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Abstract

The clinical success of polypeptides as polymeric drugs, covered by the umbrella term “polymer *he+apeutics,” combined with related scientific and
technological breakthroughs, explain their exponential growth in the development of priy,ept de-drug conjugates as therapeutic agents. A deeper
understanding of the biology at relevant pathological sites and the critical biologica' burriers faced, combined with advances regarding controlled
polymerization techniques, material bioresponsiveness, analytical methor',, on.! scale up-manufacture processes, have fostered the development of these
nature-mimicking entities. Now, engineered polypeptides have the po.entia: to combat current challenges in the advanced drug delivery field. In this review,
we will discuss examples of polypeptide-drug conjugates a. sit.9ic or combination therapies in both preclinical and clinical studies as therapeutics and
molecular imaging tools. Importantly, we will criticali ' di.<uss relevant examples to highlight those parameters relevant to their rational design, such as
linking chemistry, the analytical strategies employ 2d, and their physicochemical and biological characterization, that will foster their rapid clinical translation.
Keywords: Polypeptide, Polymer Therapeutics, Polypeptide-Drug conjugates, Analytical Tools, Controlled Drug Delivery, Bioresponsiveness, Physico-chemical
characterization
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1. Introduction

There currently exist over 25 examples of polymer therapeutics in clinica’ vz tnday. rwo such nanomedicines became top-selling drugs in the USA in
the last decade, including Copaxone®, a polypeptide-based polyme-ic dr. g for the treatment of multiple sclerosis [1-3]. Polymer-drug conjugates are a
subtype within the polymer therapeutics family; while the first 7erzr..*ion mainly addressed cancer treatment, their therapeutic application now extends to
multiple other conditions [4-6]. Ringsdorf first described “he four main features relevant to the design of polymer-drug conjugates [7], and although we now
consider them in a more versatile manner, then g.ne.al basis remains: (i) a hydrophilic polymeric carrier, ideally biodegradable and multivalent with a high
loading capacity; (ii) adequate drug(s) selection with appropriate potency and structural functionality that allows conjugation; (iii) bioresponsive polymer-
drug(s) linkers that allow controlled drug(s) release at the site of action under selected endogenous or exogenous triggers; and (iv) the possibility of
implementing targeting moieties to enhance accumulation at the pathological site [8]. With these four features in mind, rationally-designed polymer-drug

conjugates have gained attention due, in part, to their ability for the accurate and controlled release of bioactive agents under specific biological scenarios



[2]. | -ated

approaches.

1.1. Polypeptides as Polymeric Carriers for Polymer-Drug Conjugates

The use of polypeptides as the polymeric component provides advantages regarding their clinical translation given their similarities to native proteins,
which include safety, low immunogenicity, biocompatibility, and biodegradability. Said parameters =i..~w for prolonged treatment schedules in chronic or
infectious diseases, neurological disorders, or tissue regeneration [9]. As polypeptides becorr«: ¢.>gri ded in the presence of specific proteases to yield small
non-toxic metabolites that are excreted from the body, they suit repeated parenteral admi. i<’ration; however, for immunomodulatory purposes, they can be
easily engineered by selecting immunogenic amino acid sequences withi;i ti e Jolypeptide structure [10]. Furthermore, the use of high molecular weight
(Mw) polypeptide carriers allows for the optimization of pharmacc“inetics (PK) and the administration of high drug doses with a minimal polymeric
component [9]. The versatility of the synthetic chemistry assc ciav=2u with polypeptide conjugates, in comparison with other types of nanomedicine, has also

widened their applicability [11].

Recent advances in polymerization tecnniques have enabled the controlled and reproducible synthesis of well-defined polypeptides with unique
architectures that can be translated to the industrial scale [12—-15]. In comparison with the resource-heavy and time-consuming manufacturing processes
associated with natural polymeric materials, synthetic polypeptides can be generated from a wide range of precursor materials and offer a range of post-

modification possibilities. The introduction of bioresponsive moieties into polypeptidic materials allows for stimuli-sensitive drug release, while the design of



comg es to

improve properties such as cellular uptake, drug release, or clearance [16].

While polymer-drug conjugates have already reached clinical approval with Movantik® [17], and further examples are currently under evaluation in
clinical/preclinical studies [2], reports with polypeptide analogs remain scarce. However, the application of synthetic polypeptides as carriers is currently in

exponential growth for a variety of therapeutic [18—20] or diagnostic indications [21-23].

Inherent difficulties still exist regarding the precise design, synthesis, and developrer* o advanced polypeptide-drug conjugates (PDCs) with a
defined biological output, although the numerous advantages deriving from their biodesra ¥=uility and multivalency may act to compensate (Figure 1.). Such
difficulties likely arise from the intricate conformational changes of these o1 -iunic carriers, the linking chemistry employed, and the nature of the selected
drug(s) [24]. Moving forward, we must fully understand the critical (esign features of PDCs to diminish the impact of these challenges and enhance the
number of translated examples. Critical design features incl:a. », (1, tiie selection of structural elements before synthesis (e.g., amino acid nature, architecture,
linker design, and responsiveness), (ii) the optimiz~tinn f the physico-chemical properties of the resulting conjugate (e.g., size, charge, conformation,
geometry, and topology), (iii) the correlation of hese properties with the biological output obtained in preclinically relevant models, and, (iv) fine-tuning
through reiterative design cycles. The identification of structural predictors and functional biomarkers [4] derived from the implementation of iterative bio-

and physico-chemical characterization protocols will significantly contribute to their advanced development [1,24].

Figure 1
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synthetic strategies, physicochemical characterization steps, and the bioanalysis implemented. We will also explore strategies used in related polypeptide-

based systems from which PDC design may benefit and highlight how these insights can contribute to the clinical translation of PDCs.
2. Rational Design and Key Requirements Towards the Development of Polypeptide-Drug Conjugates

PDCs are a subfamily of polymer-drug conjugates that use synthetic polyamino acids as the ro.'n.=aric carrier component [11,25]. The evaluation of
eleven PDCs in advanced clinical trials supports the clinical benefit of polypeptide-based miuteialc, with two polymeric drugs reaching market approval:
Vivagel®, a topically administered polylysine (PLL)-dendrimer employed as an antibacteria' 2.1d antiviral (HIV-1 and HSV-2) agent [26,27], and Copaxone’, a

random copolymer of L-Glutamic (Glu), L-Alanine (Ala), L —Lysine (Lys), and -1 ‘'rcsine (yr) used in the treatment of multiple sclerosis [28—30].

The potential of synthetic polypeptides was first recogriz. d ‘'» 1959 by Kenny et al. in a study of poly-L-glutamic acid (PGA) as a plasma expander [31];
moving to the present day, PGA has now found applic. tioi s 11 a range of drug delivery systems (DDS) that have reached clinical stages [32]. The versatility of
the synthetic chemistry involved and the ability "o \.icorporate bioresponsive linking moieties and other biomimetic features greatly enhance the scope of
PDCs in comparison with other types of nanomedicine [11]; however, said nanomedicines must meet defined and exact prerequisites for successful

translation to the clinical setting.

The rational design of a PDC begins with a complete understanding of the biological barriers that each conjugate must bypass to reach the selected

cellular/molecular target. This “journey” starts with the selected administration route [24,33]. Intravenous (i.v.) administration represents the preferred



route eting
through the enhanced permeability and retention (EPR) effect (in the absence of active targeting moieties) [34-36], and improved therapeutic outcomes [2].
Alternative routes include oral [37], intranasal [38,39], subcutaneous [40], intraperitoneal (i.p.) [41-43], pulmonary [44,45], vaginal [27], topical [46],
intrathecal [19], and ocular [47] administration, with each route requiring the optimization of the final therapeutic formulation with regards to the
parameters that affect interactions with biological interfaces. The nature of the polymer/active agent, bioresponsive moieties, and physico-chemical
parameters such as size, charge, geometry, or solution conformation govern the in vivo behavior of a D" |.'4,33,48] and establish the requirements for their

rational design.

The main requirement for the development of PDCs is the feusiLiliv/ and simplicity of polymer chain _modification that allows the desired

bioresponsive conjugation of a therapeutic agent, targeting moiety, ana/or fluorescent probe. While more than 500 amino acids exist (around 240

encountered in nature and the rest as intermediates in meta. olism, (49], only seven of those that appear in the human genetic code possess characteristics
that have fostered their implementation as buildirg hick. for PDC — the positively charged amino acids arginine (Arg) and Lys, the uncharged polar amino
acid serine (Ser), the uncharged hydrophobic amii o acid Tyr, and finally, the negatively charged amino acids Glu and aspartic acid (Asp). In practice, Glu, Asp,
and Lys represent the most exploited amino acids in the synthesis of PDCs due to their side-chain functionalities, as will be discussed in forthcoming sections
of this review. Other amino acids are incorporated to achieve shielding (i.e., sarcosine (Sar, N-methyl Gly)) [50], active mitochondrial targeting (i.e., proline
(Pro)) [51], bioresponsiveness within a peptidic sequence, acting as protease substrate (i.e., for Cathepsin B: GFLG, biotin-avidin systems [52,53] or for matrix
metalloproteinases (MMPs): GPLGIAGQ, PVGLIG [53], CPLGLAGG [54] and others [55]), or 3D conformational change when part of hydrophobic domains [56],

among other examples.
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effect observed in the clinics with Vivagel® and Copaxone™ used as polypeptidic drugs [1,2,27]. Under a rational design-based approach, we can take
advantage of the inherent biological activity of polypeptides to construct multimodal PDCs. As an example, poly(Arg-Gly-Asp) inhibits lung metastasis and the
migration of B16-BL6 melanoma cells in mice [57,58]. The incorporation of a zwitterionic sequence within a disordered polypeptidic carrier (ZIPPs) increases
plasma residence time by imparting “stealth” behavior. Using this strategy, Banskota et al. demonstrated that a combination of Lys and Glu in the ZIPP
conferred superior PK to conjugated glucagon-like peptide-1 (GLP1) in a mouse model of type-2 d'abe‘te. [59]. Other polypeptides, such as polyornithine
(PLO) and polyarginine (PArg), have been widely explored in gene delivery due to their cav on.~ nature (a topic out with the scope of this review [60]).

However, there exist examples of these polymers as components of PDCs, such as liv-cv-targe ved PLO-small interfering RNA (siRNA) conjugates [61].

The robustness and scalability of PDC synthesis and, more i norta. cly, the final manufacturing process represent essential considerations regarding

clinical translation. As various synthetic strategies can genera*= puly ~2ptides, the properties of the final product will differ. Peptide synthesis commonly
employs peptide bond formation via condensation, a seq.'e: tia: process of coupling two amino acids with N- and C-terminus protecting groups in solution or
on a solid phase [62]; however, this procedur. 1= gr.nerally inapplicable to large scale polypeptide synthesis due to economic considerations. Similarly,
recombinant techniques involving the expression of an amino acid sequence by, for example, E. coli (commonly used for elastin-like polypeptides synthesis
[63]), also suffer from poor process scalability. Overall, these constraints prompted the implementation of polymeric carriers such as poly(ethylene glycol)
(PEG) or poly(N-(2-hydroxypropyl)methacrylamide) (HPMA) instead of polypeptides due to their associated relatively rapid and facile manufacturing

processes [25].
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controlled, reproducible, and cost-effective synthesis of poly-amino acids (even at large Mw) at the kilogram scale [12—-15,64]. This polymerization process
requires the use of specific amino acid derivatives (NCA with protected or modified side-chain functional groups) to generate a final product that contains

modified side chains or that can be post-synthetically modified [65]. The choice of (macro)initiator is critically important to NCA-ROP, as this determines the

living character of the polymerization process, the low polydispersity (PDI) of the resultant polypeptides [66], and the final topology, allowing for the
generation of linear, branched, and dendrimeric architectures following the use of multifunctional mie.'e. [67,68]. Dendrimeric materials structurally differ
from linear analogs, with advantages including monodisperse distribution and a rigid structu. = t..=* impedes viscosity at high concentrations. Chain growth
control and steric hindrance for large Mw dendrimers remain as significant proble: s reiai=d to the attainment of symmetrical structures, where the NCA-
ROP polymerization resulting in narrow size distribution keep the leading »osi iot.s [12—15], and, similar to dendrimers, also allows the generation of star-like
or highly-ordered branched polypeptides [67—-70]. Examples in t'.< l.erature include linear, branched, or dendrimeric forms of PLL (Table 1), with any
associated activity dependent on the structure. For examg!'z, Jencrimeric and linear polyanions differ in their antiviral activity, which is highly dependent on
the branching degree [71]. A general trend sup»nor.s 1.°¢. 2using potency upon increased generation, with the fourth generation displaying higher activity than

lower generations [71].

The inclusion of PEG as a macroinitiator confers amphiphilicity to the resulting polypeptidic chain and provides the basis of well-known polymeric
micelles. Many examples have been described by Kataoka et al., with several now under evaluation at advanced clinical stages as anticancer agents (Table 1-
3) [72]. Many studies employ PEGylation to tailor the PK of nanosized DDS, not only by increasing circulation time due to an increase in size [73], but also by

impeding recognition by the immune system (known as opsonization), phagocytosis, and elimination [74]. However, evidence of intracellular vacuolation and



clinic lergo
biological processes that result in the production of toxic carboxylic metabolites related to the development of hypercalcemia and acidosis [77]. Studies have
also shown that PEG (irrespectively of Mw) can alter the P-glycoprotein transporter directly or indirectly and affect its function [78]. Within the polypeptide
armory, polysarcosine (PSar) [79] has emerged as an alternative to PEG, as PSar can grant water-solubility, flexibility, immune evasion, and low
immunogenicity without associated adverse effects [50]. Furthermore, studies of several PSar-polypeptide micelles data as non-viral vectors or in targeted

drug delivery, among other applications, have already provided promising preclinical data [79].

The overall size of a given nanosized DDS, including PDCs, represents an es-enJ'a, parameter that governs resistance to elimination by the
reticuloendothelial, hepatic, or renal systems, the modulation of blood circulatior *inre, ana hence the preferential accumulation in the tumor or inflamed
sites due to the EPR effect. Sizes of > 100 nm favor accumulation i~ wel vascularized pathological sites [34,36]; however, efficient therapeutic outcomes
following PDC treatment also require adequate tissue diffusior anc p._=etration. Importantly, Cabral et al. established that treatment with PDCs of <100 nm
in size led to optimal penetration in poorly permeable cai <€ -s, such as that achieved with a 30 nm size PEG-PGA-1,2-diaminocyclohexane-platinum(ll) micelle

[80]. There exist a range of strategies that can el hcncr. accumulation and permeation, although this topic lies outside of the scope of this review [80,81].

Polypeptide chain functionality and the selected therapeutic agents define the synthetic strategy used for conjugation. Furthermore, the connection

between the bioactive agent(s) and the polymeric carrier via specific linking moieties provides for the tight control of drug release [82]. The first PDCs

employed simple amide or ester one-step bond formation to generate linking moieties, due to the straightforward linking chemistry of Glu, Asp, and Lys
terminal carboxylic/amine functional groups, that supported the slow release of conjugated elements [24]. More structurally advanced linkers now provide

stimuli-responsiveness and site-specific drug conjugation, which represents another requirement for PDCs in particular, as well as DDS in general. We will
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examples displaying sensitivity to physiological gradients (e.g., pH, hypoxia, temperature, redox potential, presence of specific enzymes) or external stimuli

(e.g., photoirradiation, magnetic fields, electric fields, ultrasound, temperature) [83].

Another means to achieve stimuli-responsive PDCs takes advantage of the intrinsic polyelectrolyte properties of the polypeptidic carrier itself.

Optimal design in this respect can promote, for example, pH-triggered conformational changes baser cn "he shielding/exposure of side-chain charges after
the differential protonation stage [56]. The introduction of specific moieties between polyrreric fra gments/blocks or orthogonal crosslinking agents within
three-dimensional architectures allows for the development of multiresponsive polypeptia - ystems [84,85]. For example, a disulfide motif (-SS-) introduced
between PEG and PAsp polymeric blocks conferred redox-responsiveness %o « P.'G-55-PAsp-Doxorubicin (Dox) conjugate, while a hydrazone linker employed

between Dox and PAsp conferred pH-responsiveness [86].

Polypeptidic carriers also tend to self-assemb.2 a e to their intrinsic properties; therefore, the stability of self-assembled polypeptide-based DDS
under physiological conditions is another requ.-ei..ent, which depends on forces including hydrophobic/hydrophilic balance, m-t stacking, and dipole
interactions [24]. The stabilization of self-assembled architectures permits the use of these systems as efficient drug carriers; in this context, the
complexation of platinating agents (Pt) to negatively charged PGA and PAsp polypeptides allows for efficient drug incorporation and cross-linking derived
from the chelation of Pt(ll). Recent examples confirm the generation of particles with suitable hydrodynamic radii (80-100 nm) [41,87] and stability in serum

[88]. Furthermore, size can be precisely controlled by varying the loading of the Pt drug [80].



drug
amount also affects the size. Furthermore, crosslinking of polypeptidic chains with biodegradable or non-biodegradable linkers can allow for the generation
of stabilized and flexible structures, controlled drug release, and tunable size. “Click” reactions represent the most widely used strategy for crosslinked
polypeptidic materials [95] due to high reaction efficiency under mild conditions and high selectivity. Cu(l) catalyzed azide-alkyne cycloaddition [96] and
copper-free click chemistry [97,98], amide [99], thiol-ene, and Diels-Alder reactions [100,101] are among the commonly used technique for the generation of
non-degradable crosslinkers. Other types of crosslinkers have also been successfully applied for »ol,ocntidic materials, and include genipin [102,103],
bioresponsive disulfides [104-107], boronic acid [108,109], and aldehyde/amine derivatives [1.0]. The advantages of the crosslinked system have been

demonstrated for PGA [96,111] and PLL [107] with significant increases in blood circ.!atiun ( oserved in vivo.

Another physical parameter to consider is the net charge of a siven ~DC. Charge has a significant effect on in vivo fate, with toxicity observed in those
examples with a positive surface charge [112]. As an example, the p.zitive charge associated with PLL or PArg limits their systemic applications; however,
these polypeptides have found use as topical virucides, s.'ci is the case of Vivagel® [27]. However, after adequate charge shielding approaches, PLL, PLO, or
PArg could represent suitable materials for the =\ =looment of PDCs or non-viral vectors for systemic delivery [20,40,43,113,114]. Chemical alterations, such
as amidation of amino side groups, can compensate for unwanted charge. As an example, Han et al. modified a Lys into a pH-sensitive B-carboxylic amide to
create smart negatively-charged micelles based on amidated PLL-poly(L-leucine) diblock copolymers that regain a positive charge upon hydrolysis to assist in
internalization at the site of action [115]. Charge can also be diminished by adequate PEG-mediated shielding [44,116], as is the case of DEP® technology and

dendrimeric PEG-PLL in Phase I-Il clinical trials [117,118] (see detailed information in section 3.1.1) (Table 1).
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excretion in the case of negatively charged systems [96,119]). Slightly negative or neutral charges reduce non-specific cellular uptake and opsonization [24].
Qi et al. designed a multilayer system based on PEG-PLL-poly-aspartamide with the toxin monomethyl auristatin E (MMAE) and employed layer-by-layer
assembly with PEG-PGA to quench the positive surface charge and minimize non-specific biological adhesion and prevent premature opsonization [42]. Their
nanosized DDS dissociated at the low pH typical of the tumor microenvironment (TME), leading to improved cell internalization through the exposure of the
positive charges of the amine. The design employed in this study also supported increased drug loac'ing 21. a per-vehicle basis when compared to antibody-
drug conjugates. More importantly, evaluation in an ovarian cancer model demonstrated "un.~r growth inhibition and extended animal survival when
compared to free MMAE treatment, which induced severe weight loss. In a patic~t-uer ‘ed xenograft-platinum-resistant model, MMAE conjugates also

exhibited enhanced antitumor efficacy and doubled animal survival when ~om yat ~d to cisplatin (CDDP) therapy [42].

The last but not least important prerequisite that can incre~-e suc..zss in clinical translation is the active targeting of a given PDC via surface modification

with receptor-ligands, which include a multitude of moi~cules that facilitate cellular uptake via receptor-mediated endocytosis [120]. Previously reported
targeted polypeptide-based nanosystems have =n nlcyed folic acid (FA, folate receptor target) [41,106,121-124], hyaluronic acid (HA, CD44 target) [125],
glucose (Glut-1 target) [107], biotin (avidin target) [126], aptamers (ssDNA/RNA fragment), antibody whole/fragment [99,127], proteins (transferrin) [128] or
peptides (cyclic Arg-Gly-Asp (cRGD) peptide) [129] and leptin [130]. Although not all given examples are conjugates, these targeting moieties, as well as
others reported in different DDS, could be implemented in PDCs. Of note, despite the enormous potential for site-specific delivery and promising in vivo
results of targeted systems, the associated increase in complexity raises challenges for large-scale manufacturing that complicates their clinical translation.

Furthermore, conflicting results in the literature have raised a debate with regards to whether ligand-targeting significantly enhances accumulation when
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recognition moieties should be adequately selected for efficient active targeting [132,133].

3. Advancing Polypeptide-drug Conjugates Towards the Clinics

As already mentioned, Glu, Asp, and Lys are the most widely employed amino acids in PDCs. Therefore, we will review the reported literature on related
PDCs, but we will also include other amino acid-based-PDCs that exhibit interesting properties. Fort!,..ar. ing sections will address their implementation in
combination therapies, the linking chemistry strategies employed, and recent progress in this =re.". w th critical insight into the required analytical techniques
for their characterization. This latter point represents a critical feature that could lay the fo.nzations for the development of the next generation of PDCs that

reach clinical application.

3.1. Preclinical and Clinical Examples of Polypeptide-based Conjua’.s

3.1.1 Polylysine (PLL)-based Conjugates

The approval of Vivagel® [26] and the ~'iase I/Il clinical studies with DEP® technology [118] both support the use of PLL in PDCs (Table 1). PLL-
derivatives are also currently being preclinically evaluated as anticancer therapies through the conjugation of drugs via bioresponsive linkers (Table 1),
immunotherapeutics (mainly with mRNA-based vaccines) [134], and microbiocides [135]. PLL has found use as a non-viral vector [60], whose description falls

outside the scope of this review; however, we will discuss outcomes of related studies that have relevance to PDC development where appropriate.

Table 1
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I/11), and the Bcl2/xL inhibitor AZD4320 (AZD0466, phase 1) are being evaluated in clinical trials in solid tumors [118] and hematological tumors in the case of
AZDO0466 (alone and in combination with rituximab) [136]. For the three conjugates bearing chemotherapeutic agents, clinical results have provided evidence
for disease stabilization and a reduction in side effects (neutropenia and bone marrow toxicity) [117,118]. In all cases, drug loading and PLL-drug linker design
represented critical features - for example, in the case of the PEG-PLL dendrimer-AZD4320 conjugate (AZD0466), mathematical modeling determined the
optimal drug release rate to achieve maximal therapeutic index (preclinical antitumor efficacy vs. ca dic va cular tolerability) and secure clinical progression

[137].

Dendrimeric and linear PEG-PLL carriers are also under preclinical eval.a-un with a wide variety of chemotherapeutics and molecularly-targeted
drugs. As stated previously, drug loading and linker design represert key esign parameters. The use of the cathepsin B-cleavable GFLG linker (which has
demonstrated utility in targeted drug release) in PEG-PLL dend~me conjugates of gemcitabine (GEM) [113] and Dox [138] prompted similar two-fold higher

inhibition of tumor growth, higher apoptosis compared tc th. = free drug, and a lack of tissue damage.

A comparison between two redox-sensi ive linkers (3,3’-dithiodipropionic acid [DDPA] and 4,4’-dithiodibutyric acid [DDBA]) employed for the
conjugation of curcumin to a PEG-b-PLL linear block copolymer revealed that, in similar conditions of drug loading and size, the thermodynamic parameters
of cycle formation of each self-immolative system had significant influence [139]. The longer length of the DDBA linker prompted more stable 1,5 ring
formation, faster drug release, and consequently higher cytotoxicity in three different cancer cell lines and a xenograft tumor-bearing mouse model.
Conjugation of 198_sodium borocaptate (BSH) to PEG-b-PLL through a redox-responsive linker yielded multifunctional polymeric micelles (of approx. 50 nm in

diameter) that allowed for endosomal escape and the enhanced delivery of BSH to cancer cells required as part of a boron-neutron capture therapy (BNCT)
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toxicity without irradiation.

Recently, Toshiyama et al. conjugated ubenimex (Ube, also known as bestatin), a protease inhibitor clinically used for patients with acute myeloid
leukemia and lymphedema, to a PEG-b-PLL block copolymer through a peptidic linker and achieved high loading (up to 40 mol%) [43]. The conjugates
demonstrated comparable/or higher activity than free Ube thanks to the strengthening of the molecule to-cell interactions via selective targeting towards
aminopeptidase N (APN)/CD13" hepatocellular carcinoma cancer stem cells. Exposure to the PLG-,-PLL-Ube conjugate alone or in combination with
chemotherapeutic drugs (fluorouracil, CDDP, or Dox) prompted a clear increase in intracc lulc r .eactive oxygen species levels by inhibiting APN activity. This

effect triggered a potent antitumor effect in vivo in a HuUH7 hepatocarcinoma xer oy rart model with no apparent adverse effects upon i.p. administration.

Zhou et al. developed actively tumor-targeted (using FA), redox respunsive, and high drug-loaded micelles composed of PEG-b-PLL conjugated to CPT
through disulfide bonds as an enhanced cancer therapeutic 't 1]. ‘he ability of FA-PEG-b-PLL-CPT to self-assemble into micelles of around 100 nm in diameter

also allowed the exploration of combination therap:, /i th. encapsulation of hydrophobic chemotherapeutic drugs such as Dox [94].

As mentioned in previous sections, the administration route employed can alter the therapeutic success of a given PDC. The intratracheal instillation
of a dendrimeric PEG-PLL-Dox conjugate as a lung metastasis treatment reduced tumor burden by more than 95% in comparison with i.v. administration,
which triggered only a 30% reduction [44]. The authors highlighted the potential of PEGylated dendrimers as inhalable DDSs to promote the prolonged
exposure of lung-resident cancers to chemotherapeutic drugs and to improve anti-cancer activity. Studies on the clearance of this PDC concluded that the

majority of the dose (around 60%) dissipated from the lungs after 24 h via absorption across the pulmonary epithelium and clearance into the intestine,
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approximately six days, suggesting that the conjugate promoted the controlled and prolonged exposure of Dox to the lungs. The authors also suggested urine
secretion of degraded fragments and drainage into pulmonary lymphatics as other clearance mechanisms. Related studies conducted in humans that
employed a cysteine-PLL-PEG polymer for DNA delivery as a cystic fibrosis treatment provide support for the suitability for nasal delivery and safety of this

dendrimeric system [38].

PLL has also been explored for diagnostic purposes as a component of magnetic resona c. 1.Mm24ing (MRI) contrast agent probes. Dendrimeric PLL
conjugated to diethylenetriaminepentacetate acid (DTPA) via an amide bond for gadolii»iun (\3d) complexation [141] offered higher longitudinal relaxivity
values. The administration of this conjugated complex resulted in enhanced tumor ~cctimulation and its maintained presence for up to 24 h post-injection in

comparison with the unconjugated DTPA-Gd complex.

Finally, due to a possible implementation in newly Ae sigr.2u targeted PDCs, we highlight a recent study by Xie et al. that described a bioresponsive
crosslinked PEG-PLL nanomicellar complex that pe:=~t, atel the blood-brain barrier and successfully delivered active 3D6 antibody fragments (3D6-Fab) to
inhibit beta-amyloid aggregation as part of a pc:ential Alzheimer’s disease treatment approach [107]. The nanomicelles displayed stability in blood and
disassembled in a stepwise-manner within the acidic and reductive environment of the endosome and brain parenchyma, respectively, due to the loss of
ionic interactions and disulfide link breakage, which prompted the release of large amounts of bioactive antibodies. Functionalization with glucose (to target
the glucose transporter (Glut)-1 protein) conferred brain targeting under specific glycemic controlled condition and promoted a 41-fold enhancement of 3D6-
Fab brain accumulation when compared to free Fab. Finally, the study confirmed in vivo therapeutic efficacy through the inhibition of AB1-42 aggregation in

Alzheimer’s disease mice.



PGA is a biocompatible polymer that undergoes intracellular degradation by cathepsin B, a protease that becomes highly upregulated in malignant
cells [142]. Initially, PGA-drug conjugates focused on improving the solubility of conventional first-line cancer therapeutics such as paclitaxel (PTX) or CPT, and
reducing systemic exposure and adverse side effects for highly toxic drugs such as Dox and CDDP (Table 2). PGA-paclitaxel (PGA-PTX, also known as CT-2103,
PPX, or Opaxio'™) represents one of the few conjugates that has reached phase Il clinical trials [143]. 'a comparison with other polymer-PTX conjugates,
Opaxio™, which uses an ester bond for drug conjugation, exhibited high drug loading capacity (>7 1% s. 5 wt% for the discontinued HPMA-PTX conjugate
[144]) and presented enhanced stability in blood. PGA conjugation of PTX also allowed fc* mu re rapid patient administration (10-20 min infusion compare to
3-24 h for free drug) and did not require premedication with corticosteroids «~u antihistamines due to the lower associated toxic side-effects [145].
Moreover, PGA-PTX prompted enhanced outcomes when combined with . 1diotherapy, demonstrated comparable efficacy to the free drug, and prompted
favorable progression-free and overall survival rates [146]. U~for.ui.ztely, the development of PGA-PTX was halted in 2016 due to a lack of significant
improvement compared to the current standard of care '1.'7]. PGA-CPT, known as CT-2106, also reached the clinics and employed an ester linking moiety
with a glycine spacer that stabilized the active . c.on.: form of CPT and enhanced aqueous solubility [148]. Phase I/Il studies with CT-2106 in patients with
refractory solid tumors provided evidence of lower toxicity when compared to free CPT; however, economic concerns led to the discontinuation of this

conjugate [143,149].

Table 2



more
efficient PGA-drug conjugates. These include the requirement for patient stratification in clinical trials (discriminating by patient estrogen levels that correlate
with cathepsin B endogenous level [150]), a more profound understanding of the mechanisms of action, the optimized design of clinical trials, and the need
of effective academic-industry partnerships during drug development [147]. Furthermore, additional chemical modifications to the PGA main chain can
support further improvements in the biological output of PGA-drug conjugates. The introduction of carbocysteine moieties significantly improved the
solubility of PGA-PTX conjugates [151], while PTX conjugation via B-thiopropionate esters prompted rior. rc vid hydrolysis, thereby providing a more efficient
release rate when compared an ester bond. Of note, the presence of targeting moieties such s ¢.’=0 enhanced in vivo targeting and antitumor activity in an
orthotopic triple negative breast cancer (TNBC) model when compared with no~ *arget.d PGA-PTX [152]; therefore, the further exploration of active-

targeting strategies may provide for enhanced therapeutic outcomes.

NKO12 (Table 2), a PEG-PGA-conjugate of SN-38 (the ~-tiv/. n.ztabolite of irinotecan) using an ester bond that self-assembles into a polymeric
micelle, is currently being evaluated in refractory solid tom ars (phase 1), metastatic and recurrent colorectal cancer (phase Il), relapsed non-small-cell lung
carcinoma (phase Il), and advanced metastatic N.'C [phase Il) [143,149,153]. Trials evaluating NK012 in combination with carboplatin in TNBC (phase I) and
with 5-fluorouracil (FU) and leucovorin in colorectal cancer (phase I) are also ongoing (NCT01238939). In another example using PEG-PGA as a carrier, the
inherent polypeptide-metal complexation ability provided by the -COOH groups of PGA has been extensively studied by Kataoka et al. and several examples
are also under evaluation in clinical trials (Table 2). These include a diaminocyclohexane platinum (DACH-Pt/) micelle (NC-4016) for advanced solid tumors
and lymphoma (phase 1), and a cisplatin micelle (NC-6004) for pancreatic cancer (phase lll) [154], which underwent testing alone and in combination with

pembrolizumab, 5-FU, cetuximab, and gemcitabine [143].
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the conjugate [155]. In vivo studies confirmed that PEG-PGA-BSH conjugates became retained in the tumor to a greater degree and induced a significantly
greater antitumor effect when compared to both PGA-BSH and free BSH, which induced negligible tumor growth suppression. The authors attributed these

effects to lower tumor penetration and intratumoral retention of the PGA-BSH, which instead became distributed around the blood vessels [155].

As an alternative to the block-copolymer formation, many have explored the relevance of grafted “,rms of PEG-PGA (PGA-g-PEG). The implementation
of PGA-g-PEG can save both labor and monetary costs deriving from the need to prepare and pur’iy ®L5-"{H; (the initiator for NCA-ROP polymerization), such
as is described in a study by Yu et al. that employed PEG-OH for PGA-g-PEG constr.'ctitn '156]. A PGA-g-PEG-CDDP conjugate displayed comparable
antitumor efficacy at an equal dose to the free drug in a human MCF-7 breas* z“:nncarcinoma model and significantly lower body weight loss at higher
concentrations, suggesting lower systemic toxicity upon an increase.! ther. oeutic dose. Additional research has explored the covalent conjugation of other
anticancer agents to this PGA-g-PEG platform. Conjugation of nocop. yilotoxin via an ester bond resulted in 82.5% tumor suppression in a multiple drug-
resistant breast cancer model when compared to a rea ic.ion of 37% for the free form of the toxin [157]. Conjugation of the vascular disrupting agent
combretastatin-A4 (CA4) via an ester bond pro.ia d ignificantly higher tumor suppression when compared to the free drug in a murine C26 colon tumor
model [158]. PGA-g-PEG-CA4 demonstrated preferential accumulation around tumor vessels, sustained drug release, and 74% tumor suppression in
comparison to a 24% reduction for an equal dose of the free drug [158]. Encouragingly, repeated treatments led to almost complete tumor regression,
suggesting that the selected dose regime could represent a highly effective treatment option. Further studies demonstrated an improvement in tumor
inhibition following the administration of PGA-g-PEG-CA4 in combination with plerixafor, an immunostimulant used to mobilize hematopoietic stem cells into

the bloodstream, and the inhibition of lung metastasis [159].
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macrophages in the 4T1 orthotopic breast cancer-bearing mouse model [160]. However, treatment with a selective inhibitor of the phosphoinositide 3-kinase
gamma isoform (PI3Ky) attenuated this immunosuppressive effect and prompted a synergistic anti-tumor effect, which significantly extended the mean
survival time from 52 days in PGA-g-PEG-CA4 -treated mice to 61.8 days. Additionally, the combination of PGA-g-PEG-CA4 with the PI13Ky inhibitor improved
the tumor therapeutic effect of NLG919, an inhibitor of immune checkpoint molecule indoleamine 2,3-dioxygenase. These findings highlight the therapeutic

potential of the combination of CA4 as a vascular disrupting agent with an immune modifier to induce tui vo. inhibition.

The application of PGA as a photosensitizing agent in photodynamic therapy (°D1, ray provide a means to circumvent the low absorptivity of
photosensitizers in an aqueous environment [161,162]. The conjugation of a zir:c ') phthalocyanine (ZnPc)-derivative to PGA permitted high absorptivity in
the near-infrared (NIR) region at its Amax of 675 nm in an aqueou: envii inment, elevated singlet oxygen generation efficiency, increased uptake by 4T1
breast cancer cells, enhanced photocytotoxic efficacy, and a *ign iig.~t-dark toxicity ratio (> 1.5-fold than ZnPc) at higher concentrations. Further studies
revealed that the conjugate accumulated well in 4T1 mouse mammary tumors, and, as part of an antitumor PDT approach, induced a more significant tumor
volume reduction (91%) when compared to Zn.>c :lo'ie (50%). Furthermore, this study reported a suitable cardiovascular safety profile and a lack of lung

metastasis.

Apart from cancer, PGA has been explored in tissue regeneration approaches or as modulators of cell death, in inflammatory- [163], ischemia-
[164,165], or amyloid-related pathologies. As an example, Cérdoba-David et al. recently described a nanosized soft-assembled star-shaped PGA conjugate of
bisdemethoxycurcumin (St-PGA-CL-BDMC) as an effective treatment for acute kidney injury [111]. A previous study reported the biodegradability,

biocompatibility, enhanced in vitro cell internalization rate, and significantly higher half-life in vivo for this novel stabilized carrier type when compared to
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favorable PK profile. Moreover, the rational design of the conjugate took advantage of the natural kidney tropism of PGA [111] and the use of a pH-
responsive ester linker to allow BDMC release in acidic environments, which include inflamed tissues (such as damaged kidney tissue) or the endocytic-

lysosomal pathway in native tubular cells.

PGA has also shown potential in the topical delivery of drugs - as an example, Dolz-Pérez et a reported the development of a PGA-fluocinolone
acetonide (FLUO) conjugate for the advanced topical treatment of psoriasis [46]. When app'icu \ithin a HA-PGA cross-polymer, PGA-FLUO effectively
reduced disease-associated phenotypes and proinflammatory cytokine levels in tissue ar{ se"um in an in vivo mouse model of human psoriasis. Due to the
observed improvements in skin permeability and bioavailability, this study high.li,"*.ced the potential use of polypeptidic formulations for localized dermal

drug delivery.

Several studies have also underscored the ability of F 3A coijugation to protect the native structure of proteins [166,167]. An intracellular deficit in
the alanine:glyoxylate aminotransferase (AGT) liver e nxi.ase induces the rare disorder primary hyperoxaluria Type |; however, treatment with a PEG-PGA-
AGT conjugate using a disulfide linker permitted 1 he cytosolic release of AGT and the restoration of glyoxylate-detoxification in CHO-GO eukaryotic cell lines
[166]. In a similar study, Maso et al. conjugated granulocyte colony-stimulating factor (G-CSF) and human growth hormone (hGH) to a PEG-b-PGA to enhance
the induction of granulopoiesis [167]. Apart from achieving superior responses than PEG-protein analogs, in vivo analysis revealed the induction of
granulopoiesis in parallel with comparable or better bioavailability and bioactivity than the commercial golden standard Pegfilgrastim, a PEGylated form of

the recombinant human G-CSF analog filgrastim.
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related to long-term toxicity with non-biodegradable probes. As an example, Zhang et al. explored a PGA-DTPA conjugate modified with an aliphatic chain as
an MRI contrast agent after Gd*' complexation in a rat glioma model [170]. This PDC demonstrated high signal enhancement regarding the detection of the
tumor rim with tracer activity up to 2 hrs when compared to 20 min when using the commercially available Magnevist (non-polymeric formulation), and rapid
clearance (within 24 hrs) from the body. Finally, a sophisticated approach to the early detection and monitoring of osteoarthritic progression employed a
PGA-modified protease specific probe [21]. In this study, Duro-Castano et al. conjugated a fluore sce \t vesonance energy transfer-based peptide probe

cleavable by MMP-13 (a protease that degrades type |l collagen in cartilage) to PGA and demo. str.*<d its in vivo specificity.

Finally, recent tumor theranostic approaches that employed polypeptide -g “=it-20lypeptoid copolymers based on PGA—PSar moieties functionalized

M -tetrazine ligation [171] hve pi wided promising data regarding their implementation as theranostic agents. The

with trans-cyclooctene (TCO) for later
interaction of tetrazines with TCO represents one of the fastest “ior.rt..2gonal reactions known and is therefore increasingly used for in vivo click chemistry to
offer new opportunities for polypeptide development '1.2]. The authors employed this polymer-based targeting agent for pre-targeted imaging and
separated tumor accumulation from the imagi. g step. Results demonstrated adequate image contrast for 2 hrs after administration of the radiolabeled
tetrazine compound, demonstrating the beneficial logistics and thus lower radiation dose received by patients. Finally, another related tumor theranostic
approach employed poly(L-y-glutamyl-glutamine)-paclitaxel (PGG-PTX) to chemically conjugate DTPA-Gd for MRI (PGG-PTX-DTPA-Gd). The capacity for in vivo

fluorescence imaging monitoring in a lung cancer model demonstrated not only tumor accumulation by the EPR effect, with a significantly enhanced and

prolonged signal intensity in tumor tissue, but also effective antitumor inhibition [173].



Polyaspartic acid (PAsp) differs from PGA by one side chain -CH, group, increased structural rigidity, and a different cell internalization pathway [174];

however, PAsp retains protease biodegradability [175].

There exist preclinical examples of PAsp as a homopolymer - for example, Di Meo et al. introduced a long ethylene glycol-bis(succinic acid) linker
(ester and amide functionality) when conjugating PAsp to Dox to obtain a conjugate that acted as an ir.., :-u1mor reservoir for gradual drug release [176]. This
PAsp-Dox conjugate provided for enhanced antitumor activity and prolonged survival when com, are Jd to free Dox treatment in a breast cancer model [176].

However, as in the case of PLL and PGA, PEG-block copolymers of PAsp remain the most 2a.2".ced examples within the clinics (Table 3).

Takie 3

Matsumura et al. engineered a PEG-PAsp-Dox conjugate (Nk-©11, the first polymeric micelle evaluated in human clinical studies) using an amide linker
that could be loaded with Dox via physical entrapmunt ‘hrough m—m stacking [177]. NK-911 has been evaluated in a phase Il clinical trial for metastatic
pancreatic cancer, although results have yet to b » rported [178]. Similarly, a polymeric micelle compose of a PEG-PAsp conjugate of the chemotherapeutic
drug epirubicin using an acid-labile hydrazone bond (NC-6300) is currently under evaluation in phase I/1l clinical trials for solid tumors and soft tissue and
metastatic sarcoma [179]. NC-6300 exhibited an improved safety profile with lower toxicity and allowed administration of epirubicin at a higher individual
and cumulative dose in phase | studies. Maeda et al. also evaluated NC-6300 as part of a combination therapy with high-intensity focused ultrasound (HIFU),
where it demonstrated significant tumor growth inhibition in PaCa-2 human pancreatic cancer cells in vitro and a murine model of colon cancer [180] (Figure

2).



An exploration of NC-6300 targeted with an anti-tissue factor antibody (clone 1849) provided evidence of enhanced antitumor activity in pancreatic
and gastric cancer mice models (high tissue factor expression) and equivalent antitumor activity in a pancreatic cancer model (low tissue factor expression)
when compared to a non-targeted analog [181]. Unfortunately, the selected antibody prompted blood coagulation, requiring the selection of a replacement

(Ab 1859); however, the authors observed similarly enhanced anti-tumor efficacy with this alternative an:*body [127].

The bioresponsiveness of PAsp-associated conjugates can derive from both the polyp:piide- drug linker and the polypeptide matrix itself [182,183].
For example, the introduction of a disulfide linking moiety between the polymeric blocks 2f PEG-PAsp conferred redox-responsiveness, while a hydrazone
linking moiety between the polymeric blocks and Dox provided pH-re.po.'si ‘encss [86]. This advanced dual-responsive PEG-PAsp-Dox conjugate also
permitted the encapsulation of Dox via hydrophobic interactions and ) -t stacking. In vitro evaluation of this conjugate confirmed low Dox release at pH 7.4,
higher release at pH 5, and even higher release in the prece..ce 1 10 mM glutathione (GSH). However, the in vivo effectiveness of this conjugate remains

undescribed.

Polypeptide conjugation of water-soluble therapeutic agents can improve their safety profiles by hindering rapid penetration into healthy tissue and
excretion. GEM conjugation to a modified PEG-PAsp polymer via an acid-labile cyclic acetal linker provided for prolonged blood residence time and enhanced
tumor accumulation [184]. Results demonstrated comparable tumor growth suppression for the conjugate at a much lower dose compared to the free drug

and a better safety profile.
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1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) conjugation for Gd complexation [185]. Higher accumulation and sustained radioactivity in
the femur 60 min after injection when compared to a low-Mw positron emission tomography (PET) probe demonstrated the potential of this conjugate in the
detection of bone metastases. Jiang et al. explored an FA-targeted PEG-PAsp-DTPA/Gd system as an MRI probe, with results demonstrating enhanced tumor
signal intensity over a longer time window [123]. Similarly, the conjugation of the BODIPY-Br2 photosensitizer (which possess high singlet oxygen generation
efficiency and NIR fluorescence) to a pH-sensitive amphiphilic PAsp polypeptide generated a macro-f nouds  nsitizer for an NIR imaging-guided PDT approach
for cancer treatment [186]. Of note, the lack of cytotoxicity and biocompatibility of PAsp-bas. d s '<*ems make them an attractive approach to the design of

theranostics.

With the design of the next generation of PDCs in mind, the ink=rent  roperties of PAsp as microbicide has the potential to synergize with a conjugated
antibiotic. Yavvari et al. explored this approach, where the fin=-be'ar -2 of charge and hydrophobicity guides activity against microbacteria [187]. The non-

hemolytic and non-toxic nature of PAsp derivatives in mai 1n alian cells provide significant advantages over existing antimicrobial agents.

3.1.4 Expansion to Hybrid Materials

Hybrids have recently emerged as a promising class of exciting materials for biomedical applications. This term usually refers to complex systems that
encompass two or more elements that differ by nature and/or function elements and display complementary properties [188]. The development of hybrid

polypeptide-containing materials aims to generate carriers with fully optimized parameters to permit efficient pathological site tropism and extravasation,
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further detailed below.

Table 4

Xu et al. reported the loading of PGA-Dox conjugated via a pH-sensitive hydrazone linker into porous discoidal silicon carriers 2.5 pum in diameter and
700 nm in thickness (iNPG-PGA-Dox) to target liver and lung metastasis thanks to their optimized sizc ar.1 geometry and dimensions (Figure 3) [189]. This
approach prompted elevated levels of tumor cell internalization and endosomal escape, whi~'1 L vpz s5sed mechanisms of drug resistance and enhanced Dox
release in the perinuclear region. Both PGA-Dox and iNPG-PGA-Dox failed to induce cardia~ “amage when compared to free Dox, while the increased size of
iNPG-PGA-Dox inhibited renal clearance and lung accumulation. This hybriu n aiv>riai improved median survival, with 50% half of the animals achieving long-

term survival (Figure 3).

Figure 3

While oral delivery may represent the 10>t convenient administration route for PDCs, the acidic stomach environment, the need to penetrate
through the intestinal mucosa, and problematic drug release represent significant barriers. A hybrid system based on a PGA-g-PEG-Dox conjugate employing
a pH-responsive linker coated with chitosan via electrostatic interaction displayed low Dox release in an acidic pH, suggesting the ability of this hybrid
conjugate to survive in the gastrointestinal tract [190]. The chitosan layer acts as a mucoadhesive agent and facilitates the opening of tight junctions and

mucus permeability in the small intestine [191]. The pH level (7.4) in the terminal ileum favors chitosan layer detachment due to deprotonation and releases
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escape provided evidence for the overall efficacy in an Ehrlich ascites carcinoma model [190].

The introduction of stimuli-responsive crosslinkers into hybrid materials, as explained before for purely polypeptidic approaches, can help to trigger
intracellular drug release. Tai et al. developed a bioreducible carrier based on a disulfide-crosslinked hybrid carrier utilizing an Arg-His-Cys polypeptide with
grafted stearyl moieties for siRNA delivery [192]. Arg moieties induce nucleotide complexation, Cy  moieties are used for disulfide crosslinking and
cytoplasm-sensitive dissociation, His moieties act as a proton sponge that raises the pH within no (ndosome to allow endosomal escape, and the stearyl
moieties allow enhanced cellular uptake and endosomal escape. The results confirmec the e.sential nature of the His and stearyl moieties to successful
transfection, while the assessment of in vivo gene silencing in a Luc-Hela xenc.g. =7t nodei provided evidence for a 2.5-fold more significant reduction in
luciferase expression for cationic crosslinked stearyl-polypeptide com.nlexe.” with siRNA compared to naked siRNA. Yao et al. employed the same carrier for a
combination therapy approach employing miR-34a (a miRNA ar*iva’ec, by p53 that regulates apoptosis and cellular senescence) and Dox in a DU145 prostate
carcinoma xenograft model [193]. This hybrid material-b. se 1 anti-tumor approach prompted preferential accumulation in the tumor, higher necrosis, and a
more significant anti-tumor effect when compar ~a *o 'nicroRNA micelles, free Dox, and Dox micelles [193]. The same approach could be applied to the design
of advanced PDCs, as the presence of an adequately bioresponsive linker for Dox (i.e., hydrazone [179,194]) could significantly improve the in vivo results as

an additional layer of PK control for Dox sustained release would be present.
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The failure of many single therapeutic-based approaches often derives from the sheer molecular complexity of most diseases; however, the
development of combination-based therapies that simultaneously target different molecular pathways may improve outcomes [195,196]. Additionally,
targeting multiple aspects of the same pathway can lead to synergistic therapeutic outcomes [197,198]. In the case of cancer, combination therapies are
widely used in the clinic where they exhibit demonstrated anti-tumor efficacy; however, achieving the re ~uired drug ratio in a tumor cell is made difficult by
the differing absorption, distribution, and metabolism rates of the different single therapeutic a5 ts amployed. Therefore, nanoformulations that allow
simultaneous delivery [199], including those with simultaneous conjugation of drug com™ina“ic1s to the same polypeptidic carrier, represent attractive and
feasible options. Polypeptidic carriers provide multivalency for the conjugation o” s > eral drugs, targeting moieties, and/or monitoring probes, while precisely

chosen linking chemistries can allow for the controlled release of the esire * drug ratio in a specific organ/tissue [24].

Polypeptide-based combination therapies encompass2s vat 2us possible strategies; these include the conjugation of two drugs in a single polypeptide
chain (“Type 1lI”), a PDC with a second polymer-e~.-a, sui.ted drug, the combination of a physical mixture of two PDCs, or a PDC with a free drug/other
therapies administered in parallel [200-204]. Typ 2 Il combination approaches assure the simultaneous co-delivery of active agents, that, together with the
presence of adequate bioresponsive linkers, allow the fine-tuning of the release kinetics profiles to enhance drug synergism in a personalized manner [201].
The paucity of reported studies (summarized in Table 5) reflects the relative difficulty in generating a single polypeptide containing more than one drugin a
single chain; however, options such as bioresponsive crosslinked and/or self-assembled systems represent unexplored alternatives to the above-mentioned

strategies that could provide for the development of novel architectures bearing synergistic drug combinations [96,205].



After the establishment of the concept of a combination therapy based in the conjugation of two drugs to a single polymer [206], some notable
examples employing polypeptides have emerged. PGA derivatives tend to be the most numerous; Markovsky et al. demonstrated that a PGA-based
combination conjugate possessing hydrazone-linked Dox and ester-linked PTX displayed therapeutic synergy following administration to a mammary
adenocarcinoma model [207]. PGA-Dox-PTX effectively inhibited tumor growth when compared to . combination of free drugs or single polypeptide
conjugates and displayed an improved safety profile. In a related study [89], Li et al. establishec u a. lirear PGA and a PEG-polyglycerol dendrimer bearing

Dox and PTX displayed increased tumor accumulation and higher antitumor activity when :on 9. ved to single agents.

Combinations of mitogen-activated protein (MAP) kinases pathwa* ini ib.tors can decrease acquired resistance in advanced melanoma, and clinical
trials have demonstrated objective tumor responses in approximately half of the patients treated in this manner [208]. With this in mind, Pisarevsky et al.
reported that a PGA-based combination conjugate of seluietiviv and modified dabrafenib (both MAPK inhibitors) exhibited enhanced tumor growth
inhibition and prolonged survival rate in a melanor:~ 1 oL _e model when compared to the combination of free drugs and the United States Food and Drug

Administration (FDA)-approved combination of dz brafenib and trametinib (another MAPK inhibitor) [82].

Interestingly, the rational selection of the linker can significantly influence the overall potential of a given combination, as reported in two studies of
PGA-based combination conjugates of Dox and the aromatase inhibitor aminoglutethimide (AGM) [91,194]. The choice of a protease-labile AGM linking
moiety revealed a link between linker hydrophobicity and enzyme accessibility to allow cleavage that directly influenced drug release kinetics [91] and the

inhibition of metastasis in an orthotopic breast cancer model. Furthermore, the influence of drug loading on conjugate conformation and release kinetics



indic with
AGM, resulted in an enhanced combination conjugate that prompted significantly greater tumor growth inhibition when compared to the free drugs [194]

(Figure 4).

Figure 4

Examples of drug conjugation plus encapsulation using the same polypeptidic carrier are also - ™ on; this approach is particularly useful when one
of the drugs lacks adequate the chemical functionalities required for conjugation or in cc.e »f rross-reactivity issues with the other conjugated drug.
Examples include CPT linked via an ester bond to PGA-g-PEG, which allowed the physica. =:itrapment of Dox and significantly higher tumor accumulation

post-administration, thereby improving tumor inhibition when compared *J tr 2 «amuination of free drugs [93].

Studies combining drug conjugation and metal complexation far ¢ori.bination therapy also abound [72]. Recently, Li et al. reported the use of a disulfide
self-immolative linker instead of an ester bond in a PEG-"G.'\-Ct T conjugate in an orthotopic breast cancer 4T1 model [88]. The authors observed that further
cross-linking of the particles with CDDP signific 1t v in proved antitumor efficacy. CPT became efficiently released in a reducing environment (exposure to 10
mM dithiothreitol - DTT), and CDDP provided additional stability to the polypeptidic micelles that extended blood circulation times. These improvements
resulted in a higher remaining dose, more efficient tumor accumulation, and thus enhanced tumor suppression when compared to the combination of free
drugs [88]. Song et al. explored a PEG-PGA-PPhe triblock copolymer with PTX entrapped in the hydrophobic core and CDDP attached to the PGA central core
via polymer-metal complexation [87]. Evaluation in an aggressive xenograft A549 human lung model provided evidence for enhanced tumor growth inhibition

and safety (no evident liver and lung toxicity) when compared to a combination of free drugs, which induced severe side effects and body weight loss. A
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prolongation of median survival when compared to both a non-targeted formulation and free drug treatment [41].

Combination therapies comprising the physical mixtures of PDCs also deserve consideration, as, if adequately engineered, they can intrinsically assemble
in one unique combination micelle that can be stabilized by crosslinking. For example, single PLL-PTX and HA-GEM conjugates formed using via ester bonds

yielded stable micelles upon electrostatic interactions and displayed efficient antitumor activity when cor. vared to the combination of free drugs [209].

Finally, therapeutic approaches such as siRNA can also benefit from inclusion in polypepti-~e-."ase d combination therapies, as already demonstrated with
encapsulation approaches such as that reported by Sun et al. in an article that provide.' <vidence for the synergistic effect of anti-Bcl-2 siRNA and Dox
encapsulation within a PEG-PLL-PAsp copolymer in a HepG2/ADM multiuru 3- 3siscant hepatoblastoma model [210]. This combination therapy provided
enhanced tumor suppression with no obvious cardiotoxicity and body .veigh. loss when compared to free Dox treatment. In another example, Zhou et al. co-
delivered docetaxel and MMP-9 siRNA using a diblock polyg'y. earo'-C18-PLL carrier, finding significantly higher tumor inhibition when compared to single-drug

formulations and better blood compatibility compa~zd o r olyethyleneimine (PEI) [211].

3.3 Selection and Optimization of Polypeptide-arug Linking Chemistry

The selection of the linking moiety relies on the available functional groups on the polypeptide carrier and selected cargo, the required administration
route and associated microenvironmental conditions, and the biological barriers faced on the “journey” to the targeted tissue/cellular compartment. Optimal

linking moieties allow for prolonged plasma stability followed by efficient and controlled release kinetics under the desired conditions. The first generation of
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types of advanced linkers and spacers that modulate drug release/accessibility/exposure can significantly improve therapeutic outcomes.

Post-polymerization modifications that introduce additional functionalities, targeting moieties, or fluorescence probes mainly employ non-
biodegradable linkers [213]; however, targeting specific intracellular sites or transcytosis processes may require bioresponsive linkers, as cleaving the
targeting ligand from the conjugate could secure cargo release without cell recycling [120,132,133]. Of n."te, self-immolative linkers require several synthetic
steps, an approach that involves increased costs and scalability limitations, and, additionally, metau ~li-es must be studied to avoid undesired effects. We will
discuss the various linking strategies related to PDCs and analyze challenges and future ogvor. 1 ities in the following sections (Figure 5).

Figur»5

3.3.1 pH-responsive Linkers

pH-sensitive linkers represent the most broadly us=a link'ng moieties and take advantage of the lower pH of inflammatory sites, the TME (due to the
Warburg effect [214]), and the intracellular o.gn *lles and vesicles that play important roles in the uptake of DDSs [53]. Acid pH-cleavable linkers employed
for drug conjugation or the creation of acid-aegradable polymers include orthoester, acetal/ketal, imine, hydrazone, and cis-aconityl bonds (Figure 5)

[215,216].

Imine and hydrazone linkers represent the most commonly employed moieties, due to the straightforward reaction between the carbonyl group
(aldehyde or ketone) and amine or hydrazide groups, respectively, under mildly acidic conditions. Additionally, linker stability can be modified via the

inclusion of an electron-donating/withdrawing group through resonance or steric effects. As they exhibit higher stability than imine binds due to the
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general. The introduction of a positive charge on the nitrogen (trimethylhydrazonium ion) increases resistance to hydrolysis, even at low pH, due to the
resistance to protonation [217]. The introduction of an aromatic component into a carbonyl compound group represents another strategy to increase linker
stability [218]. The stabilization of the hydrazone bond can be summarized in the following relation: Ar-CH=N-N-CO-Ar ~ Ar-CH=N-N-CO-Alk ~ Alk-CH=N-N"R;
>> Alk-CH=N-N-CO-Ar > Alk-CH=N-N-CO-Alk and can be explained by the overlap of the p-orbitals from the double bond and the structure stabilization by the
aromatic ring that does not favor protonation. The Dox reactive carbonyl group has been widely emgioy.d ‘or hydrazone linkage, leading to relative stability

in blood circulation and improved drug release kinetics in the TME [44,86].

Acetals or ketals exhibit stability under basic conditions but hydrolyze rapi.ly ‘.1 ecidic microenvironments [219]. While instability under aqueous acidic
conditions has limited their use as linking moieties, cyclic acetals disg'ay hiy ier stability. Examples in drug delivery include PAsp-GEM, which displays stability
and low drug release at physiological pH, but significantly highe- le' el . ot GEM release in response to acidic conditions [184]. These characteristics prompted

comparable tumor growth inhibition in vivo when using a ‘ocr-times lower dose of PAsp-GEM when compared to the free drug.

Ester bonds undergo cleavage under acidic :onditions and through the activity of hydrolytic proteins such as esterases [220]. Ester linkers form part of
those PDCs that have yielded promising data in clinical trials (examples include the previously detailed NK012, Opaxio, and CT-2106), with many others under
preclinical evaluation (Table 1-5). Ester bond stability can be modulated by the addition of strong electron-withdrawing groups to increase the rate of

hydrolysis; however, the presence of a substituted acyl or alkoxy groups results in steric hindrance and generates the opposing effect [218].
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partial positive charge on the ester carbonyl carbon that readily undergoes hydrolysis under mildly acidic conditions. Examples using B-thiopropionate esters
include a study of PGA-PTX conjugates [151] and another that compared ester and B-thiopropionate linkers in PEG-PLL-dexamethasone conjugates [221].
While both linkers displayed stability at physiological pH and triggered drug release at acidic pH, the B-thiopropionate linker permitted a four-fold higher drug
release, most probably due to the pH and redox-sensitive release of dexamethasone (a corticosteroid) that triggered a marked neutralization of tumor-

promoting inflammation in colorectal cancer therapy [221].

Of note, pH-responsive PDCs do suffer from important limitations. pH differences het. '€ 2n tumor and normal tissue may not be sufficient to permit
targeted drug release, and the required pH level can often lie a significant dictz~.e away from the blood vessels, which limits responses in perivascular

regions [53].

3.3.2 Protease-responsive Linkers

A wealth of knowledge has established « al orc:eolytic enzymes (proteases) play key roles in early and progressive stages of diseases such as cancer
and degenerative conditions [222,223]. Proteases specifically cleave biologically important molecules with a high turnover rate and affect disease progression
by modulating the cellular microenvironment. Increased protease expression in lesions associated with cancer/degeneration provides a means to guide the

development of PDCs and inform on linker choice [224-226].

As a prime example, the lysosomal cysteine proteases papain (that can digest/cleave substrates such as Gly-Gly-Leu [227]) or Cathepsin B are

overexpressed in the TME of certain cancers, where they can regulate the innate and adaptive arms of the immune system [228], as well as in ischemic sites
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with Cathepsin B-cleavable linkers include a PEG-PLL dendrimer conjugated to GEM via an amide bond using a GFLG linker that demonstrated strict enzyme-
dependent drug release kinetics [113]. Cathepsin B-cleavable linkers can also be combined with self-immolative linkers to improve drug release, as
demonstrated with various forms of dendrimeric PEG-PLL-Dox conjugates [230]. The authors observed optimal drug release for a Val-Cit linker with a self-

immolative diglycolic acid motif when compared to a non-self-immolative glutaric acid-GLFG linker.

Cathepsin K, a related cysteine protease that cleaves the Gly-Gly-Pro-Nle peptidic seque.ico. YWa-, been explored in polymer-drug conjugates [231];
however, this has not yet extended to descriptions in PDCs. Cathepsin K overexpres:ion in bone tissue resorption sites suggests a potential utility in

therapeutics for breast or prostate cancer bone metastases, osteoporosis, and otiac r vcne-related pathologies [231-233].

MMPs are another class of proteases overexpressed in manv ca.cer types that have roles in tumor invasion, metastasis, and angiogenesis [234], and
various other pathologies [222]. MMP family members clezv. a \iue variety of short peptides [53], with examples in PDCs including PEG-PLL conjugated to

Dox via a CPLGLAGG peptide, a specific substrate for M. 4P-2 |54].

Importantly, protease-specific cleavable agents that non-invasively image protease activities in vivo will offer unique opportunities for disease state
monitoring. Several protease-sensitive activatable ligands have been developed based on a polymeric carrier using fluorescent reporter [235-237]. While
such probes have been used to demonstrate proof-of-principle for in vivo imaging approaches in various disease models, they suffer from several
disadvantages such as low specificity and limited PK properties. The conjugation of protease-specific probes to polypeptidic carriers can overcome these

limitations. This strategy was recently demonstrated with an in vivo optical imaging probe comprised of a PGA-conjugated Forster resonance energy transfer
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provide a real-time readout on the therapeutic efficacy of MMP13 inhibitors [21].

3.3.3 Redox-responsive Linkers

Disulfide linkers provide redox sensitivity to PDCs, allowing stability in plasma where GSH levels are approximately 5 uM, and cleavage in the cytosol of
tumor cells, where GSH levels rise to 1-10 mM [238]. Indeed, GSH levels in tumor cells can be ur ¢~ /aur times that observed in normal cells, thereby
providing a suitable trigger that guides linker choice in the design of efficient anti-tumorig<ni. P[ Cs [239]. Disulfide linker stability can be enhanced by
introducing electron-donating groups (e.g., methyl groups) next to the disulfide bond, '~ il< the introduction of aromatic groups favors bond dissociation
[240]. As an example, two different studies reported the attachment of *ne th.nl gioup of BSH to PEG-PGA [155] and PEG-PLL [140] via a small spacer to

enhance stability under physiological conditions and allow rapid releas. in a 1educing environment.

The incorporation of redox-responsive functionaliti=s ~an be carried out even in the absence of thiol groups via the use of various synthetic strategies.
This includes the implementation of self-imn.c'al’'ve inkers that undergo degradation in response to the reductive environment and result in intact drug
release. The sequentially triggered chemical rearrangements implicated involve two main mechanisms: quinone methide elimination or intramolecular
cyclization. Introducing electron-donating groups that increase electron density in the aromatic ring can accelerate electron transfer and thus degradation for
guinone methide elimination, while electron-withdrawing groups can have the opposite effect [218]. The detailed mechanisms and crucial factors affecting
the degradation have been previously reported [241]. The electrophilicity of the carbonyl group determines the cyclization rate for the second type of self-

immolative linkers; thus, carbonates faster undergo degradation than carbamates. The type of cycle is also important - lower ring chains are energetically
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membered cycle providing for slower drug release kinetics [139]. Examples with CPT [88] and monomethyl auristatin E [42] confirmed improved drug release
in the presence of reducing agents. The utility of redox-sensitive self-immolative approaches has also been demonstrated in the field of regenerative
medicine, where the intrathecal administration of a PGA-SS-fasudil conjugate in acute and chronic models of spinal cord injury led to enhanced

neuroprotection-neuroregeneration, with a clear advantage over and free fasudil (a potent Rho-kinase inhibitor) in vivo [19].

Of note, sensitive diselenide linkers display similarities to disulfide linkers and can provide rc 1 x-responsiveness [242]; however, they have yet to be

explored in the development of PDCs.

3.3.4 Strong Non-covalent Interactions - Metal Complexation

Strong ionic bonding between metals and carboxylic group-k. at 'ng polymeric chains has been widely employed in the design of nanomedicines. As
mentioned above, metal complexation represents the most stre.ightforward method to obtain Pt-based drugs with examples of such PDCs already in the clinic
[154]. PGA and PAsp polypeptides possess suw st.'ntic lly stronger innate complexation capabilities when compared to traditional encapsulation, and they

display a higher degree of responsiveness at lower pH due to the protonation of carboxylic groups involved in Pt-based drug release.

Examples at the preclinical stage include Pt-based drugs in combination conjugates. PEG-PGA-Phe-PTX-CDDP micelles released significantly higher
levels of CDDP at acidic pH when compared to physiological pH [87]. PEG-PGA-CPT-CDDP conjugates, in which CPT was first linked to the polypeptidic carrier
through a disulfide bond and then self-assembled into micelles, showed remarkably prolonged blood circulation, controlled CPT release, and high antitumor

efficacy. In these cases, micelles were stabilized using CDDP as a crosslinker after complexation with the -COOH moieties of PGA [88].
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and as potent anticancer therapeutics, as demonstrated with an apoptosis-inducing PLL-based conjugate [243]. This example simultaneously acted as an
intracellular Ca2+ homeostasis perturbing agent that induced synergetic apoptosis and suppressed cell migration and invasion [243]. Furthermore, metal
complexation using PDCs have also been employed as protectants for acute radiation syndrome, as is the case of RadProtect® (in phase | clinical evaluation,
also known as CC-AMI, developed by Original BioMedicals), a PEG-b-PGA micelle linked by ferrous ion that chelates the -COOH of the PGA chain and -SPOsH

of amifostine for controlled release of the cytoprotective drug into the bloodstream [244,245].

4. Analytical Strategies for Characterization of Polypeptide-drug Conjugates

Due to the (poly)ionic and proteinic nature of PDCs, their translation from “ho beuich to the bedside can be an arduous and expensive undertaking, as this
transition requires reproducible and scalable polymerization techniqu=s, exnaustive characterization, the implementation of sophisticated analytical tools,
and the collection of safety and efficacy data. The rapid de*e “tio.» ur the most promising candidates will reduce costs and time, and the implementation of
clinically-relevant characterization techniques can %2si2n 'DC development [1]. As PDCs are complex, heterogeneous, and multi-component ionic systems,
they represent a significant analytical challenge; noreover, combination therapies that employ two (or more) active agents within the same polymer main
chain add further complexity. A multidisciplinary approach that integrates “know-how” from the fields of polyelectrolyte characterization [246,247],
pharmaceutics [248,249], and analysis of antibody-drug and other drug-conjugates [250-252], may provide broad insight into adequate characterization

strategies for PDCs.
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measurements of “clean” sample solutions during the synthesis and manufacturing process, and in bioanalysis, which itself includes biological sample analysis
through in vitro, in vivo and clinical studies. [253]. In the following sections, we will discuss the utility of recently reported analytical techniques for the
assessment of PDC quality, physicochemical and biological characterization techniques, and the obstacles that we currently face. For a more detailed review

of the techniques used in the characterization of DDSs, we direct the reader to the following references[24,254].

4.1. Insight into the Physicochemical Characterization of PDCs

The multistep synthesis of PDCs involves diverse chemical reactions that require nu -if.cation from residual reagents and chemical identification after
each step. A combination of techniques is generally required for adeqi'uce chiracwerization before progression to biological evaluation. Physicochemical
properties must be optimized to successfully generate effective PDCs and exploit their unique PK features. These properties will impact clinical safety and
efficacy and can vary depending on polypeptide nature, roi'tc of ~aininistration, and desired application. The most important features for all conjugates are
size, Mw, charge, drug loading, free drug content, <z'u.ior conformation, drug release, and the presence of aggregates (high Mw impurities) [25,255]. While
the covalent attachment of drugs to a polypeftide backbone usually represents a random process that influences heterogeneity [256], the accurate
determination of drug loading represents, alongside free drug content, a parameter of immense importance. A free drug content of less than 2wt% of total

drug loading is mandatory for progression to biological characterization [206].

Each characterization step requires a set of well-defined analytical methods/protocols to ensure product quality. The routine methods employed for

the physicochemical characterization of PDCs have been described before [254] and fall outside the scope of this review. Instead, we will discuss those
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rapidly and efficiently foster translation.

Nuclear magnetic resonance (NMR) represents the most routinely employed technique thanks to its non-invasive nature, the minimal sample

preparation required, and its suitability for the attainment of information under physiological conditions [257]. NMR can unravel chemical composition and
structure, estimate drug loading, and identify impurities (side products of reaction). Also, information re ~arding conformation, polymer chain dynamics, and
interactions with biological components can be gleaned from NMR analyses. Unfortunately, NMA cnclveis becomes impossible following the crosslinking of
polymers during the polymerization process or as a post-polymerization chemical treatiien ¢ue to signal broadening; however, crosslinked polymers are
amenable to analysis by NMR spectroscopy using techniques such as solid-st.te 'vMR [258]. Despite these qualities and versatility, NMR has one main
drawback — low sensitivity — that derives from low interaction ene.gies; . .owever, the implementation of various strategies can increase NMR sensitivity

[259]:

i.  Higher sample concentration allows signal Z=tcti_n of low abundancy drug in a conjugate; however, this approach can lead to broad peaks, poor

resolution, and complicated data analysis, ind requires a balance between high selectivity and resolution.

ii. Optimization of NMR pulse sequences - An NMR experiment is divided into two parts: a short pulse sequence, measuring the relevant spin signal, and
a more extended period of spin relaxation [260]. The addition of relaxation agents (such as paramagnetic [Cr(acetylacetonate)s] or lanthanide
complexes) reduces recovery times of excited nuclei and substantially increases sensitivity [261,262]. Lanthanide complexes interact with the solvent

to allow proton exchange with water to then enhance the relaxation of the targeted biomolecule [263]. The reduction of spin relaxation times that
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have been implemented in 3D or 4D experiments of biomolecules [264,265].

iii.  Increasing magnetic field strength by employing superconducting NMR magnets and hybrid NMR magnets at 1 and 1.2 GHz, respectively. NMR signals

increase quadratically with an increase in magnetic field strength, thanks to an increased relaxation rate [266].

iv.  Spin-alignment transfer strategies, which include dynamic nuclear polarization and para-hydrergon-'nduced polarization in liquid and solid-state NMR.
Signal averaging represents the most commonly employed method under conditior< ¢° lo'v signal-to-noise (S/N) ratio; however, introducing the
hyperpolarization of nuclear spins through the above-mentioned techniques can <ig ~if.cantly increase the S/N ratio. The potential of these techniques
has been shown demonstrated in numerous studies, includins, t 052 eaploring polypeptide folding, macromolecular interactions, structural

characterization of biomolecules in an endogenous cellular conc=xt, o. rapid real-time detection of metabolism both in vitro and in vivo [267-271].

v.  Optimization of NMR probes and coils — reducing tt.= c il size and NMR probe temperature can increase the S/N ratio [272,273].

Techniques such as dynamic light scattering (L.>), size exclusion chromatography (SEC), gel permeation chromatography (GPC), small-angle neutron
(SANS), X-ray (SAXS) and light (SALS) scattering, matrix-assisted-laser-desorption time-of-flight mass spectrometer (MALDI-TOF MS), analytical
ultracentrifugation, scanning/transmission electron microscopy (SEM/TEM and cryo-TEM), or atomic force microscopy (AFM) provide information regarding
size, average Mw, or conformation (Figure 6). These features determine the biodistribution, clearance route, cellular uptake, and biological performance of
PDCs [91,96,274,275]. The size range for successful targeting and adequate half-life time differs depending on the administration route; however, we

understand less about the influence of conformation, although it does modulate final output [96]



While dynamic light scattering (DLS) represents a straightforward and rapid technique to implement, results must be supported by findings from

complementary methods due to problems related to the absorption of light, the presence of large aggregates, mathematical calculations, and the available
amount of the sample. In general, DLS is employed for stability studies in biological fluids or phosphate buffer saline by following size and the appearances of
aggregates [276-278]; nevertheless, a better indicator of PDC stability is free drug content, which 1 usually assessed by HPLC coupled with different
detectors [279]. Unfortunately, there exists a general lack of data regarding stability during sturc3c  <.ability in solution or biological fluids, and stability
following freeze and thaw cycles. The relevancy/ necessity of such data has been demons*rat. d vith other DDSs in the clinics [280] and should be considered
in early development stages for PDCs. We note the term stability not only associz'~s 'vith polypeptide mainchain and polypeptide-drug linker but also with

the polypeptide-targeting ligand bond. Thus, additional studies shoul' be p. (formed for every PDC decorated with a targeting moiety.

Electron microscopy, and, in particular, transmissior e ect o1 microscopy (TEM), can directly image and characterize polypeptide-based nanosystems

of varied sizes and shapes. This includes rod-likz F3A: [281], vesicular PEG-b-PGA-Dox conjugates [121], polypeptide polyplexes [282], St-PGAs, or
crosslinked, self-assembled St-PGAs [96]. Howeve , depending on the potency of the instrument, size can still represent a limitation, while the low contrast of
polypeptides can make TEM a tricky technique to implement. One of the main drawbacks of microscopic techniques is the need for sample preparation
procedures requiring the addition of conducting agents for the imaging of non-conductive materials and drying, diluting, and/or freezing, which can affect

sample morphology [283].
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based nanosystems in solutions that mimic physiological media. The possibility of sample analysis without prior sample preparation, as for microscopic
analysis, is of major importance since such systems given their intended biomedical use. Moreover, specific surface interactions in microscopic analysis can
lead to surface-induced morphological changes, as exemplified by Miller et al. [284]. The authors demonstrated fiber formation in TEM analysis of an
octapeptide, although SAS failed to provide evidence of self-assembly in solution [285]. SAS is particularlv well suited to the study of protein and polypeptide
self-assembly, as it allows the investigation of objects and features in the 10 to 500 nm scale. For exam, le, Zagorodko et al. established the presence of
nanorod-shaped supramolecular species formed by St-PGAs with benzene-tri carboxamide-ba ‘ea ~~res of different hydrophobicity by SAXS and SANS [281].
The obtained profiles demonstrated that St-PGAs with hydrophobic cores behaved 2< t,pical polyelectrolytes at low concentration, but assembled into one
dimensional-nanorods upon an increase in concentration due to supram. lec! lar interactions in the center of the molecule. SAXS has also been successfully
employed in the analysis of the self-assembly of PLL into micelles, i, a “tudy that investigated the influence of the degree of e-PLL modification (a natural L-
lysine polymer produced by biotechnological processes) wich cctenyl succinic anhydride. Results suggested that the increased degree of substitution

promoted micelle aggregation to form the larger p art.-le < previously seen by DLS [285].

SAS can also provide information regarding how drug/linker conjugation influences PDC structure in solution. Conejos-Sanchez et al. employed SANS
to explore the formation of PGA-doxycycline conjugates with varying drug loadings [279]. SANS revealed that differences in drug loading did not significantly
influence conjugate solution conformation, with all conjugates exhibiting similar in vitro activities; however, drug conjugation itself significantly changed PGA
conformation. Arroyo-Crespo et al. employed scattering data to investigate the structures of PGA based combination-drug conjugates with fixed Dox content

and varying AGM content when conjugated through a glycine linker [91]. While low AGM loading permitted sufficient flexibility to retain a helical
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efficacy.

While sophisticated SAS techniques can provide valuable information regarding PDCs, they are costly and generally inaccessible for routine analysis

and usually employed for selected candidates only. Alternatively, techniques such as circular dichroism [286-289], SEC, or_field flow fractionation (FFF)

coupled with light scattering detectors provide easier and more accessible options to study secondary s “uctures and could be a valuable alternative that is
easy to implement at the industrial scale. Alongside MALDI-TOF [138,290,291], SEC and GPC have we 1. usad for decades to estimate Mw, PDI, size, and purity
of polymers produced by cells or living organisms or chemical synthesis [292] and are “1e ncthod of choice for the characterization of polypeptides and
hybrid polypeptide materials [87,91,92,167,293-295]. However, FFF has eme. fed as a complementary characterization technique given numerous
advantages over SEC, which include, i) enhanced separation of high ' 1w m. 1ecules, ii) a lack of shear degradation and interaction with columns, iii) that lack
of requirement for calibrations curve obtained from standard r~te ia - that do not match the analyte, iv) “tailor-made” separation by cross-flow adjustment,
v) the adjustment of separation according to the special \ 2¢ lirements of a given sample (a gradient of any shape can be implemented), and vi) the ability to
analyze gels and complex nanosystems [296]. "o thr. best of our knowledge, examples of FFF-based characterization of PDCs have yet to be reported;
however, entities such as the US National Cancer Institute Nanotechnology Characterization Laboratory (NCI-NCL) and, the European Nanomedicine
Characterization Laboratory (EUNCL) have included asymmetric FFF (AF4) analysis as part of the first-line characterization tools required for the analysis of
complex nanosystems and, therefore, the implementation of an associated technique for PDC analysis is a must [297]. An example of the general utility of
AF4 when compared to SEC in the characterization of PDC adjacent conjugates, is described by Rebolj et al., who demonstrated the need for two SEC columns

to obtain comparable data to AF4 analysis for a 19 kDa PEG-G-CSF conjugate [298].



arrier
liquid is pumped from inlet to outlet, establishing a parabolic flow. An additional force is applied perpendicularly to the direction of primary flow, forcing the
sample to accumulate towards the channel back wall, thereby inducing separation. The mechanism of separation depends on the force applied; accordingly,
FFF can be divided into flow, electrical, centrifugal/sedimentation, gravitational, and thermal FFF techniques that separate components by hydrodynamic
diffusion, behavior in an electric field, chemical composition, mass, and thermal diffusion, respectively Sedimentation (SdFFF) and magnetic (MgFFF) FFF
have also been described in the characterization of ligand-decorated DDS. MgFFF represents an inpo.tat means to optimize magnetic DDSs [299-302],
while SAFFF has been implemented in the separation of poly(d,|-lactic-co-glycolic acid) mi. ros~keres of different sizes [303] and stability studies after

lyophilization and storage [304].

FFF can be coupled with a range of detectors, such as UV VIS, 1 -traction, fluorescence, DLS, and multi-angle light scattering (MALS) detectors,
viscometers, or inductively coupled plasma-mass spectromete~~ (I”.P-15). Separation is generally performed under mild conditions and applies to delicate
samples of biological origin, such as proteins, protein c. mpiexes, and nucleic acids [305]. A single measurement and the analysis of FFF obtained
chromatogram — fractogram, yield the size anc ¢ nczntration of each component in a mixture at high resolution without the problem of discriminating

smaller particles observed in batch DLS [306].

FFF is also suited to the analysis of neutral and charged particles, a clear advantage for the analysis of polyelectrolytic PDCs. The relationship between
the geometric radius (R;) and Mw obtained from FFF-MALS can provide information regarding shape, where the slope of the logarithmic dependency
indicates a sphere, random coil, or rod-like shape [307]. Of note, developing a suitable fractionation method can represent a time-consuming experience;

however, the implementation of experimental design (or Design of Experiments or “DoE” approach) (see section 5.3) can make FFF more accessible through a
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evaluation of drug loading, as the extinction coefficient needs to be adapted to the environment. Fractions can be collected and further characterized,
allowing the detection of chain degradation metabolites, the visualization of particles and aggregates in separate solutions, and the determination of total
drug loading and release kinetics after separation. Levels of any “free” unconjugated drug/moiety can be determined following the addition of a UV-VIS or
fluorescence detectors coupled to a cross-flow waste-line [311]. Nevertheless, free drug concentration may lie under the limit of detection, and membrane
adsorption must be considered. FFF also displays significant advantages when coupled with ICP-MS re zar.'ir, 37 the analysis of metal ionic components of DDSs,

impurities, or metallic nanoparticle toxicity in physiological fluids [312].

FFF also lends itself well to the analysis of pharmaceutics and polymeric cor.p ~unds as a quality control technique. Engel et al. reported one of the few
validated AF4-MALS methods in drug delivery in determining poly(D,L-lac ide-coglycolide) content in solid dosage forms and the quantitative analysis of

particles during the release in a dissolution test [313].

FFF represents one of the most important biophysi-al *oo/. available for the study polyelectrolytes, with any existing limitations mainly deriving from the detector
employed. For example, the analysis of nanoparticles . ‘itn sizes smaller than 10 nm with FFF may not be optimal, as the MALS detector possesses a limit of detection from 5
to 10 nm (depending on the manufacturer). In this case, analytical ultracentrifugation (AUC), an absorbance-based and label-free tool, may represent a better method for
the characterization of nanoparticles with sizes of 1-10 nm [314]. AUC is especially suitable in simultaneously determining the free drug content and total drug loading
within a single run, given the negligible sedimentation speed of the free drug when compared to the polypeptide/polymer-conjugated drug, due to the difference in Mw
[315]. The implementation of AUC as a characterization tool has recently been discussed by Gioria et al. [316], however, this study focuses on the characterization of

liposomes and encapsulated drugs, as no examples relating to PDCs currently exist in the literature. Future comparative studies to elucidate whether SAFFF can



simul ration

of PDCs.

Even though examples of the implementation of FFF in the characterization of PDCs remain scarce, this technique represents an exciting alternative to

SEC methodology, and the number of relevant studies will likely continue to grow.

4.2 Bioanalysis

The adequate design of bioanalytical studies can allow the efficient evaluation of the ab..ity of PDC to safely cross biological barriers and reach its
intended target tissue/cell. Bioanalyses tackle cell viability, stability in biological fluil's, cel: specificity, immunogenicity, hemocompatibility, in vivo efficacy,
and can provide an understanding of the molecular pathways responsibi. for the pharmacological output. The results of these studies will contribute to an

improved design of polypeptide-drug conjugates.

Concerning the interaction with biological cemp.n. nts in circulation, the ionic and proteinic nature of PDCs implies the study of immunogenicity

(mainly monitored using peripheral blood mor.nr.ie'ear cells [317,318], and_hematocompatibility (mainly studied through red blood cell assays [319]).

Furthermore, non-specific protein adsorption, which affects PDC uptake and targeting efficiency, must also be characterized [115,320]. A common way to
control protein corona composition is to exploit hydrophilic polymers such as PSar (as an example of a polypeptide) that reduces nonspecific interactions and
increases biocompatibility [321-323]. Analysis of other DDSs has proven the enrichment of the protein corona with disease-specific proteins that remained
undetectable by conventional proteomics. The detection of these proteins may foster the discovery of novel diagnostic biomarkers, as demonstrated in

studies that tested the ability of proteins to bind to amphotericin B-containing liposomes (AmBisome®), clinically used to treat fungal infections, and
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substantial number of inert plasma proteins that bind to PDCs, functional proteins can be adsorbed to the PDC surface to provide targeting functionalities.
Said proteins include apolipoproteins (such as ApoA, C, and E) that direct the transport through lymphatic and circulatory systems [326,327] or those (ApoE,

Apol, and ApoA1l) that direct brain targeting [328-330].

PDC stability in biological fluid relies on the nature of the polypeptide carrier and the drug linker ~mployed. The stability of conjugates in plasma and

drug release under the conditions located at the site of action [331] are fundamental paramet~.rs L=s'des free drug content, the key aspects for later PK
studies include the quantification of drug release and total drug loading amount. Simplc sai \p'e preparation for drug release studies and high-throughput,
sensitive, and accurate analytical techniques are fundamental for the performai ze »f related studies. Said studies analyze drug release within complex
scenarios running from a simple mixture of enzymes, cell medium, ¢- pH L «fers (150 mM CI” and pH 7.4 to mimic blood and the tumor microenvironment;
20 mM CI" and pH 6.9 to mimic intracellular medium like e~-ly ~:ni.=somes; 70 mM CI" and pH 5.5 to mimic late endosomes and lysosomes [332]), to
biological fluids such as plasma [333], cerebrospinal fluie. (USF) [19], or urine. However, these analyses are also helpful in the monitoring of metabolites of
polypeptide chain degradation during in vivo s*u.'ies, to determine dose schedules and administration route choice, essential elements that need to be
considered for efficient delivery to the site of action [333,334]. PK aspects like adsorption, distribution, metabolism, excretion, immunogenicity, and

hematocompatibility must be evaluated to predict safety and efficacy [335].

We now hope to discuss recent advances regarding emerging techniques and versatile bioanalytical methods that will provide valuable future insight

during the biological characterization of PDCs.



4.2.1

The interaction of plasma proteins with PDCs is influenced by charge and favored by a positively-charged system [336,337]. Characterization is usually

performed by incubating the sample with bovine serum albumin (BSA) under physiological conditions. The concentration of adsorbed BSA can then be
analyzed after precipitation and centrifugation, while free BSA can be determined in the supernatant by bicinchoninic acid protein assay kits. While such
protein precipitation methods are straightforward, they do suffer from problems such as the interruptea ~tability of the protein corona and the loss of “real”
information regarding adsorbed proteins. Experimental characterization remains a challengirg *a“k Jue to the complexity of the systems and weak
interactions between PDCs and plasma proteins. FFF may represent the best option fc* th» . nalysis of these complexes in plasma without prior sample
preparation since the DDS-protein complex remains intact in the FFF channel. 2 s 1.ay of the affinity of three core-crosslinked polymeric nanoparticles with
long circulation times (HPMA, PSar, and PEG) to proteins by AF4 hcs bee. . previously reported [338]. Subsequent MALS and proteomics analysis by mass

spectrometry (MS) then established the absence of complexatian of ‘he polymeric nanoparticles with proteins, as their size and PDI remained unchanged

after plasma incubation.

Fluorescence correlation spectroscopy repr. sents another method that facilitates size monitoring in complex biological matrices like plasma or serum
and can be used to evaluate the impact on serum protein adsorption by determination of hydrodynamic size [69]. Nevertheless, the molecules require

labeling with a fluorophore for this technique.

Interestingly, the binding of plasma proteins to polypeptides has been implemented to prolong the survival times in human serum without increasing

Mw. The binding of human serum albumin (HSA) to a set of polypeptides of varying charge, size, and hydrophobicity, covalently linked to 3,5-
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evaluated by surface plasmon resonance with HSA covalently immobilized on a sensor chip, according to observed uptake and off-rates on sensograms. The
results indicated that Zn* ion chelating agents might provide a general route to increased survival times of peptides in serum in therapeutic and diagnostic

applications [339].

Molecular dynamics simulation (MDS), a supplementary in silico method, has also emerged a. a means to assess the interaction of hydrophilic

polymers with the surface of albumin. MDS is based on the classical approximations of the uncci. 1.°e ‘nteractions between the atoms [340], where atom
velocities and their position in the simulated system derive from Newton’s equations of mo ic1 [341] and an empirical force field [342]. MDS represents a
valuable tool for the design and optimization of drug candidates and polymeric s ructures and has been employed, for instance, to evaluate the impact of
surface modifications of mannosamine-conjugated multifunctional PGA- ‘endrimers as nanocarriers of the MART-1, gp100:44, and gp100:209 tumor-
associated antigens and their dynamic interactions with target ~=ce gt . s [343]. Additionally, MDS was implemented in the study of the adsorption dynamics
and the effect of protein adsorption on the conformaticn ~f FEG [344] and polypeptides such as PSar and poly-alanine [345]. PEG and PSar developed a
similar interaction pattern with the protein surtcce_in terms of the affinity and intensity of the interaction. PAla and a polymer isomer of PSar known to self-
aggregate and induce protein aggregation displayed a higher affinity for the protein surface than PEG and PSar, which they attributed to how the polymer
interacts with water, and, in particular, to the tendency of the polymer to reduce the surface exposed to water either by self-aggregating or by adsorbing to
the protein surface [345]. These examples demonstrate the ability of MDS to predict both the protein corona composition and how it influences polymer
targeting and efficacy. This model may also allow for the prediction of targeting ligand binding to its receptor, akin to other techniques based on surface

plasmon resonance (SPR).
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[346] have also been evaluated [347]. For example, the Pt-S bonds formed upon the reaction of free CDDP with GSH increase absorption at 260 nm, thereby
making UV spectroscopy an easy and effective technique to monitor time-dependent absorption and reaction degree [348]. He et al. revealed that a PGA-
CDDP conjugate reacted with GSH to a lesser extent when compared to free CDDP, possibly since the conjugation of CDDP to PGA makes the substitution
kinetics of the Pt-S complex slow. Additionally, the authors stated that the spherical structure of the PGA-CDDP conjugate acted as a shield for CDDP against

the detoxification of GSH.

4.2.2. Pharmacokinetics

The physicochemical and biological characteristics of any DDS dire~.y m uence their PK, as recently reviewed by Hashida [349]. Herein, we will focus

on those described considerations regarding PK for PDCs and the meth.ds used in PK studies.

The PK profiles of a range of PEGylated polypept'des ccnjugated to G-CSF [167] or Dox [44] have been studied. After i.v. administration of PEG-PGA
conjugates, the authors quantified G-CSF concent. atic 1 1n serum using a Human G-CSF ELISA Kit; the derived PK data established that the bioavailability and
bioactivity of two PGA-PEG20G-CSF conjugates (with different PGA block length) were comparable or better to those established for Pegfilgrastim. The study
also demonstrated that the presence of a negatively charged PGA blocks prolonged G-CSF half-life, as expected. In another related study, Kaminskas et al.
employed HPLC and SEC for the PK evaluation of Dox or a dendrimeric PEG-PLL-Dox administered to the lungs via liquid instillation [44]. HPLC determined
total Dox concentration in plasma, bronchoalveolar lavage fluid, and lung tissue by fluorescence detection, while degradation studies using SEC detected

dendrimer scaffolds and low Mw breakdown products in plasma and urine. These studies revealed a two-fold quicker clearance of PEG-PLL dendrimer-Dox



conijt najor
part of the dendrimer was excreted by urine and comprised low Mw breakdown products; however, a small amount was detected in 6- and 7-day plasma

samples and in lung tissue homogenate supernatant.

The determination of metabolite levels of both the bioactive agent and carrier represents an essential part of PK that can be performed during release
kinetics studies; however, the detection of the bioactive moiety and polypeptide as a single entity rem. ‘ns a challenging task. Thus, levels of free/released
bioactive moiety are often determined in bodily fluids instead. The ability of MALDI-TOF to de'e.t ~o!ypeptides can be exploited in metabolomics-based
analysis and the detection of degradation products and has already been applied to (e 'ucntification of drug metabolites in PGA-PTX and HPMA-PTX
conjugate drug release studies [350]. While matrix effects from amino acids ~.es2nt in biological fluids must be considered during the analysis of
polypeptides metabolites, information on this type of analysis is jenerc’ty lacking. Therefore, this knowledge gap may provide opportunities for new

analytical methods and data analysis to eliminate the naturally =ves :n. amino acids that may interfere.

NMR in metabolomics has become a releve=* tool /or the understanding of the molecular mechanisms involved in responses to anticancer polymer-
drug conjugates; however, no examples are curre ntly available for PDCs. During the in vitro and in vivo studies of Dox/HPMA-Dox, Armifian et al. employed
NMR-based metabolic profiling to evaluate the biochemical pathways involved [351]. Experiments in MCF7 breast cancer cells revealed metabolic changes in
response to the altered cellular trafficking of both free Dox (diffusion) and the HPMA-Dox (lysosomotropic drug release and endocytosis). NMR metabolomics
in combination with other qualitative techniques (such as MALDI/TOF imaging, MS with separation techniques such as liquid chromatography (LC), and gas
chromatography (GC), supercritical fluid chromatography, and capillary electrophoresis [352]) could represent the first step forwards a rapid, effective, and

non-destructive means to characterize the efficacy and toxicity of PDCs.
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guides design optimization, therapeutic dose, and administration regimen [353]. Non-invasive imaging techniques require the conjugation of an additional
moiety for monitoring purposes in tissues/cell compartments. Li et al. synthesized a macromolecular fluorophore (PF) by conjugating a small molecule NIR-II
(the second NIR, at 1000-1700 nm) fluorophore (Flav7) to an amphiphilic polypeptide (poly[oligo(ethylene glycol) methyl ether methacrylate]-block-poly[2-
amino-Ny-(2-diisopropylamino-ethyl)-l-aspartic acid] or P(OEGMA),;-P(Asp)16-iPr) that enabled visualizatinn of tumor features by NIR-II fluorescence imaging
[354]. Additionally, NIR-II fluorescence imaging monitored photothermal ablation with PF on turior- viith a low dose of NIR-Il fluorophore and light
irradiation. In a related study, Cheah et al. employed fluorescence in the ex vivo imaging of <« zir.~ 1) phthalocyanine (ZnPc) derivative (Pc 1) conjugated to
PGA (1-PG) in biodistribution studies [162]. The intensity of emitted fluorescence .2s em -quantitatively analyzed at different time points and established
that a large quantity of administered 1-PG and Pc 1 accumulated within {1e t imuor, liver, and lungs. Additionally, fluorescence imaging studies identified the

time point associated with the highest tumor accumulation of Pc 1 .1 1 . -PG to initiate PDT.

Confocal immunofluorescence techniques have .eun widely employed for the analysis of intracellular uptake of conjugates [111], and a novel
methodology based on fluorescence correlation "p.ctrascopy (FCS) was recently described [355]. By NIR dye labeling, FCS allowed the direct determination of
stability and half-life of PSar-based core-crosslinked micelles in flowing blood [355]. This technique does not require the separation of solid (cells) and liquid
(plasma) components of the blood, thereby maintaining the properties and integrity of the DDS under review. Furthermore, FCS can estimate the

concentration of the fluorescent species in blood and distinguish between free drugs and those contained within DDSs due to their difference in size.

Mass spectrometry imaging (MSI) has emerged as a label-free technology for bioimaging and the determination of the spatial distribution of

biomolecules, drugs, and other xenobiotics in tissue sections, organs, and even whole animal body sections [356]. MSI is a non-destructive method that
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and by MS/MS to identify and quantify analytes directly [353]. Nevertheless, sample preparation and complex data analysis make MSI handling more difficult.
MSI has found application in the analysis of drug and metabolite distribution studies in tumor tissues [357,358] and 3D cell cultures [359] and tumor
vascularization [360], antibody imaging in 3D colon-cancer cell cultures [361], the determination of treatment schedule and the optimization of combination

therapy approaches [362,363], metabolomics and biomarker discovery [364,365], and 3D imaging of tumars [366] among other notable applications.

In vivo distribution studies of a polypeptidic micelle (NK105 - PEG-PAsp-PTX) in a par.rca.c ~ancer xenograft model demonstrated that NK105
delivered more PTX to the tumor and less to neural tissues when compared to the f-2e ir.g, thereby supporting greater anti-tumor efficacy and less
neurotoxicity [367]. In a related study of PLA-PEG nanoparticles encapsulating AL 517, an aurora kinase inhibitor, and AZD1152, a water-soluble prodrug of
AZD2811, Ashton et al. demonstrated that MSI permitted the m.onitoi'ag of the free drug, the polymeric carrier, and the prodrug throughout the
adenocarcinoma tumor tissue during in vivo studies with nud~ ra’s .zaring human colon adenocarcinoma (SW620) xenografts [368]. The nude rats were
treated with a single dose of AZD2811 (25 mg/kg), AZD1.5. (25 mg/kg) or AZD2811 nanoparticles (25 mg/kg) on days one and three, and by implementing
MSI, the free drug released from AZD2811 nanc ha “tic es could be detected for up to six days after the last administration, indicating sustained drug delivery.
For comparison, the active moiety (AZD2811) was detected in the tumor at 2 and 6 hours after dosing but was undetectable at 24 hours after the treatment
with AZD1152 prodrug and AZD2811. Additionally, these studies demonstrated that AZD2811 nanoparticles accumulated in colon adenocarcinoma with

minimal impact on bone marrow pathology and provide improved efficacy and tolerability in preclinical models with less frequent dosing [368].

These examples highlight the potential uses of MSI in the bioanalysis of DDS - we anticipate that MSI will revolutionize the characterization of PDCs

biodistribution and PK data collection.



4.3 \

The analytical protocols for PDC characterization involve numerous steps from method development, sample preparation, sample analysis, and
method validation to data analysis [369]. Most often, scientists choose the most straightforward approach for the method development — autotuning or “one
factor at a time” (OFAT). Autotuning, implemented by using software provided by the manufacturer, can be useful when high sensitivity is not required, while
the OFAT approach can be used in analysis when the method parameters do not influence each other. N -vertheless, neither autotuning nor OFAT suffice for
appropriate method development, as OFAT provides local knowledge (knowledge only about the pc1rr.ed experiment) and does not take into account the
interactions between variables [370]. The most advisable way to evaluate and optimize et o.' variables is to use a DoE approach to identify those factors
that influence the results; this minimizes uncontrolled effects and uses statistic.! aralysis to evaluate their impact [371]. Although the field is generally
unaware of the advantages of DoE, literature resources implementii:g OF: 1-based approaches to the optimization of related procedures are available and
even increasing [370], especially in LC-MS [372]. Kurve et al. ~oti.ni.zd their LC-MS methodology and minimized matrix effects by implementing DoE to
achieve high sensitivity, low detection limits, and accentoble accuracy in the analysis of three pesticides thiabendazole, aldicarb, and imazalil [373].
Adjustment of electrospray ionization source ar.1 . 1S parameters reduced (but did not eliminate) matrix effects, while factorial design provided a means to
define optimal conditions for the lowest matrix effects [373]. As an example of the implementation of DoE in the field of PDCs, Giraldo et al. developed an LC-
MS method for the determination of free fasudil as a part of a stability study of a PGA conjugate using a redox-sensitive self-immolative linker (PGA-SS-FAS)
[19]. The authors upgraded this method further for fasudil determination in CSF and cell medium, and partially validated the entire process according to the

“Guideline on Bioanalytical Method Validation, 2008” by the European Medicines Agency (EMA) [374].
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efficacy of either active moiety, the prodrug, or DDS. While techniques such as LC-MS are highly sophisticated and offer a range of scanning of analyte mass
and analysis, they are often complex and lack robustness. Therefore, one must demonstrate that the developed method is fit for a specific purpose. The
“Guideline on Bioanalytical Method Validation, 2008” by the EMA and “Guidance for Industry, Bioanalytical Method Validation, 2001”, by the FDA provide
generally accepted criteria that guide the validation of bioanalytical studies. Nevertheless, these guides are not mandatory in preclinical studies, and the
parameters that must be evaluated can differ depending on the analytical method employed or the r2gL’re ment of qualitative or quantitative analysis [375].
The determination of free and total combretastatin A4 from a PEG-g-PGA-CA4 conjugate pre. en. in. plasma and tissue homogenate represents an excellent
example of method validation for PDCs [376]. In this study, Zheng et al. developed » -'mie, sensitive, accurate method with an intra- and inter-day variability

of less than 15% and then applied it to the study of PK and tissue distribut an ¢ f P> G-g-PGA-CA4 conjugate in tumor-bearing nude mice [376].

There remains a debate regarding the analytical metho~ va''d: *ion tool that should be used in preclinical research; furthermore, whether one should
invest time in this matter when clinical safety and efficac ' I.ave yet to be proven remains an open question. However, careful quality control of synthesized

PDCs with fit-for-purpose analytical methodolog.=s ~ar. improve the reproducibility of both preclinical and clinical efficacy studies.

4.4 Sample Preparation

Biological samples contain organic molecules (e.g., proteins, enzymes, hormones, and cytokines) and inorganic salts (e.g., phosphate and bicarbonate
buffer, sodium chloride, potassium chloride, or ion complexes with organic molecules) [377]. One or more analytical procedures can be implemented in the

preparation of these complex biological samples for one purpose — to recover the highest amount of analyte while simplifying the matrix. The complexity of
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the analytical chemist involved, and the inter-lab, inter-day, and intra-day repeatability and carry-over effects contribute to these errors, and they must be

detected and evaluated in any type of bioanalysis [375].

Quantitative and qualitative analysis is often performed by HPLC coupled to various detectors. As LC columns cannot handle elevated matrix
complexity, and detectors are incompatible with some matrix components (e.g., salts and mass spectrc ~ieter), analytes are extracted from the matrix and
often concentrated [369]. Liquid-liquid extraction and solid-phase extraction in manual sample nrenc"at.on before analysis can remove possible interfering
compounds that coelute with the analyte under analysis and minimize matrix effects. !*npcrtontly, as current sample preparation methods can be labor-
intensive and expensive, alternative approaches are much needed. Herodes €: Y. proposed a simple protein precipitation method in methanol for the
preparation of plasma samples and the chromatographic separation o»f me anephrine and normetanephrine [379] that could be easily applied to PDCs. The
authors established that the matrix effects derived from plas~a ror _tituents could be minimized and necessary quantitation limits achieved through the

application of simple protein precipitation and dilution ot *h. sample extract.

An alternative to the acceleration of tie sample clean-up process and the elimination of human error during sample preparation is the
implementation of an in-line automated sample preparation known as column switching where two or more columns are connected in parallel [380]. This
strategy has been implemented in the determination of various drugs in biological samples and has found use in simultaneous analyte enrichment and
analysis for antidepressants, anticonvulsants, anxiolytics, and antipsychotics in plasma samples from schizophrenic patients [381], antihypertensive drugs of

different pharmacological classes and their metabolites in human serum [382], nucleoside drugs such as lamivudine, zidovudine, didanosine and
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[385], among many others.

4.5 Sample Analysis

Chromatography methods with high selectivity, significant separation efficacy, and rapid analysis are irreplaceable and represent the most widely
applied technique in bioanalysis [386]. Chromatography has undergone a century of development 2:..' ii the most common and effective method for the
analysis of a range of analytes in a complex mixture. The choice of column (e.g., silica purity, voi = drameter, column length, and separation surface), mobile
phase composition, and additives must be carefully considered to achieve successful <oy 2ration [387]. Metal ion impurities in silica columns cause peak
tailing and, consequently, loss of resolution, providing a reason why highk pu-it,” sinca columns or high concentrations of ion-pairing agents (trifluoroacetic
acid — TFA, or triethanolamine) must be used. Nevertheless, elevated 'evels of TFA can cause a signal reduction in the negative ion mode of MS detection;
therefore, a column with high purity or a lower TFA concentre -ior. (L.U5% or lower) can be used. One additional concern when using TFA or other additives in
the mobile phase is absorption in the low UV regir:> a~d “.he resultant upward drift of the baseline, which is especially noticeable in the low concentration
region when a gradient is used. In this case, the ac dition of an ion-pairing agent in the organic phase and the use of a flat baseline are recommended. The use
of small pore diameter (100 angstroms) results in the inferior separation of molecules with low Mw; in contrast, wide pore silica columns can be
implemented for the analysis of higher Mw (more than 3kDa) compounds. For example, the simultaneous analysis of drugs, the targeting moieties, and PDC
metabolites in release studies should be performed using a column with a higher pore diameter (300 angstroms). For two or more analytes in the sample,
longer columns should be used; however, since the peptides will only interact with the silica surface at the top of the column, longer columns will not lead to

better retention of the polypeptides as they do for small drugs [388].



vhich
concentration range and how are the standard solutions prepared? What type of matrix is used? Was the standard addition or internal standard method
used? In articles that calculate recovery (R), many do not specify how these values are implemented in the study. A proper recovery value (70% or more)
simply does not suffice; instead, one must implement the R-value in the calculation of concentration or use a matrix-matched calibration solution, which can
be challenging (e.g., CSF or tissue extraction remains challenging, and provides minimal collected amount). In such cases, a surrogate matrix that mimics the

composition of the real biomatrix is recommended, rather than using a simple matrix as MilliQ water "37.1.

The sensitivity of the method implemented may not suffice for the detection of *he 1ir.alytes in biological samples. For example, stability studies in
plasma that determine free drug concentration require the careful consideraizn of the concentration range and detectors employed. Sensitivity is
determined by the analyte characteristics, sample preparation, anc. optir. ization of the method. Additionally, it is critical to recover as much analyte as
possible while removing matrix components efficiently, as t-e iiti.-ference of co-eluting components from the biological matrix causes low method
sensitivity. Other challenges include the inadequate resp ar.<e of the detector towards different compounds (like weak ionization in MS) or matrix effects.
Aubry et al. suggested the optimization of threc kv factors to resolve these problems and develop a sensitive method: i) adequate sample preparation, ii)

the choice of an adequate column for a specific molecule to obtain adequate chromatographic separation, and iii) improvement of detector signal [389].

In bioanalysis, the low concentration of an analyte exacerbates the problems mentioned above; therefore, chromatography is often coupled with MS
to increase sensitivity. Additionally, the choice of detector is of great importance and should be guided by the properties of the polypeptide-conjugated drug,

the purpose of the analysis, the amount of sample, and the features of the detectors (Table 6Error! Reference source not found..



5. Conclusion and Future Perspectives

Polypeptides drug-conjugates have already reached evaluation in advanced clinical trials (mainly as cancer treatments), while their evaluation at the
preclinical stage has provided evidence for enhanced therapeutic outcomes and effective disease monitoring through diverse administration vias apart from
i.v. PLL, PGA, and PAsp comprise most of the reported studies, with polymeric micelles or dendr:.. at’ < systems employing PEGylation among the top
candidates. Conflicting reports on PEG immunogenicity and antigenicity have promoted the Je ‘elc pment of attractive biomimetic alternatives such as N-

methylated polypeptides known as polypeptoids (e.g., PSar [2,392]), which are envisioner <.~ ~otential PEG replacement.

Polypeptides represent suitable components of DDSs due not on.‘ %o their biodegradability and biocompatibility but also due to the myriad of
opportunities deriving from their feasible synthesis, versatile arch.te_ui 2 with tunable structural properties including size, shape, net charge, conformation,
self-assembly and tailored bioresponsiveness that can prc 7ide means to fine-tune their biological output. Moreover, their multifunctionality permits the
implementation of drug combinations and tur_et2d iherapies, which can provide for drug synergism and enhanced accumulation in the required site of
action. Reported single or combination conjugates have underscored the importance of rational drug-linker design [91,194]. The additional optimization of
the drug ratio can modulate drug release kinetics, which represents a crucial parameter to final in vivo efficacy and safety. To this end, the exploration of
bioresponsiveness linkers in related DDS and the better understanding of the molecular conditions at the pathological site can lead to the development of
improved PDCs. There remain uncharted options to explore bioresponsiveness from linkers explored in other DDS and foster a better understanding of the

molecular conditions at the pathological site. The study of novel self-immolative linkers via redox and even their combination with protease-sensitive motifs



[241] ated,
further studies are still needed to obtain precise information of the specific enzyme levels at the desired site and to demonstrate that in vivo drug release is
correlated to enzymatic activity. The development of bioresponsive crosslinked and/or self-assembled systems could prompt the generation of novel

architectures bearing synergistic drug combinations [96,205].

Finally, the implementation of exhaustive physico-chemical characterization procedures and the -itegration of innovative techniques will foster the
enhanced translation of PDCs into clinical use. We require novel approaches to address the significan liriitations found by regulatory agencies regarding the
lack of homogeneous, pure, and well-characterized products. We also need robust methc - s tur cuality control and characterization that focus on defining the
dependency of physicochemical properties with the biological activity to speed ".p ~andidate selection. LC-MS, MSI, and FFF coupled with multiple detectors
can provide vast amounts of information regarding PDCs, with paran eters anging from size, Mw, shape, or protein corona analysis to degradation products
in biological media. Even given the abovementioned advice, th~ “k":e). it simple” recommendation must always be considered to boost the market arrival of

PDCs by reducing costs and easing upscaling.

Overall, we believe that a new generation o PDCs will provide exciting opportunities in combination and targeted therapies for a range of diseases and

disorders.
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Figure Legends

Figure 1. Schematic representation of polypeptide-based systems discussed in this review that are present in the market and preclinical/clinical assays. Their
relative placement within the nanomedicine field and the materials used for their construction ~.. n-ted. Finally, any correlation between structural

complexity and the degree of market transferability is also highlighted.

Figure 2. (a) The formation and controlled release of a PEG-PAsp-epirubicin mic e (NC-6200 EPI/m) using an acid-labile hydrazone polymer-drug linking
moiety. Antitumor effects of NC-6300 and epirubicin in mice bearing subc 1t~.1eous Hep3B xenografts. NC-6300 or conventional EPI was i.v. injected on days
0, 7, and 14. The dose of NC-6300 is expressed as the dose equiva'er. o\ EPI. o, Control; o, NC-6300 at 10 mg / kg; m, NC-6300 at 15 mg/ kg; A, EPl at 10 mg/
kg. (b) The anti-tumor activity of NC-6300 or EPI evaluat=u by measuring changes to tumor volume. ANOVA test between NC-6300 (10 mg / kg) and EPI (10
mg/ kg), P =0.0017; NC-6300 (15 mg/kg) anc . Pl {10 mg/kg), P < 0.001. (c) Changes in relative body weight. Data derived from the same mice as those used
in the previous experiment. ANOVA test betwee.r NC-6300 (10 mg/ kg) and EPI (10 mg / kg), P = 0.0053; NC-6300 (15 mg/ kg) and EPI (10 mg/ kg), P < 0.001.

Arrows, drug injections; bars, SD; points, mean. Reprinted with permission [393,394].

Figure 3. (a) Chemical structure of a PGA-Dox conjugate (left). Mechanism of action of iINPG-pDox (right). Sequential steps include vascular transport, tumor
accumulation of iINPG-pDox in sites of interest due to innate tropism, association with diseased endothelium, in situ generation of pDox nanoparticles,

cellular internalization, and transport of pDox that results in the release of Dox in the perinuclear region inside the cell. (b) Inhibition of tumor growth and



prolc wing

treatments (left). Kaplan-Meier plot of animal survival (right). Median survival time is listed in the table. Reprinted with permission [189].

Figure 4. (a) Synthetic scheme for pH-responsive PGA-based combination conjugates of Dox and AGM. (b) Kinetics of drug(s) release from PGA-(G-AGM)-
(Hyd-Dox), under hydrolytic and proteolytic (cathepsin B) conditions. (c) From left to right: In vivo antitumor and safety evaluation of combination conjugates
in an orthotopic TNBC mouse model. Treatment administration routine - The treatment started at a previ »usly determined time for maximal accumulation via
the EPR effect. Tumor growth inhibition of previously selected PDCs. Kaplan-Meyer survival cur..- .'err onstrate the safety of the combination conjugates
except for PGA-(G-AGM)-(EMCH-Dox)LL with only 50% survival. Relative liver weight “y .-e ‘tments demonstrating tumor-related hepatomegaly in the
phosphate buffer saline group that was partially improved with Dox, PGA-(G-AG'V\!-/i1vd-Dox)y;, PGA-(G-AGM)-(Hyd-Dox),, and greater organ weight related
to the treatment PGA-(G-AGM)-(EMCH-Dox);;. Treated mouse heart secti.:1s showing Dox-induced cardiotoxicity by Hematoxylin and Eosin (H&E) staining
and Masson’s immunostaining compared with the relative cardic scfawy displayed by the combination conjugates. (d) Quantification of lung metastasis
following treatment. Metastasis was significantly decrea. el afier treatment with PGA-(G-AGM)-(Hyd-Dox),;, PGA-(G-AGM)-(EMCH-Dox),;, and free Dox and
H&E staining of representative lung lobes receiv ng dif erent treatments. Red arrowheads indicate metastatic nodules. Data represent mean + SEM. Statistical
significance was determined using an ANOVA t-test, (*p < 0.05, **p < 0.01, ***p < 0.001) and comparison of tumor density with different treatments at the
experimental endpoint. G = Gly, LL = Low Loading, 1% mol, Hyd = hydrazone bond, EMCH = N-e-maleimidocaproic acid hydrazide] moiety, complex hydrazone

linkage. Reprinted with permission [194].

Figure 5. The range of polypeptide-drug linkers employed in the rational design of polypeptide-drug conjugates.



Figur AF4
fractogram. (c) AF4-UV fractograms of characterized PSar nanoparticles (green), plasma (red), and plasma-incubated PSar nanoparticles (blue) [338].

Reproduced with permission from Postnova Analytics GmbH.

Tables

Table 1. Critical examples of PLL conjugates in the market or under evaluation in clinical or preclinical trials.

VivaGel® BV, Betafem® BV Gel
(UK), Betadine BVTM (Europe),

Product name BetadineTM BV Gel (Asia), | DEP® DOCETAXEL ' DE\ ® CABALITAXEL DEP® IRINOTECAN DEP-AZD0466
Fleurstat BVgel (Australia & New
Zealand)
Technology PLL-DNAA PEGN/A-PLLN/A-DoceT_;x\_l PEGy/a-PLLy/a-Cabazitaxel | PEGy/a-PLLy/a-Irinotecan | PEGya-PLLy/a-AZD0466
Structure Dendrimer Dendrimer Dendrimer Dendrimer Dendrimer

Targeting moiety

L. Sexually transmitted infections D“%Th:g, and prostate | Colon and pancreatic | Colon and pancreatic . .
Indication Solid and hematological tumors
(STIs) +can er cancer cancer
Linker Amide N/A N/A N/A N/A
Stage Marketed 2019, Starpharma Phase Il Phase Il Phase I/l Phase |
In-vivo model,
treatment regime
Administration intravaginal i.v. iv. i.v. i.v.
References [26,395] [118] [118] [118] [118,136]




Produ

Technology Cys-PLLao- PEGy,7-PLL4,-Ubenimex Glu-PEGsyp,-PLL,, *Fab PEGu14-PZLLs-PASP(DET)3 MMAE PLLyg soa-8-PEG(1, 1¢0a)15-DOX
PEG1,*CFTR (coating PEG;14-PGA30) ’ ’
Structure Linear Linear Linear Linear Dendrimer
Targeting moiety - - Glucose - -
. . . . . . Advanced-stage epithelial ovarian
Indication Cystic fibrosis Liver cancer Alzheimer’s disease cancer Lung cancer
. Electrostatic o . Self immolative disulfide, 1,5-
Linker . . Ester Electrostatic interactions o Hydrazone
interactions cyclization
Stage Phase | Preclinical Preclinical Preclinical Preclinical
HuH7  hepatocarcinoma | Alzheimer’s Disease | LUC+ OVCARS 1 ~or model or Syngeneic MAT 13762 1lIB rat
xenograft model, | mouse model, APP/PS1 | LUC+ pri:-ary HG,OC PDX tumor | model of lung metastatic
In-vivo model, NOD/SCID mice, 100 pl | mice, 1.8 mg/kg Fab eq., | mos:l; 1ule mice; 3 mg/kg | breast cancer; F344 rats; 3
treatment regime ) dose of 1 mg/ml DDS; | weekly x 10 treatments MMA_ e, on days 0, 7, 14, and | mg/kg Dox eq., on day 0, 3, 7,
treatment every other day 21 and 10
until day 21
Administration intranasal i.p. i.p. N" i.p. intratracheal instillation
References [38] [43] [107] [42] [44]
Product name - U Y - -
Technology FA-PLL-DTPA-Gd PFG. 4-PLLis-Curcumin PLLS’ZkDaig:PEGZkDA_ PLLs 5kpa-8-PEG,kpa-DoOX
Gemtabicine ’
Structure Branched Linear Dendrimer Dendrimer
Targeting moiety | FA - - -
Indication MRI contrast agent probe Breast cancer Breast cancer Ovarian cancer
Self immolative
Linker Amide disulfide, 1,4-and 1,5 | Peptide (GFLG) Peptide (GFLG)
cyclization
Stage Preclinical Preclinical Preclinical Preclinical
In-vivo model, | KB cells subcutaneously | HeLa  tumor-bearing | 4T1  murine  mammary | Subcutaneous  SKOV-3
treatment regime | injected into the armpit, nude | nude mouse model, 20 | adenocarcinoma model, | model, Balb/C mice; 5




microimaging system (35 °C). | onday0, 4, 8, 12 eq., every five days x 5 | days x5 treatments
MR images acquired at 1, 3, 5, treatments
8, and 24 h after injection of
contrast agents
Administration iv. i.v. i.v. i.v.
References [141] [139] [113] [138]

Table 2. Critical examples of PGA conjugates in the market or under evaluation in clinical or preclinical trials.

. | W 4
Product name Xyotax, - Opaxio, | 15106 NK-012 RadProtect® - -
CT-2103 Y
PEGpa-PGA4,
Technology PGA,g0a-PTX PGA9kpa-CPT PEG15kpa-(PGA-SN38)4pa *Amifr st F PGA-PTX PEG1,kpa-PGA40-BSH
mifr.st v -*F=
Structure Linear Linear Linear Lincar Linear Linear
Targeting moiety - - - - -
Refractory solid t'mc-s
Ovarian cancer, Refractory (phase L), Im¢=+=:tsula’.|c o] N e
. recurrent clc “ect. | cancer on-small-ce un
Indication non-small cell lung solid  tumor . - Acute radiation syndrome g Colon cancer
cancer, breast . . (phase "\, <lapsed NSCLC cancer
malignancies
cancer (r~as. 1l and advanced
nete static TNBC (phase 1)
. Ester  bond, | . B-thiopropionate Self immolative disulfide,
Linker Ester bond Ester Complexation L
Gly spacer ester 1,5 cyclization
Stage Phase lll, Phase Ill, Phase I/II Phase I/ Il Phase | Preclinical Preclinical
Phase Il
Rat (Sprague Dawley), | NCI-H460 tumor | C26 colon murine
Mice (C57BL/6 Beagle), | animal model, BALB/c | adenocarcinoma Yo
. Dog (Beagle), Rabbit (New | nude mice; 125 and | BALB/c mice; 100 mg/kg
In-vivo model,

treatment regime

Zealand White); 8.5 Gy
irradiation for 4 hrs (long)
or 10 (short)
exposure; administered 90

min

200 mg/kg of PDC;

BSH eq.; thermal
neutron irradiation (1.6—
2.2 x 10" neutrons/cm’)

forlh




Administration i.v. i.v. i.v. i.v. i.v. i.v.
References [145,146] [148] [149] [244,245] [151] [155]
Product name - - - - ) -

PGA - PGA6o-g- PGA¢p-g-/"E 3 -CA4 PGA¢-g-(PEG -CA4
Technology 20,7kDa8 160~8 PGA160-8-PEG skous 3-CA% 16.0 g I5kDa 8,3 16? 8.( . 5kDa)8,3

PEG 2kpa)16,7kpa * CDDP PEG skpa)s,3-PPT + ple ... ~fc - supplement PI3Ky inhibitor & NLG919 supplement
Structure Polymeric brush Polymeric brush Polymeric brush Poly. veri . brush Polymeric brush

Targeting moiety

T.ﬁreast cancer

Indication Breast cancer Breast cancer Colon cancer Breast cancer
Linker Me complexation Ester Ester Ester Ester
Stage Preclinical Preclinical Preclinical Preclinical Preclinical
Xenograft MCF-7  human | Xenograft MCF- | Xerog® ‘ft C26 colon | Orthotopic 4T1 murine| Orthotopic 4T1 murine breast
mammary adenocarcinoma, | 7/ADR human ' n. wri ‘e adenocarcinoma, | breast adenocarcinoma| adenocarcinoma model; BALB/c
subcutaneous, Balb/C nude | multiple di g | BALB/c mice; CA4 dose | model; BALB/c mice; 30| mice; 35 mg/kg CA4 eq.; every week
mice; 4 mg/kg CDDP eq.; days | resistant  bruas. | of 50 mg/kg CA4 eq; on | mg/kg or 60 mg/kg on day| x two treatments; 2.5 mg/kg PI3Ky
0,4,and 8 r e r ~odel | days1,5,and 9 1 and/or 7 CA4 eq.; PLF 2.5| inhibitor (TG100-115) twice a day x
. Suk “uw>rzous; mg/kg, every day 30 treatment, 10 mg/kg NLG919
In-vivo model,
. B!+, C nude once a day x 15 treatment
treatment regime )
mice; 15 mg/ kg
for free PPT, 200
mg/kg (PPT eq.)
for PLG-g-PEG-
PPT; one time at
day O
. . . . . iv. i.v. CA4 and PGA-PEG-CA4
Administration i.v. i.v. iv. . . .
i.p. PLF supplement i.p. PI3Ky inhibitor & NLG919
References [156] [157] [158] [159] [160]




Product name

PGA10-PEG40a-G-CFS,
PGA20-PEGypa-G-CFS,

PGA1go-g-pSar (g4

Technology PGA,po-ZnPc PGA;50-BDMC PGAL-PEGyoe-hGH, PGAgo-Fluo * HA-CP TCO PGA3pa-P18
PGA,-PEG,g¢pa-hGH
. . . Linear conjugate in .
Structure Linear Branched, crosslinked Linear . Polymeric brush Linear
crosslinked system
Targeting
moiety ) ) ) ) i
Congenital and acquired PR
L ) . neutropenia (G-CFS) and | Mild/moder: ce
Indication Breast cancer Acute kidney injury L Colon cancer Osteoarthritis
growth hormone | psoriass
deficiency (hGH)
Linker Ester Ester Amine Freer Amide Triazole
Stage Preclinical Preclinical Preclinical | 2=<clinical Preclinical Preclinical
471 murine | FA-induced acute The effect on ‘r.nune | Psoriatic mice model; | CT26 colon murine | Osteoarthritis mice
mammary injury  mouse cells counts evalua-ed in | BALB/c mice; | adenocarcinoma model, induced
tumors;  BALB/c | C57/BL6 wild type mice; 250 | C57BL/ » m.“e; * mg/kg G- | psoriasis-like subcutaneous, Balb/c surgica.ll.y. by
mice; 16 mg/kg | mg/kg folic acid (FA)single | C5- «1q. cingle-injection; | symptoms were | mice; In labeled S::;?;“zmg menisct:j
PC1 eq.; carrier | i.p. dose induced AKI; ‘ Pha 'macodynamics of | induced by the daily | compound with an C57BL/6 mice; 150 H'i
In-vivo model, | content at 100 | mg/kg BDMC eq. 4 h be™are ' h3H evaluated in | application of 62.5 mg | apparent specific | of 1 x 10-6 M P-18 eq.
treatment mg PGA | FA administrati.n hypophysectomized 5% imiquimod (IMQ) | activity 10° MBg/mg on week 2, 4, 6, and 8
regime equivalent/kg) Sprague-Dawley rats; 1.8 | cream  for  seven
and PGA at 100 mg/kg hGH eq. single | consecutive days (3.1

mg/kg

injection

mg of IMG eq. daily
dose); 0.15 wt% of
FLUO eq. every day x
5 treatments

Administration

i.v.

retro-orbital injection

s.c. (CSF) i.v. (hGH)

topical

i.v.

i.v.

References

[161,162]

[111]

[167]

[46]

[171]

[21]

Table 3. Critical examples of PAsp conjugates in the market or under evaluation in clinical or preclinical trials

Product name

\ NK-911

\ NC-6300, K-912

\ NC-6300 + HIFU




TeChnulusy

FLOrFASP-LII

FLO"rASPTLrI

FLOFASP-LrI~dIIuiIrio4s

FEQ-FASP-CFI-dNUIr1559

Dox
Structure Linear Linear Linear Linear Linear
Targeting moiety - - - antiTF1849 antiTF1859
L Metastatic Advanced (.)r . . .
Indication . recurrent solid | Colon and pancreatic cancer Gastric and pancreatic cancer Pancreatic cancer
pancreatic cancer
tumor
Linker Amide, . Hydrazone Hydrazone Hyd.razone (EPI), Thiosuccinimide Hy.drazor_1e. . . (EPI),
Encapsulation (anti-TF) Thiosuccinimide (anti-TF)
Stage Ph Il Ph /11 Preclinical Preclinical Preclinical
C26 colon murine adenocarcinoma | xenograft 44As3 g.sti’'= human | xenograft BxPC3
subcutaneous; CD2F1 (CDF1) mice; | adenocarcinz.. a; xenograft | pancreatic human model;
Invivo model, MIA PaCa-2 pancreatic human tumor | BxPC3 runc-eati: human model; rsrmuc:1d-¢zel- p;ZCL:Bea;icc nhuun;sz
. - - model, BALB/c nude mice; 2,5 mg/kg | SUI. 2 ~a. creatic human model; !
treatment regime EPI eq. single dose; HIFU 360 or 270 | BAL. /# nu /nu mice; 10 mg/kg mice; 10 mg/kg EPI eq., on
’ ’ day 0,7, and 14
W/cm2; 30s, 13 points 24 hrs af er ’ EPl eq., onday 0,7, and 14
EPl administration
Administration iv. iv. i.v. N/ i.v. i.v.
References [177] [179] [180] [181] [127]
Product name - - -\ - - -
Technology PEG227-PAsp4,-GEM Pasp.,-' 'OTA-Ga Pasp,3s-TMAPA PEGau0sPASP1008-OF - PAsp33ipa-DOX
DTPA-Gd-FA °
Structure Linear Linear Linear Linear Linear
Targeting moiety - - - FA -
Indication Pancreatic cancer PET probe (bone imaging) Mycobacterial disease MRI probe Breast cancer
Linker Cyclic acetal Amide Amide Amide Ethy'lene glycol-bis-
succionate
Stage Preclinical Preclinical Preclinical Preclinical Preclinical
xenograft BxPC3 | ddY mice, 37 kBg/100 pL | Kanamycin induces | xenograft KB tumor model; | xenograft MCF-7 human
In-vivo model, | yancreatic human | tracer solution injection resistance  mycobacterial | athymic nude mice; 0,1 | breast carcinoma model,
treatment regime subcutaneous model; strain (BND-443), | mmol/kg Gd eq., 1.5 T MRI | NOD-SCID mice; 5 mg/kg

Dox eq.; every three days




pancreatic human tumor mycobacterial strain JAL-
model; 80 mg/kg GEM eq. 2287, virulent M.
and 10 mg/kg or 20 tuberculosis H37Rv strain
mg/kg for the conjugates (Mtb)
(GEM eq.); every three
days x 4 treatments
Administration i.v. i.v. - i.v. i.v.
References [184] [185] [187] [123] [176]
Table 4. Examples of PDCs as part of hybrid materials in preclinical trials.
Technology iNPG*PGA-Dox PGA6kpa-8-PEGsypa- (H3CRsC-g- _ (HsCRsC g-Staryl)yy s | TF-PEG- .
Dox*CS11kpa Stearyl)isipa*SiRNA w. ¥r.ucro >"NA*Dox PLL*MNP*siPLK1
Structure SiIic.on;b.ased Linear Ponmgr gy m.er brush, Linear
carrier*linear PGA crosslinked crosslinked
Targeting moiety | - - - % - Tf
Indication Breast cancer Breast cancer Brea . anuar Prostate cancer Glioblastoma
ré 3 Electrostatic
Linker Hydrazone Hydrazone .':Ieck.’os.tatic interactions .Electros.tatic
inceractions (miR-34a), interactions
encapsulation (Dox)
Stage Preclinical Preclinic | Preclinical Preclinical Preclinical
orthotopic murine 4T1 | Ehrlich as ites murine | Luciferase gene | Xenograft DU145 | U87 bilateral striatum
tumor model; BALB/c | mammary silencing Luc-Hela | human androgen- | (1.8 mm lateral to the
mice; MDA-MB- | adenocarcinoma xenograft tumor | independent prostate | bregma and 4 mm of
. 231/MDR; athymic nude | model, Balb/C mice; 15 deeI, Balb/c r1ude carcinoma n.wodel, depth) in mouse
In-vivo model, . mice; 1.5 mg/kg siRNA | Balb/c nude mice, 5 | model; 0.8 or 1.6
treatment regime mice were; 3 mg/kg Dox | mg/kg Dox-eq.; on day eq. everyday x 3| mg/kg Dox eq. 2 | mg/kg -carrier*siRNA

eq.(weekly) or 6 mg/kg | 0,4,9,and 14 treatments mg/kg miR-34a eq., | or carrier*scrambled
Dox eq.  (biweekly) single injection SiRNA;  every two
administration, six week days, x 4 treatment
treatment period
L. . . oral (6 hrs fasting
Administration i.v. i.v. i.v. i.v.
before and after




References ‘ [189] ‘ [190] ‘ [192] ‘ [193] ‘ [128]

Technology PGA;0-PTX-Dox PGA,0o-PTX-Dox EEDIG;;TPGAH'PheZO'PTX'

Structure Linear Linear Linear

Targeting moiety - - -

Indication Breast cancer Breast cancer Lung cancer

Linker Ester (PTX), Hydrazone | Ester (PTX), Hydrazone | Complexation (CDDP),
(Dox) (Dox) encapsulation (PTX)

Stage Preclinical Preclinical Preclinical
MDA-MB-231 human | 4T1 murine mammary | A549 humar.
mammary adenocarcinoma  model, | subcutaneous lun
adenocarcinoma  model Balb/C mice; 3 | adenocarcinoma  Mcuel, |
e mice, 3| Umsluse Srlls boc | Babe pute e 3

In-vivo model, | {imes/week; 7,5 mg/kg q- &/ke a &/ . &/k6

treatment regime

Dox-eq. (1st dose, after 5
mg/kg); 4.5 mg/kg PTX-eq.
(1" dose, after 3 mg/kg) x
5 treatments

treatments

Administration

i.v.

| ».nly ner-PTX-CDDP; for

CDDP .. on day 0.7 for
sa'ine, P X, polymer-PTX,

free drugs combination
CDDP 5 mg/kg CDDP eq.
onday 1, 3, 8,and 10

i.v.

References

[207]

i.v.

B9

(87]

Table 5. Critical examples of combination therapy under evaluation in preclinical trials.

Technology

TREN-PEG;1,-gPGA,4-
CPT*Dox

PEG;13-PGA4-CPT-CDDP

PLL4,s0a~PTX*HA301pa"
GEM

FA-PEG114-PGAgo-
Phe,s*PTX-CDDP

PEGpa-PLL1g-Asp3o(DIP)-
Dox* siRNA

Structure

Polymer brush

Linear

Linear

Linear

Linear

Targeting moiety

FA

Indication

Lung cancer

Breast cancer

Bile duct cancer

Ovarian cancer

Liver cancer




Linker

(CPT), complexation (CDDP)

S R A R

Ester (PTX, GEM)

R e

1

electrostatic interactions

In-vivo model,
treatment regime

model, athymic nude mice;
5 mg/kg CPT, 5 mg/kg Dox,
polymer-Dox-CPT (10 mg/kg
CPT eq.); every 4-day x 5

eq.), 2 mg/kg (CDDP eq.);
every 2 days x 5 treatments

Cholangiocarcinoma

BALB/c nude mice, 108,8
ug GEM eq.; 54 ug PTX
eq.; 2 times/week x 6

nude-nu mice; 4 mg/kg
CDDP eq.; 1 mg/kg PTX
eq., every four days x 4

(Dox) encapsulation (PTX) (siRNA)
Stage Preclinical Preclinical Preclinical Preclinical Preclinical
A549 human subcutaneous | 4T1 murine breast | Xenograft HUCCT1 | A2780/Luc human | HepG2/ADM human
lung adenocarcinoma | adenocarcinoma model | subcutaneous ~ human | Peritoneal multidrug-resistant
BALB/c mice; 5 mg/kg (CPT carcinomatosis, athymic | hepatocellular carcinoma

model BALB/c nude mice

treatment regime

mDBF eq.; 15 mg/kg SLM eq.;
every day x 14 treatments

polymer-Dox-AGM; 3 mg/kg for
free Dox; every 3 days x 3
treatments

mg/kg for free Dox; every 3 days x 4
treatments

eq; everyday x 21 treatments

treatment s
treatments treatments
i.v. Y
Administration i.v. (CPTi.p.) i.v. i.v. {addi i0v.at  group for | i.v.
| ce % ination i.p.)
References [93] [88] [209] _| 41] [210]
Technology PGA;00-SLM-mDBF PGA00-AGM-Dox PGA;0-AGM-Dox PGoxpa-PLL12kpa¥*DTX*SiRNA
Structure Linear Linear Linear Hyperbranched
Targeting moiety - - L\ - -
Indication Melanoma Breast cancet Breast cancer Breast cancer
. Ester (SLM), AmidP.(?.o,\. Hydrazone (Dox), peptidic linker: Gly | Encapsulation (DTX), electrostatic
Linker amide and ester (mDBF) peati fic li ker (AGM) (AGM) interactions (siRNA)
Gly, sly, Gly, Gly-Phe-Leu-Gly
Stage Preclinical Preclinical Preclinical Preclinical
subcutaneous D4AM.3A | orthotopic 4T1 murine breast | orthotopic 471 murine breast | xenograft MCF-7 human mammary
murine melanoma model, | adenocarcinoma model, Balb/c | adenocarcinoma model, Balb/c mice, 10 | tumor model, nude mice; 0.2
In-vivo model, C57BL/6 mice, 10 mg/kg mice, 10 mg/kg Dox eq., for | mg/kg Dox eq., for polymer-Dox-AGM; 5 | mg/kg DOC eq., 5 mg/kg MMP-9

Administration

i.p.

i.v.

i.v.

i.v.

References

(82]

[91]

[194]

[211]




Table

dichroism; ESI- electrospray ionization; FLD- fluorescence detector; ICP-OES — inductively coupled plasma optical emission spectroscopy; IR- infrared; LOD- limit of detection; LS- light
scattering; MALDI- matrix-assisted laser desorption ionization; PDA- photodiode array; RI- refractive index detector).

UV/Vis FLD RI LS cD
Sensitivity to Concentration Concentration Concentration Mass Concentration
. Possible (depending on the . . . .
Selectivity Selective Universal Universal Universal
wavelength)
Additional Information . . Emission spectrum, excitation, Structure, the stability of
. Spectrum if PDA is used o No No .
Derived and emission wavelengths biomolecules
O ) Difference in the
Absorption of light in UV/Vis Difference ir  rel acuve . absorption of circularly
Response Fluorescence . Scattered light . . . ]
spectra index polarized light in optically
active substances
Destructive No No o) Yes No
Must not absorb the | Free from fluores~Zncu . . Must not absorb at the
Eluent . Rl rrom different analytes Volatile .
detection wavelength quenchers detection wavelength
Gradient Yes Yes No Yes No
LOD Ug ng mg 5-10 nm ug
. A\ No (temperature
Stability Yes Ye. L Yes Yes
+_ stabilization needed)
Robustness Yes No Yes Yes Yes
Linearity range 4 2 4 No 2-3
Price Cheap Moderate Cheap Moderate expensive Relatively cheap
User friendly Yes Yes Yes Yes Yes
References [157,276,350,396—-401] [277,286,354,400] [286,350,396,402] [152,194,281,286,396,402] [157,286,287,289]




MALDI-MS ESI-MS/APCI-MS IR ICP-OF
Sensitivity to Mass Concentration/Mass Concentration Concel
Selective universal for | Selecti
. . . Highly selective for high/low to ( . e
Selectivity Highly selective . . compounds  with  specific | interfe
medium polarity compounds .
bond) interfe
. Molecular mass, Simult
Additional .
. . structure, spatial | Molecular mass, structure IR spectra analys
Information Derived | . ) )
information possib
Response Uniform Uniform No Unifor
Destructive No Yes No Yes
. . . . . . Should not absorb at the .
Eluent Volatile, high purity Volatile, high purity Volatil
same wavelength
Gradient No Yes Yes No
N Depen
Lob pg-fg pg-fg Hg-mg
ppb or
Stability Stable Stak!C Relatively stable Stable
Robustness Yes Pressure control Yes Yes
Linearity range 3-4 3-4 - 3-4
Price Moderate-expensi' e Moderate Relatively cheap Model
User friendly Yes Yes Yes Yes
References [339,403) [276,287,350,398,399,404,405] [157,347,396,399,401,406] [332,4
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