanism of PMEP in basic conditions, suggested by a) Penczek and Baran [18]

and b) Bauer et al. [84].
Scheme 7: Self-catalytic degradation mechanism proposed by Leong and co-workers [50,61].
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FIGURES CAPTIONS

Figure 1: Overview of the most important discoveries made through the years concerning the features and

applications of main-chain water-soluble PPEs.

Figure 2: a) The overlay of several *H NMR spectra for PEEP, recorded at different degradation times. b) The
degradation profiles of PEEP and PMEP at pH 11 derived from *H NMR spectra. c) Chemical structures of
PEEP and b/PEEP, with respectively a terminal hydroxyl or a urethane functionality, and the respective
degradation profiles derived from 3P NMR spectra. Reproduced from: Mechanistic study on the hydrolytic
degradation of polyphosphates, K.N. Bauer, L. Liu, M. Wagner, D. Andrienko, F.R. Wurm, Eur. Polym. J. 108
(2018) 286-294 [84]. Copyright © 2018, with permission from Elsevier.

Figure 3: a) Chemical structure of AUNPs coated with the zwitterionic polymer PBYP; b) On the left UV-VIS
spectra of Au-NPs coated with PBYP recorded at 0, 1, 2, 4, 6, 14 days and on the right correspondent
degradation profile over time. Adapted with permission from: Functional, Degradable Zwitterionic
Polyphosphoesters as Biocompatible Coating Materials for Metal Nanostructures, R. Li, M. Elsabahy, Y.
Song, H. Wang, L. Su, R.A. Letteri, S. Khan, G.S. Heo, G. Sun, Y. Liu, K.L. Wooley, Langmuir. 35 (2019) 1503—
1512 [77] . Copyright © 2018, American Chemical Society.

Figure 4: Schematic illustration of PPE-FP2 NPs and their biological action in photodynamic therapy in mice.
Reproduced from: Hydrophilic polyphosphoester-conjugated fluorinated chlorin as an entirely
biodegradable nano-photosensitizer for reliable and efficient photodynamic therapy, Z. Liu, M. Wu, Y. Xue,
C. Chen, F.R. Wurm, M. Lan, W. Zhang, Chem. Commun. 56 (2020) 2415-2418. [103]. Published by the Royal

Society of Chemistry.

Figure 5: Histology images of mouse muscle samples injected with PEl and PPE3, harvested on days 3 and 7.
Adapted with permission from: Water-soluble and non-ionic polyphosphoester: Synthesis, degradation,
biocompatibility and enhancement of gene expression in mouse muscle, S.W. Huang, J. Wang, P.C. Zhang,
H.Q. Mao, R.X. Zhuo, K.W. Leong, Biomacromolecules. 5 (2004) 306—311 [90]. Copyright © 2004, American

Chemical Society.

Figure 6: Schematic representation of the features that help to prevent the opsonization process as

hypothesized for PEG.

Figure 7: Proteomic analysis of protein corona on the surface of polystyrene nanocarriers naked (PS-NH;),
PEGylated (PS-PEG), PPEylated (PS-PEEP). Adapted from: Protein adsorption is required for stealth effect of

poly(ethylene glycol)- and poly(phosphoester)-coated nanocarriers, S. Schéttler, G. Becker, S. Winzen, T.
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Figure 8: Analytical data of polystyrene nanoparticles covalently linked with PEG, and polyphosphonates
with a different degree of hydrophilicity. Scale bar: 200 nm. Adapted with permission from: Hydrophilicity
Regulates the Stealth Properties of Polyphosphoester-Coated Nanocarriers, J. Simon, T. Wolf, K. Klein, K.
Landfester, F.R. Wurm, V. Maildnder, Angew. Chemie - Int. Ed. 57 (2018) 5548-5553 [127]. Copyright ©
2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 9: a) Schematic representation of PPE amphiphiles adsorbed on PS and PMMA NPs, that possess
stealth and targeting properties; b) Cellular uptake toward dendritic cells (blue) or monocytes (red)
quantified by flow cytometry after the exposure of human blood plasma to PMMA NPs for 2 hours. Values
are expressed as mean + SD from triplicates. Adapted from: Noncovalent Targeting of Nanocarriers to
Immune Cells with Polyphosphoester-Based Surfactants in Human Blood Plasma, J. Simon, K.N. Bauer, J.
Langhanki, T. Opatz, V. Maildnder, K. Landfester, F.R. Wurm, Adv. Sci. 6 (2019) [128]. Copyright © 2019. The
authors published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig.10: Graphical illustrations of the conjugate BSA-PEEP. Adapted with permission from: Reversible
Bioconjugation: Biodegradable Poly(phosphate)-Protein Conjugates, T. Steinbach, G. Becker, A. Spiegel, T.
Figueiredo, D. Russo, F.R. Wurm, Macromol. Biosci. (2017) [43]. Copyright © 2016. The authors published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. The polymer arrangement has illustrative purposes and it

doesn’t represent an actual configuration.

Figure 11: a): Far UV-CD spectra of native BSA and BSA-PEEP conjugates at room temperature, showing
retention of the protein secondary structure after the bioconjugation process; b) Emission fluorescence
spectra of native BSA and BSA-PEEP conjugates at room temperature, showing the dependence on the
protein tertiary structure from the polymer grafting. . Adapted with permission from: Reversible
Bioconjugation: Biodegradable Poly(phosphate)-Protein Conjugates, T. Steinbach, G. Becker, A. Spiegel, T.
Figueiredo, D. Russo, F.R. Wurm, Macromol. Biosci. (2017) [43]. Copyright © 2016. The authors published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 12: TEM images of Pseudomonas Aeruginosa treated with antimicrobial agents. 20k magnification,

sale bar 0.5 um. From left to right: no treatment; treatment with 4 ug/mLl of silver acetate; treatment with
2 ug/mL of minocycline; treatment with 4 ug/mL of silver acetate + 2 ug/mL of minocycline. Adapted with
permission from: Minocycline and Silver Dual-Loaded Polyphosphoester-Based Nanoparticles for Treatment

of Resistant Pseudomonas aeruginosa, Q. Chen, K.N. Shah, F. Zhang, A.J. Salazar, P.N. Shah, R. Li, J.C.
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Figure 13: a) Chemical structure of pH/reduction dual-responsive polymeric prodrug synthesized by Dong et
al. b) Fluorescence images of Hela cells incubated with the prodrug, for different incubation times, stained
by DOX The (scale bars: 50 um). Adapted with permission from: Multifunctional Polymeric Prodrug with
Simultaneous Conjugating Camptothecin and Doxorubicin for pH/Reduction Dual-Responsive Drug Delivery,
S. Dong, Y. Sun, J. Liu, L. Li, J. He, M. Zhang, P. Ni, ACS Appl. Mater. Interfaces. 11 (2019) 8740-8748 [48].
Copyright © 2019, American Chemical Society.

Figure 14: PPE-based branched copolymers used for biomedical applications. a) Hyperbranched phosphate
functionalized with spiropyran molecules. Adapted from Reversibly light-responsive micelles constructed via
a simple modification of hyperbranched polymers with chromophores, C.J. Chen, Q. Jin, G.Y. Liu, D.D. Li, J.L.
Wang, J. Ji, Polymer (Guildf). 53 (2012), 3695—-3703 [108]. Copyright © 2012, with permission from Elsevier;
b) Amphiphilic hyperbranched PPEs with phosphate bond as the branching point. Adapted with permission
from: Enzyme Degradable Hyperbranched Polyphosphoester Micellar Nanomedicines for NIR imaging-
guided Chemo-Photothermal Therapy of Drug-Resistant Cancers, M. Yao, Y. Ma, H. Liu, M.I. Khan, S. Shen, S.
Li, Y. Zhao, Y. Liu, G. Zhang, X. Li, F. Zhong, W. Jiang, Y. Wang Biomacromolecules. 19 (2018) 1130-1141
[97]. Copyright © 2018, American Chemical Society; c) Multi-arm block co-polymer, namely a poly(amido
amine) core with arms formed by block copolymers conjugated with the folic acid. Adapted with permission
from: Supramolecular micellar drug delivery system based on multi-arm block copolymer for highly effective
encapsulation and sustained-release chemotherapy, L. Zhang, D. Shi, C. Shi, T. Kaneko, M. Chen, J. Mater.

Chem. B. 7 (2019) 5677-5687 [47]. Copyright © 2019, with permission from Royal Society of Chemistry.

Figure 15: Chemical structure of the tri-block co-polymer mPEG-PCL-PPEEA, representative illustration of
micelleplex formation and the subsequent loading of paclitaxel and siRNA. Adapted with permission from:
Simultaneous delivery of siRNA and paclitaxel via a “two-in-one” micelleplex promotes synergistic tumour

suppression, T.M. Sun, J.Z. Du, Y.D. Yao, C.Q. Mao, S. Dou, S.Y. Huang, P.Z. Zhang, K.W. Leong, E.W. Song, J.
Wang, ACS Nano. 5 (2011) 1483-1494 [163). Copyright © 2011, American Chemical Society.

Figure 16: Schematic illustration of the hydrogel network proposed by Wang et al., with a focus on the
interaction formed between the nucleobases. Adapted with permission from: DNA-Inspired Adhesive
Hydrogels Based on the Biodegradable Polyphosphoesters Tackified by a Nucleobase, W. Wang, S. Liu, B.
Chen, X. Yan, S. Li, X. Ma, X. Yu, Biomacromolecules 20 (2019), 3672—3683 [169]. Copyright © 20189,

American Chemical Society.
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Figure 17: Composition and synthetic route for the formation of polyphosphate copolymers, able to cross-

link in a second moment through UV irradiation, obtaining an hydrogel network. Adapted with permission

from: Design of Degradable Polyphosphoester Networks with Tailor-Made Stiffness and Hydrophilicity as
Scaffolds for Tissue Engineering, R. Riva, U. Shah, J. Thomassin, Z. Yilmaz, A. Lecat, A. Colige, C. Jerome,

Biomacromolecules 21 (2020) 349-355 [173]. Copyright © 2020, American Chemical Society.

Tables.

Table 1 and 2: Comparison between PEG and promising potential alternatives: water-soluble PPEs,

HMPA, POxs, and PG.
Table 3: Monomers that homopolymerize with ROP mechanism to form water-soluble main-chain PPEs.

Table 4: Main-chain degradation by hydrolysis of main-chain water-soluble PPEs, calculated by 3P NMR
or GPC.

Table 5: Cytocompatibility of PPE-containing (co)polymers.

Table 6: Activity of PPEylated protein-polymer conjugates and their PEGylated analogues.
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