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Polypeptide-Based Conjugates as 
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Polypeptide-based conjugates are 
emerging as excellent platforms to deliver 
various therapeutic/diagnostic agents in 
a controlled and selective manner. This 
review aims to describe the complex 
interplay of key design parameters which 
influence the desired therapeutic activity 
according to current thinking in this con-
stantly evolving field. Furthermore, the 
authors highlight the existing opportuni-
ties and challenges facing the design of 
polypeptide-based conjugates.
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1. Introduction

Advances in synthetic chemistry, characterization tech-
niques, as well as a growing understanding of the complex 
interactions between nanomaterials and biological inter-
faces, have facilitated the design of efficient nanometric 
systems with applications in many different biomedical 
fields. Polymer Therapeutics is a distinct class of nanomed-
icines representing a consistently growing market with 
a number of US food and drug administration-approved 
products.[1] These include polymeric drugs,[2] polymer-
drug conjugates,[3] and polymer-protein conjugates.[4,5] 
Additionally, Polymer Therapeutics of other classes, such 
as polymeric micelles[2,6] and polyelectrolyte complexes as 
non-viral vectors[7] are in advanced clinical trials. In these 
later families, Prof. Kataoka’s research group is one of the 
major references.[6–8]

The development of the first polymer-drug conju-
gates was realized in 1955, when German scientist 

Synthetic polypeptides or polyamino acids have become a useful and multifunctional plat-
form in advanced drug delivery studies. Nonetheless, the full potential of these systems has 
yet to be achieved. The final structure of polypeptide conjugates and their in vivo behavior 
are dependent on an extraordinarily complex pattern of interconnected physico-chemical and 
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correlations between structure, properties, and the biological 
behavior of polypeptide-based conjugates.
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Horst Jatzkewitz synthesized a polyvinylpyrrolidone-
mescaline conjugate with different linkers[9] and was 
further reinforced by Ringsdorf in the 1970s.[10] Since 
then, a plethora of polymers have found use as drug 
delivery systems, including polymers of different origin 
(synthetic, semisynthetic or natural),[11,12] electrostatic 
nature,[7] topology (linear, branched, star, dendrimeric 
etc.),[13,14] morphology,[15] and degradability.[16] The use of 
polymeric compounds as drug delivery systems confers 
unique properties to the active agent, including modi-
fied pharmacokinetics, controlled biodistribution, and/or 
sustained release. The key advantage of polymeric drug 
delivery systems is an elevated functionality compared 
to free drugs. By careful functionalization, it is possible 
to create systems based on an identical polymeric matrix 
and suitable for diverse purposes, whether it be passive 
or active targeting, single or combination therapy, or 
theranostics.

Polyamino acids (PAA or polypeptide)-based mate-
rials have gained much attention in the field of bio-
medicine over recent decades.[17–19] PAAs mimic natural 
proteins and demonstrate remarkable biocompatibility 
and biodegradability due to the endogenous nature of 
the building monomers. Development of polymerization 
techniques (mainly N-carboxyanhydride ring-opening 
polymerization (NCA-ROP))[20] and synthetic chemistry 
have permitted the production of polypeptides with 
narrow polydispersity, minimal side product formation, 
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high reproducibility, and precise functionalization of the 
polypeptide backbone.[21]

The suitability of polypeptide-based materials for drug 
delivery applications is also confirmed through the steady 
increase in the number of polypeptide-based compounds 
reaching preclinical studies and clinical trials.[18] Within 
the following review, we will mainly focus on polypeptide 
drug-conjugates and their key design features; further 
reading on polypeptide-based materials can be found in 
the literature.[18,22,23]

Applicability of synthetic polypeptide-based conjugate 
development has reached multiple areas of medicine, 
including the elaboration of anti-microbial,[24–27] anti-
virus,[28] anti-cancer,[29–36] anti-diabetic,[37] anti-apop-
totic,[38] and anti-tuberculosis drugs,[39] magnetic reso-
nance imaging (MRI) agents,[40] and theranostic agents.[41] 
The great advantage of polypeptides is their structural 
versatility which allows the generation of a myriad of 
architectures with differential physico-chemical features, 
allowing high loading rates and the possibility to conju-
gate drugs of different origin, polarity, and hydrophilicity. 
Poly-L-glutamate (P(L-Glu)), for example, has been used 
for the delivery of highly lipophilic drugs (paclitaxel,[33] 
4-(N-hydroxyphenyl)retinamide,[42] camptothecin 
(CPT),[43] N,N-dimethylsphingosine),[44] hydrophilic drugs 
(dopamine),[45] peptoids,[46] metal complexes (Gd(III)-
DO3A,[47] VO,[48] and Cu[49]), and nucleic acids.[50] Struc-
tural versatility of polypeptide conjugates is also exempli-
fied by the wide range of delivery systems in which P(L-
Asp), P(L-Glu), or P(L-Lys), for example, are present.[27,36,51]

Engineering polypeptide complexity is an accepted 
approach in order to mimic nature and cross many bio-
logical barriers in a target pathology. This has led to the 
origination of interconnected systems selected from a 
rather wide, complex, and diverse toolbox. Advanced 
polypeptide conjugates are complex systems with several 
structural levels and diverse architectures. Even though 
each conjugate is a unique system, its final physico-chem-
ical properties comply with strictly explicit and deter-
mined trends.

Existing key design features can be described at three 
distinct levels: primary, selection of structural elements 
before the synthesis of the polymer (e.g., polymer matrix 
nature and architecture, linker design and responsive-
ness, active molecule nature); secondary, optimization 
of the physico-chemical properties of the synthesized 
conjugates (e.g., size, charge, conformation, geometry, 
topology); tertiary, modulating the biological properties 
through fine tuning of the previous two levels in reitera-
tive design cycles.

However, precise design of advanced polypeptide-
based conjugates toward the pursued biological output 
remains a serious challenge due to several related 
points:
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1. Multiple different parameters involved in the design 
can significantly alter the final properties of the conju-
gate.

2. Lack of scientific data devoted to the strategic and logi-
cal design of sophisticated polypeptide systems.

3. Lack of appropriate characterization tools and tech-
niques to disclose the interaction of the nanocarriers 
with biological interfaces.[52]

4. Structural complexity and molecular mass inhomoge-
neity have made computer simulations of such systems 
highly challenging and so, only a few examples has 
been reported.[53] However, extensive practical work 
has revealed some correlations between structure of 
the conjugate and its properties.[54]

5. In this review, we will focus on the role of structural 
elements (especially stimuli responsive polymer-drug 
linkers) and the physico-chemical parameters that de-
termine a given system biological performance and, 
therefore, their successful applicability and transfer-
ability. Throughout the following sections, we will 
endeavor to illustrate the role of different parameters 
affecting the final physico-chemical properties, the re-
sponsive nature, and the biological performance of the 
conjugate.

2. Rational Design of Polypeptide-Based 
Conjugates

The rational design of polypeptide-based therapeutics for 
the treatment of a given pathology must be holistically 
driven using a step-wise design following the pathway 
taken by the therapeutic through the body.[55] Therefore, 
the administration route, the biological barriers to be 

crossed, and the target site of action all require scrutiny for 
the successful selection and design of the conjugate with 
selected properties. The physico-chemical parameters of 
the drug delivery systems determine their inherent ability 
to cross the required biological barriers.[56] Another impor-
tant aspect to be considered for appropriate biological 
activity is the specific response to the different physiolog-
ical environments encountered in the body.[57] This knowl-
edge would ensure an adequate overall stability, optimal 
response, and thus, delivery of the cargo in the target site 
of action at the desired timing. Furthermore, the admin-
istration route and the dose schedule in the target patient 
population are key issues for the successful translation of a 
drug delivery system.[58,59]

2.1. Biological Barriers and Administration Routes

“Biological barriers” is a generalized term for a group of 
specific protective mechanisms present throughout the 
body. All the known biological barriers can be classified 
into five hierarchical levels.

(a) Level 1 (absorption: reaching the bloodstream). Inde-
pendent of the administration route, the first obstacle 
for most conjugates is the bloodstream to allow ade-
quate body distribution and to reach the selected mole-
cular target. Design of effective conjugates must ensure 
their chemical stability and integrity during blood 
circulation at physiological conditions (ionic strength, 
redox potential, pH, presence of proteases, etc.) until 
arrival at the desired site of action. The easiest admin-
istration strategy for a given drug conjugate is intrave-
nous injection, which represents the most widely used 
route due to rapid onset and high bioavailability. For 

Figure 1. General representation of biological barriers present in the body.
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polypeptide-based therapeutics, alternative routes of 
administration include topical,[60,61] oral,[62] and pul-
monary,[63] delivery through different mucus barriers 
(buccal, nasal, vaginal, ocular, etc.),[64–66] and through 
direct injection to the site of disease (intraocular, intra-
peritoneal etc.). However, in this context, these admin-
istration routes have not yet been fully exploited.

(b) Level 2 (circulatory barriers). In the bloodstream, the 
immune, reticuloendothelial (RES), and hepatic sys-
tems are the main obstacles for adequate delivery. Rec-
ognition of foreign entities is implemented by a fam-
ily of proteins known as opsonins which absorb to the 
surface of the nanosystem and promote phagocytosis. 
While the exact mechanisms behind opsonization have 
yet to be fully delineated, certain physico-chemical 
and surface properties which affect the level of opsoni-
zation have been ascertained.[67–69] Furthermore, as 
macromolecules, some conjugates will trigger the acti-
vation of the complement system, the innate immune 
response, limiting the effectiveness of the treatment 
besides the subsequent development of hypersensitiv-
ity reactions or allergies.[70]

(c) Level 3 (tissue-specific barriers and tumor stroma). 
Some organs are provided with highly specific blood-
tissue barriers (blood-brain, blood-ocular, blood-retinal, 
blood-testis, blood-thymus and blood-air). Crossing the 
blood-brain barrier (BBB) using polypeptide conjugates 
has only recently gained much attention following 
the publication of the so-called “Trojan Horse” strat-
egy.[71] However, to the best of our knowledge, there is 
currently no reported evidence for polypeptide conju-
gates crossing any other of the above-mentioned barri-
ers apart from our own recently patented work on the 
BBB.[72] However, solid tumors develop a deficient lym-
phatic drainage and an abnormal architecture of neo-
vasculature with wide fenestration within the stroma, 
allowing permeation of macromolecules. In this sce-
nario, passive targeting by the so-called enhanced per-
meability and retention (EPR) effect[73] has stimulated 

the development of anti-cancer polypeptide conjugate 
therapies.[35,74,75] However, for future developments, it 
is important to take into account that the EPR effect is a 
rapidly evolving concept.[76]

(d) Level 4 (cellular barriers). The passive diffusion of mole-
cules with a molecular mass above 1 kDa is efficiently 
blocked by the cell membrane. Conjugates can enter the 
cell through endocytosis (including clathrin-mediated, 
caveolin-mediated and clathrin-and-caveolin-inde-
pendent), phagocytosis, or macropinocytosis.[77,78] 
To enhance endocytic cell internalization, different 
ligands can be conjugated to the surface of the poly-
peptides (e.g., folic acid, cholesterol, or RGD based pep-
tides).[79,80]

(e) Level 5 (subcellular barriers). Targeting of specific orga-
nelles (e.g., the nucleus or mitochondrion) represents 
the least researched area within drug delivery. Endo-
cytic processes define the trafficking of a given agent 
to different subcellular vesicles or organelles. Most 
polypeptide-drug conjugates are designed to enter the 
cell by clathrin-mediated endocytosis to be actively 
transported to lysosomes for further degradation, a 
process which is advantageous for bioresponsive-drug 
release.[78,81] In clathrin-mediated endocytosis, endoso-
mal escape is the only way to ensure access of the car-
rier to targeted organelle. In this case, the incorporation 
of bioresponsive elements in the conjugate backbone or 
specific targeting sequences are required.

3. Key Design Features of Polypeptide 
Conjugates

In general, polypeptide conjugates used in drug delivery 
consists of four parts: the biodegradable polymer matrix, 
the active agent (e.g., small molecules), the linker, and tar-
geting (and/or imaging) moieties. However, the linking 
and targeting moieties are not always essential conjugate 
design features.

Figure 2. Schematic representation of the key design features related to structural levels and physico-chemical properties in the design of 
polypeptide therapeutics.
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Conjugation of active agents to the polypeptidic carrier 
can have a prominent effect on the final physico-chemical 
properties. However, conjugates do tend to replicate the 
biodistribution and pharmacokinetic behavior of the orig-
inal polymer matrix if no major conformational changes 
are induced by the conjugated drug(s) (importance of 
drug(s) nature and loading).[82] This topic is thoroughly 
discussed in Section 4.

Conversely, the polypeptide matrix itself can affect the 
activity of the conjugated agent, especially when func-
tional groups determining activity are blocked or utilized 
for conjugation. The chemotherapeutic agent pacli-
taxel (PTX), for example, is connected to the poly peptide 
through the 2′-hydroxyl position which is essential for 
tubulin binding.[83] Thus, PTX conjugated to P(L-Glu) 
is inactive and needs to be degraded within the cell to 
provide its therapeutic effect.[84] Polymer conjugates of 
Doxorubicin (Dox), also require in-cell degradation, as 
the anti-tumorigenic effect requires Dox interaction with 
the DNA and the polymer conjugate cannot penetrate 
the nuclear membrane.[85] However, polymer conjugation 
prevents Dox-related cardiotoxic effects.[86] Nevertheless, 
polymer conjugation does not always alter the activity of 
the conjugated agent and, in some cases (e.g., phloridzin 
(Prz),[87,88] doxycycline[88]), drug activity is increased.

The versatility of PAAs is demonstrated by the diver-
sity of developed systems to date; ranging from linear 
or branched homopolypeptides to block (and random) 
copoly peptides capable of generating hierarchically 
assembled nanostructures from synthesized polypep-
tide conjugates (e.g., micelles and core cross-linked 
micelles, vesicles, cross-linked networks and hydro-
gels).[18,89–91] In each case amino acid building block 
choice is driven by the required functionality. Addition-
ally, ROP of NCAs renders polypeptides with conserved 
N-terminal ends and can be used to introduce func-
tionalities at the C-terminal site for latter conjugation 
strategies. Synthetic aspects of polypeptide production 
are outside of the scope of this review and can be found 
elsewhere.[14,16,20,91,92]

In the context of Polypeptide Therapeutics, amino acids 
can be classified from two different points of view.

(1) Functional classification: According to the chemical re-
activity of the associated side chains, amino acids can 
be classified as functional (where side chains contain 
functional groups suitable for active molecule conjuga-
tion) and non-functional (where side chain modifica-
tion is unpractical or inaccessible).

(2) Structural classification: According to the structural or 
architectural properties brought to the scaffold, ami-
no acids can be grouped as hydrophobic (e.g., Ala, Val, 
Leu, Ile, Phe, Tyr, Trp), α-helix forming (e.g., Leu, Phe), 
β-sheet forming (e.g., Ala, Val), random coil promoters 

(mainly ionizable side chains in their charged state), 
polar (or ionizable). [89]

Although the conjugation of active agents to the poly-
peptide backbone does not necessarily need to occur 
through side-chain functionalities, most of the examples in 
the literature operate within this strategy. This fact is attrib-
uted to the multivalency of PAA backbones and high cargo 
loading attainable. There are a number of amino acids 
with functional side groups that have yet to be thoroughly 
explored for polypeptide therapeutic design, including 
methionine, serine, threonine, and cysteine.[21] In prac-
tice, glutamic acid, aspartic acid, and lysine are the most 
exploited amino acids in polypeptide conjugate synthesis.

4. Physico-Chemical Properties Driving the 
Bio-Nano Interface

Interaction of a polypeptide conjugate with the bio-nano 
interface is driven by a complex system of simultaneous 
interactions which requires the step-wise design of experi-
mental conditions in relevant physiological environments 
to completely reveal the material’s performance in a bio-
logical milieu.[52] Polypeptide conjugates are discussed in 
the following section in relation to the influence of active 
agent incorporation on the final physico-chemical proper-
ties and the impact on their biological output.

4.1. Effect of Size

The size of the conjugate is an important parameter that 
determines its fate in the bloodstream, its targeting ability, 
and mechanisms of cellular uptake. In the bloodstream, 
nanosystems smaller than 5 nm rapidly penetrate capil-
lary fenestrae, equilibrate with the extracellular matrix, 
and become rapidly cleared by renal glomerular capil-
laries. Larger particles exhibit prolonged circulation 
(except in cases when clearance is guided by factors other 
than size), although the RES eliminates nanosystems larger 
than 200 nm from the circulation. Thus, the diameter of 
the nanosized therapeutics suitable for in vivo application 
should lie in the range from 5 to 200 nm. It is important 
to note that even in this size range, nanomedicines display 
non-uniform size-behavior, unique for each material.[93] 
This fact is often disregarded and few studies have investi-
gated size optimization for the nanosystems.

A serious problem with passive size-dependent accu-
mulation of nanoconstructs is similar capillary porosity 
in different tissues. Studies into the anti-cancer efficiency 
of amphiphilic block copolymer PEG-P(L-Asp)-Dox found 
that micelles demonstrated tissue cytotoxicity that was 
probably related to accumulation specificity and reten-
tion time in the specific tissue.[94,95] As shown in Figure 3, 
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the conjugate concentrated in the spleen, liver, and tumor 
because of the corresponding size of fenestrae (approx. 
100–200 nm).[69] Thus, highly selective tissue targeting 
with polypeptide conjugates (and nanomedicines in gen-
eral) remains a great challenge.

4.1.1. Effect of Conjugation on Size

Self-assembly of nanoconstructs is highly dependent on 
the nature of the assembling polymers and conjugated 
drug(s) and many different driving forces specific for each 
system are involved in its regulation. Self-assembly is regu-
lated by the minimization of the interfacial energy directed 
by hydrophobic/hydrophilic balance, π–π stacking, dipole 
interactions, and hydrogen bonding among different 
domains. The balanced forces determine the compactness, 
conformation, and size of the conjugate.

Of note, many hydrophilic polypeptides and related 
copolymers do not aggregate in water and self-assembly 
of such systems is often induced by simple conjugation 
with a hydrophobic drug. For example, both PEG-P(L-Asp) 
and PEG-P(L-Glu) form nanosized systems after conjuga-
tion with Dox, while non-conjugated polymers do not 
aggregate in aqueous solution.[96]

When highly hydrophobic drugs are conjugated to 
self-assembled PAA (co)polymers, or when the content of 
the hydrophobic drug increases, the size of the resulting 
polymer-drug conjugate usually rises significantly.[97] The 
size increase is in direct non-linear proportion to the drug 
conjugation ratio. The assessment of a series of CPT con-
jugated PEG5000-P(L-Glu) graft-copolymers demonstrated 
that an increased CPT content led to an increase in final 
nanosystem size from 30 nm (15.2 wt% of CPT) to 65 nm 
(25.1 wt% of CPT).[98] Zhou et al. obtained similar results 
for a synthesized series of PEG45-P(L-Lys)25-SS-CPTx (x = 3, 
6, and 8), where all of the conjugates formed spherical 
particles with diameters of 85, 118, and 152 nm, respec-
tively.[99] Analogous trends were observed for other hydro-
phobic drugs such as Dox.[100] For PEG-P(L-Asp) copolymer 
conjugates with the anti-tuberculosis drugs Pyrazina-
mide and Isoniazid, conjugation with Pyrazinamide 

(86% conjugation) resulted in the formation of micelles 
with an average diameter of 78.2 nm[39] while Isoniazid 
conjugation (65% modification) led to the formation of 
significantly larger micelles (266 ± 27 nm).[101]

Post-synthetic modification with hydrophobic moie-
ties through coordination bonds leads to nanosystem 
compaction, as was shown for many metal-containing 
drugs. For example, spherical nanoconjugates of γ-P(L-
Glu)-(citric acid)-Cisplatin (CDDP) displayed an average 
size of 107 ± 6.3 nm while free γ-P(L-Glu) was larger, at 
212 ± 8.6 nm.[102] The same trend is typical for physical 
encapsulation of hydrophobic drugs.

Some drugs have changeable effects on the size of the 
conjugate. Assessment of γ-P(L-Glu) series with different 
anti-diabetes drug Prz content, demonstrated that all con-
jugates formed spherical nanoconstructs with average 
sizes of 149 ± 23 (P(L-Glu)-Prz-7%), 187 ± 4.0 (P(L-Glu)-
Prz-15%), and 170 ± 19 (P(L-Glu)-Prz-25%) nm.[87] How-
ever, some drugs have a less pronounced effect on size. 
This includes P(L-Glu)-Dox conjugates with 15% and 30% 
loading, which demonstrated even less pronounced size 
dependence with nanosystem sizes of 6.2 ± 1.3 nm and 
7.5 ± 0.7 nm, respectively.[88]

Molecules for active targeting are conjugated either 
at the polymer side-chains[67] or at the terminal ends 
of the polymer and only a few targeting molecules per 
chain are present. Nevertheless, the effect of even a low 
conjugation level on conjugate size can be pronounced 
depending on residue nature. Targeting moieties are usu-
ally hydrophilic and, in most cases, conjugation results 
in an increase in nanosystem size independently of the 
polymer matrix nature, mainly if terminal conjugation is 
used. For terminal end modification of PEG-poly(γ-benzyl-
L-Glutamate) (PEG-P(L-Glu-Bz)) with glycyrrhetinic acid 
(GA), the size of the modified micelles was higher than for 
the non-modified copolymer (181.1 and 175.4 nm, respec-
tively).[103] An increase in size also occurred for dendrim-
eric P(L-Lys) nanosystems modified with folic acid[104] or 
galactose[105] and for PEG-P(L-Asp) nanosystems modified 
with biotin.[106] In general, terminal modification resulted 
in a size increase from 3% to 70%.

The effect of conjugation on size when more than one 
drug or a drug and a targeting moiety are used is often 
more significant than that observed for single component 
conjugation, possibly due to both intra- and inter-molec-
ular interactions. P(L-Glu) dendrimers with oligomeric 
silsesquioxane core with a size of 3 nm grew to 135 nm 
after conjugation with Dox and Biotin. The conjugated 
nanoassembly displayed an unusual morphology, as each 
nanoassembly was an aggregate of smaller nanoobjects 
of 2–3 nm (the size of single dendrimers). This suggests 
that hydrophobic interactions within the conjugates, due 
to the presence of Dox molecules on the periphery of the 
nanosystem, drove the self-assembly process.[107] Dox and 
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Figure 3. Tissue-to-blood concentration ratio (Kb = Ctissue/Cblood) of 
PEG-PAsp-Dox. Adapted from.[95]
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Wortmannin conjugation to PEG-P(L-Asp-hydrazide) block 
copolymers generated nanosystems of less than 70 nm 
in diameter, although when the amount of Wortmannin 
increased, nanoassembly size also increased gradually. 
The only exception was observed for micelles with a 50:50 
ratio which displayed a size of 91 nm.[108]

In some reports, molecular weight (Mw), is used to 
explain biological performance and can affect biodistri-
bution in a similar way to size. For tumor targeting, the 
EPR effect is most pronounced for agents with an Mw 
above 50 kDa (either single molecule or self-assembled 
nanosystem).[109] For P(L-Glu)-CPT conjugates, an increase 
in Mw from 33 to 50 kDa enhanced anti-tumor efficacy 
against B16 melanoma cancer cells without significant 
changes in the maximal tolerated dose.[110] Similar results 
were also obtained for P(L-Glu)-CDDP conjugates with dif-
ferent Mw.[111]

The Mw of the matrix is a crucial parameter for poly-
peptide conjugates suitable for MRI as it affects T1 relax-
ivity, water exchange rate, accumulation in target tissues, 
and rotational correlation lifetime of Gd(III) species (so 
far only Gd-containing polypeptide conjugates have been 
investigated).[112] Polymeric P(L-Glu)-diethylenetriamine-
pentaacetic acid (DTPA)-Gd conjugates displayed sus-
tained signal enhancement from necrotic tissues, while 
oligomeric P(L-Glu)-DTPA-Gd and low Mw conjugates 
showed a much shorter signal.[113] The Mw of each con-
jugate also affected the speed of signal disappearance—
the quicker clearance of lower Mw conjugates resulted in 
quicker signal disappearance. The 50 and 87 kDa conju-
gates demonstrated prolonged signal increase duration in 
the tumor periphery and interstitium with no significant 
difference when compared to each other.[114]

4.2. Effect of Charge

Nanosystem surface charge has a prominent effect on 
the in vivo fate of conjugates, determining the recogni-
tion in and clearance from the circulation, interactions 
with cell membranes, cellular uptake, and toxicity. Surface 
charge also determines the physical stability of the system 
and aggregation tendency after exposure to biological 
media.[115] In the blood, zeta (ξ) potential determines the 
pharmacokinetic properties of the conjugate and the pos-
sibility of phagocytosis. Conjugates with a positive zeta 
potential such as (P(L-Glu-hydrazide)-b-poly(N,N-dimethyl-
aminopropyl methacrylamide))3-g-PEG-Dox (ξ = +46.3 mV) 
are not directly applicable in vivo, because of charge-
associated toxicity, but can be transformed to negatively 
charged nanoconstructs by conjugation or complexation 
with anionic molecules (e.g., siRNA).[100] It is generally 
accepted that polypeptide conjugate suitable for in vivo 
application should carry a small negative or neutral charge 
in order to inhibit opsonization and RES elimination.

4.2.1. Effect of Zeta Potential on Cellular Uptake

Nanosystem binding to the lipid cell membrane is the first 
step in cellular uptake and is greatly affected by nano-
system surface charge. Variations in zeta potential can be 
used to control binding to the cell both in vitro and in vivo. 
Cellular surface charge is usually negative due to sulfated 
proteoglycans (core proteins anchored in the lipid bilayer 
and glycosaminoglycan side chains of dermatan, keratin, 
or chondroitin sulfate).[116] Nanosystems with higher sur-
face charges tend to bind strongly to the membrane, and 
this increases cellular uptake. However, moderate cati-
onic polymers have shown high insertion efficiency in 
negatively charged films, whereas highly cationic and 
anionic polymer displayed reduced interaction with such 
monolayer films.[117]

Even though cellular uptake is higher for polycations, 
negatively charged conjugates can also penetrate cellular 
membranes and are preferential for biomedical use due 
to lower toxicity profiles. For anionic polypeptides, uptake 
is also dependent on the absolute value of the zeta poten-
tial. For a p(X-Alam-Lys) series, where X is either free, 
acetylated, succinylated, or maleilated Glu, polypeptides 
(Figure 4) with a larger negative charge density (Suc-Glu) 
displayed greater uptake by murine macrophages when 
compared to the less negatively charged acetylated and 
maleilated conjugates since CC double bond in maleic 
acid residue is conjugated with CO, and this influences 
the state of the terminal carboxylic group.[118]

4.2.2. Zeta Potential in Polymer Conjugate Design

During conjugation, the zeta potential value of the system 
changes according to the charge of the modifying moiety. 
For example, CDDP conjugates of PEG114-b-P(L-Glu)12 block 
copolymer (10% CDDP) displayed a relatively low zeta 
potential of −3.93 ± 0.5 mV due to the conjugation of the 
carboxylate anion with platinum.[116] The drug loading 
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Figure 4. Effect of the terminal group of p(X-Alam-Lys) on the cel-
lular uptake. Adapted from.[118]
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influences the charge density of the nanosystem in direct 
non-linear proportion. For example, zeta potentials for two 
samples of P(L-Glu)160-PEG5000 with 10% and 20% loadings 
of CDDP was of −17.7 ± 1.0 mV and −8.5 ± 1.3 mV, respec-
tively.[111] This trend seems logical from an electrostatic 
point of view, although its mathematical expression is 
often complicated and rarely reported.

In some cases, zeta potential behavior does not follow 
expected trends. Tsai et al. demonstrated unusual changes 
in zeta potential for γ-P(L-Glu) conjugated with Dox and 
galactose. When conjugated with Dox, zeta potential of 
the system increased from −37 to −27 mV and after con-
jugation with galactose zeta-potential slightly decreased 
(−32 mV). This was expected because Dox bears a slightly 
positive charge while the hydroxyl groups of galactose are 
slightly negative. However, conjugation of Dox and galac-
tose significantly decreased the zeta potential to −75 mV 
with no obvious reason.[119] Thus, prediction of syner-
gistic effect on zeta potential remains a serious challenge 
in the preliminary design of polypeptide conjugates.

Zeta potential can also be controlled by changing the 
ratio of monomers of opposite charge. For a series of 
random P(L-Glu)-P(L-Lys) polymers by varying lysine/
glutamate content it was possible to change the value of 
zeta potential from −30.3 to +4.9 mV.[120] Further CDDP 
loading increased the zeta potential of all nanosystems. 
For example, a study found that the zeta potentials of 
aggregates for three compounds (Glutamate/Lysine 
molar ratio of 4/1, 1.5/1, and 1/1) to be −30.3, −21.8, and 
−15.5 mV before and −21.0, −19.8, and −10.8 mV after 
CDDP conjugation, respectively. However, each conjugate 
displayed different zeta potential changes at different pH. 
By careful manipulation of drug loading and monomer 
ratio, the authors managed to tune pH-dependent surface 
charge reversion at high level of precision.[120]

4.3. Effect of Conformation

The conformation of the polymer chain is not usually con-
sidered as a key parameter determining applicability of 
a conjugate as a drug delivery system. Compared to size 
and charge, chain conformation has minimal influence 
on recognition and elimination from the bloodstream, 
However, conformation strongly affects nanosystem sta-
bility, interaction with cellular membranes, and biological 
activity.[121] For example, PEG-b-P(L-Glu)-CDDP and PEG-b-
P(D-Glu)-CDDP, which adopt helical conformations with 
different handedness, displayed no differences in biodis-
tribution or anti-cancer activity. However, micelles with 
random P(D,L-Glu) copolymer matrix, which are unable to 
form helical conformation, were less active and cleared 
faster, even though the nanosystem size was similar. The 
authors concluded that an α-helical structure additionally 
stabilized micelles and extended their bioavailability.[122] 

Additionally, polypeptides containing amino acids that 
stimulate α-helical conformation (Ala, Phe, Leu) are gen-
erally much stronger membrane disrupting agents than 
amino acids stimulating β-sheet conformation (Ile, Val).[12]

The conformation of polypeptides and polypeptide-
based conjugates is very sensitive to pH of the solution 
and to conjugation or, more generally, to the electrostati-
cally equilibrated structure of the nanosystem. Upon pH 
change, functional groups in the amino acid residues 
become ionized/neutralized and polymers undergo con-
formational transitions.[123]

In some cases, conformation is concentration 
dependent. For example, PEG-P(L-Glu) complexes with 
polylysines at concentrations of 0.02, 0.05, and higher 
than 0.1 mg mL−1, micelles existed as random coil, mixed 
and β-sheet conformation, respectively. Most probably, 
PEG chains suppress the collapse of the nanosystems 
into a random coil due to increased surface area/volume 
ratio.[124]

4.3.1. Effect of Conjugation on Conformation

Conjugation has a complex effect on conformation because, 
in addition to utilizing the functional groups of the poly-
peptide, conjugated moieties introduce new spatial and 
charged elements that change the electrostatic equilib-
rium. Conjugated molecules can be thus classified as sta-
bilizing or destabilizing. Serine, for example, has tendency 
to stabilize ordered structures (either α-helix or β-sheet) as 
was shown for a series of branched P(L-Lys). The incorpora-
tion of terminal Ser and Leu in the side-chains of branched 
P(L-Lys) led to the acquisition of a more ordered (α-helical) 
conformation in comparison with Ala (Figure 5).[125] Glu-
tamate replacement of leucine in P[L-Lys(Leu1.0-Ser0.9-DL-
Ala7.0)] changed the tendency to form helical structure, 
with a dependence on the amino acid position in the 
sequence as shown in the Figure 6. Under acidic condi-
tions glutamate-containing polymers tended to stabilize or 
destabilize helical structures depending on the surround-
ings. Under appropriate conditions, polymers with both 
serine and glutamate formed β-sheet structures.[126]

Conjugated moieties allows stabilization of the con-
jugate conformation in the organism that is especially 
important for polypeptides with narrow pH range of con-
formational stability such as P(L-Glu) that tends to form 
α-helix at pH < 4.5. Conjugation with the hydrophilic 
anti-cancer agent D-penicillamine stabilized the helix 
conformation even in a completely water soluble state at 
pH 7.4 (normal pH of blood plasma).[127,128] The secondary 
structure of P(L-Glu) can also be stabilized as a helix 
when functionalized with amine/guanidine as shown in 
Figure 5.[129] Remarkably, one study achieved stable heli-
city of up to 90%–95% following γ-4-((2-(piperidin-1-yl)-
ethyl)aminomethyl)benzyl incorporation into the P(L-Glu)  
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structure. Interestingly, the helical structure remained 
even after around 40% addition of the other functional-
ized moieties.[130]

Many active agents have minimal effect on conforma-
tion change after conjugation and nanosystem can dis-
play behavior similar to a non-modified polypeptide. An 
illustrative example of such systems is P(L-Glu)-Dox which 

is negatively charged at pH 7.6 and displays a random coil 
conformation. At acidic pHs, the charge is neutralized and 
the conjugate adopts an α-helical conformation, similar 
to that observed for control P(L-Glu).[131] However, upon 
Dox conjugation, such conformational change occurs 
at slightly less acidic environments (pH 5.7 vs 4.5 for  
P(L-Glu)-Dox and P(L-Glu), respectively).
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Figure 5. A,B) Effect of the terminal amino acid sequence on the helicity of the PLys adapted from,[125, 126]; C) effect of terminal group on 
helicity of γ-4-((2-(piperidin-1-yl)ethyl)aminomethyl)benzyl-PGA. Adapted from[129] and[130].

Figure 6. Effect of the terminal group and radioisotope nature on biodistribution. Adapted from[82].
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When a conjugated drug destabilizes secondary struc-
ture, additional moieties may be incorporated in order to 
achieve the necessary conformation. Methotrexate (MTX), 
for example, has a tendency to destabilize the secondary 
structure of P(Lys-DL-Alax) but the conjugate can be fur-
ther stabilized with helix-stabilizing amino acids (such 
as Leu) or destabilized with Glu.[132] The study also found 
that the incorporation of D-amino acids into polypeptide 
polymers with L-chirality mediates the destabilization of 
secondary structure.

Even small changes to a polypeptide backbone can 
destabilize polymer conjugate conformation. For example, 
polycysteine molecules modified with galactose or glucose 
adopt predominantly α-helical conformation. The oxida-
tion of the thiol group to sulfone destabilized the α-helix 
and causes a transition to a disordered conformation, per-
haps due to the strong interaction of sulfone groups with 
water molecules. This results in the disruption of peptide 
hydrophobic packing and the increase of steric crowding 
that consequently results in the destabilization of the 
helix. Interestingly, separation of the thioester group 
by an additional methylene group led the conjugate to 
retain an α-helical conformation even after oxidation to 
sulfone.[133]

Chain topology also influences the amount of sec-
ondary structure defects. For example, linear and 3-arm 
star P(ε-carbobenzyloxy-L-Lys) and P(L-Glu-Bz) both dis-
played an α-helix conformation. However, smaller star-
copolymers displayed smaller helix persistence length 
which may affect the binding sites.[134] Due to increased 
steric effects and charge repulsion, the helicity of star-
copolypeptides is usually lower than that of linear 
analogues.[135]

4.4. Effect of Geometry

While geometry is an important characteristic to consider 
during nanomedicine design, there have been few exten-
sive studies on this topic until recent times. However, 
it is now evident that many nanoconjugate properties, 
including transport, degradation and release profile, are 
shape-dependent.[136]

Conjugate diameter affects nanosystem velocity, dif-
fusion, and adhesion to the blood vessels, airways, and 
intestine. However, shape has more complex effect on 
these characteristics because non-spherical nanosys-
tems demonstrate flow-dependent alignment. Shape 
can also affect the targeting ability, as local curvature 
affects ligand and opsonin adsorption and the degree to 
which nanosystems fit to the contours of cellular mem-
brane. Conjugate shape changes may lead to increased 
cell attachment, resistivity to detachment, as well as 
increased cell internalization.[136] However, nanodisks, 
as compared to nanospheres, have a tendency to localize 

within phospholipid bilayers, but not to penetrate the 
membrane.[137] Shape may even be the main driving 
attribute in some biological scenarios.[138] Several studies 
have demonstrated that shape, and in particular local 
particle shape, and not size, has a dominant influence 
on phagocytosis when alveolar macrophages where 
exposed to non-spherical particles of different sizes and 
shapes.[139,140] This was due to the influence of local shape 
on macrophage actin structure[140–142] and is an impor-
tant issue to take into account in the rational design of a 
given immunotherapy.

4.4.1. Geometry of Conjugates

It has been long understood in polymer chemistry that 
altering synthetic conditions can generate polypeptide-
based polymers with multiple different morphologies.[143] 
However, there are only a few reports on polypeptide 
conjugates with a shape other than spherical. Many 
researchers have synthesized conjugates with ellipsoidal 
geometry based on P(L-Glu-Bz). This includes the synthesis 
of nanosystems with ellipsoidal morphology from dif-
ferent γ-P(L-Glu-Bz)-PEG-60 and γ-P(L-Glu-Bz)-Bz-50 copoly-
mers in different ratios.[144] The formation of such mixed 
nanosystems occurs without conformation change of the 
initial polymer molecules, as shown for γ-P(L-Glu-Bz)-Bz-50 
and P(L-Glu-Bz)-β-CD-50 (cyclodextrin).[145] Both polymers 
remained in an α-helical conformation before and after 
nanosystem formation.

For P(L-Glu-Bz)-P(L-Glu) conjugates with CDDP, the 
polymer and the conjugate adopted ellipsoidal shapes 
(aspect ratio of 1.3, 37 ± 7 nm × 27 ± 6 nm) with a hydro-
dynamic diameter of 49–58 nm. The authors observed no 
significant changes in the morphology with CDDP loading 
up to 8.3% .[146]

However, terminal modifications with small targeting 
molecules do not affect the shape of polymer nanoassem-
blies. When comparing P(L-Glu-Bz) with benzyl, MeO-PEG, 
or PEG-biotin as a terminal groups or with benzyl and 
fluorescein isothiocyanate (FITC isomer I) as terminal 
groups, nanosystem morphology was dependent on 
poly mer nature. Constructs containing PEG formed spher-
ical species while other nanosystems displayed an ellip-
soidal morphology.[147]

Finally, one recent study found that P(L-Glu)-Dox con-
jugates formed fibril aggregates of approximately 40 nm 
in diameter and two to tens of micrometres in length.[131]

4.5. Effect of Composition

4.5.1. Influence of Stereoisomery

Stereoisomery of amino acids affects the conformation, 
biodegradability, and activity of conjugates on the cellular 
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level. For branched P[L-Lys-DL-Ala-X-cADj] (cAD = cisaco-
nityl daunomycin), conjugates with D- and L-Leu had sim-
ilar cytotoxicity, while conjugates with D-Glu were seven 
times less toxic and conjugates with L-Glu were four times 
more toxic than Leu-containing nanosystems. Stereo-
chemically controlled toxicity is thus dependent on amino 
acid type and is specific for each system.[148] For corre-
sponding MTX conjugates, replacement of L-Leu and L-Glu 
with D-analogues produced a four to five fold decrease in 
activity.[132]

Polypeptides conjugated with D-amino acid sequences 
behave identically to the L-analogues due to identical 
physico-chemical properties (except conformation hand-
edness). Poly-D-amino acids, however, are not in-cell 
degradable as was shown for P(L-Glu) and P(D-Glu) con-
jugates with the NIR-813 fluorescent dye.[149] Another 
study found no differences in P(L-Glu)-DTPA-Gd using 
D- or L-PGlu, indicating that affinity to necrotic tissues is 
not mediated by specific processes whether an enzymatic 
or a receptor-mediated transport mechanism is taking 
place.[113]

4.5.2. Effect of Active Agent Characteristics

The biodistribution of micelles is considerably more 
affected by size, charge, and surface properties than by 
the nature of the drug to be delivered, as the drug is usu-
ally concentrated in the core.[125] However, upon conjuga-
tion, the nature of the drug can determine chain topology 
leading to different biodistribution and pharmacokinetics 
when compared to the non-modified polypeptide.

One interesting study constructed a series of conju-
gated radioactive metals (125I, 51Cr and 111In) and branched 
P(L-Lys) with short side chains of (DL-Ala)3, amphoteric 
(DL-Ala)3-Glu, polyanionic (DL-Ala)3-(Ac-Glu), and highly 
polyanionic (DL-Ala)3-(Suc-Glu). Similar elution profiles 
suggested structural similarity of the conjugates inde-
pendent of the radiolabel used. Interestingly, polymers 
labeled with different metals demonstrated similar 
blood levels but different organ distribution as shown 
on Figure 6.[150] Unfortunately, the reason for these dif-
ferences in behavior remains undetermined. Despite the 
fact that radiometals are retained at a higher level at the 
clearance sites of the matrix polypeptide, the degree of 
retention depended on both the nature of the polymer 
and the radiometal used.[150] This study revealed another 
challenging problem for polypeptide conjugate design, 
namely understanding how the nature of the drug affects 
biodistribution of the whole conjugate.

A further study assessed two other conjugates: P[L-
Lys-Ala-SucGlu]-Dau with and without terminally conju-
gated 5(6)-carboxyfluorescein. Remarkably, the conjugate 
with Dau and 5(6)-carboxyfluorescein was more effective 
than the Dau conjugate, suggesting that even negligible 

modification (one to two molecules per conjugate) can 
play crucial role in cellular uptake.[148]

In the case of the previously discussed γ-P(L-Glu)-Prz 
conjugates, the polymer matrix did not interfere with the 
activity of the drug or its binding to the Prz target, the 
SGLT1 sodium-glucose linked transporter.[62,87]

4.5.3. Effect of Topology

Although scarcely reported, conjugate topology can affect 
conjugate cellular uptake. In a recent study, star-shape 
polyglutamates St-P(L-Glu) were directly compared with 
their linear analogues P(L-Glu) with regards to cell traf-
ficking as well as in vivo biodistribution and pharmacoki-
netics.[13] Importantly, a 3-fold cell uptake enhancement 
for the St-P(L-Glu) was demonstrated when compared to 
a linear counterpart. Both polyglutamates showed similar 
biodistribution profiles with renal excretion and no spe-
cific accumulation in any organ. However, the star-shaped 
polymer displayed longer retention times and greater dis-
tribution volume.[13] Investigations into the cytotoxicity 
of synthesized poly(γ-4-((2-(piperidin-1-yl)ethyl)amino-
methyl)benzyl-L-glutamate) (P(PA-L-Glu-Bz))-containing 
polymers demonstrated the highest FITC uptake for star 
copolymer 8-arm PEG113-b-P(PA-L-Glu-Bz)91 and the lowest 
for a graft-copolymer. These findings correlated to poly-
peptide capability in triggering membrane pore formation 
and suggests that the cytotoxicity of polymer/DNA com-
plexes is cell-dependent and signifies that topology of the 
polymer affects cytotoxicity.[135]

4.6. Effect of the Linker

In drug design, the scrutiny of the linker role is rarely 
extended above the cleavage mechanism and stimuli 
responsibility for controlled release applications. Never-
theless, in addition to its direct function, the linker influ-
ences physico-chemical parameters, toxicity, drug loading, 
and conjugate solubility. For example, incorporation of 
glutamyl linkers into the P(L-Glu)-PTX conjugate to yield 
poly(L-γ-glutamyl-glutamine)-paclitaxel nanoconjugate 
(PGG-PTX) drastically increased conjugate water solu-
bility and showed a better therapeutic index in preclinical 
models. Maximum tolerated dose for PGG-PTX versus P(L-
Glu)-PTX was found to be 350 versus 160 mg PTX kg−1, 
respectively.[97]

For P(L-Lys citramide) conjugates with Norfloxacin, 
studies demonstrated spacer-dependent effects on 
aggregation behavior. Of the three linking strategies 
used (lysine linker, carbamate linkers, or direct linking 
to polymer), conjugates with the lysine linker tended to 
form aggregates. This may be due to electrostatic inter-
actions between the residual primary amine group and 
the carboxyl groups present as pendent groups along the 
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polymer chain or covalent amide bonds between amine 
and carboxylic acid groups. The carbamate space did not 
lead to detectable levels of aggregation.[151]

Linkers also affect the hydrodynamic radius and zeta 
potential of the nanosystems. An increase in the number 
of carbons in the acid motif of the backbone results in a 
decrease on the hydrodynamic radius and an increase in 
zeta-potential in the following order Ami > Asp > Glu.[152]

The structure of the linker can also affect conjugate 
cytotoxicity. When analyzed using the MCF-7 breast 
cancer cell line, PEG45-P(L-Lys), PEG45-P(L-Lys)25-CPT6, 
and PEG45-P(L-Lys)25-SS-CPT6 (additionally incorporated 
disulfide bond) displayed IC50 values of 500.0, 6.8, and 
0.88 μg mL−1, respectively. In general, conjugates were 
more active against OVCAR-3 cell line and less active 
against MCF-7, SKOV-3, and MDA-MB-468 cells when 
compared with free CPT.[99]

Additionally, a γ-P(D-Glu)-vancomycin (Van) conjugate 
demonstrated linker-dependent anti-bacterial behavior. 
P(D-Glu)-Van, P(D-Glu)-N-succinylethane 1.2-diamine-
Van, and free Van displayed an anti-bacterial activity 
against Bacillus subtilis equal to an 8, 9, and 14 mm zone 
of inhibition at 1 mg mL−1, respectively, using a filter disk 
assay. Similar results were obtained against Van-resistant 
strains of Lactobacillus casei with inhibition area of 5 and 
3 mm for conjugated and free Van, respectively.[153]

4.7. Effect of Ligand Patterning

Simultaneous binding to multiple ligands often occurs in 
biological systems. The application of polyvalent interac-
tions may be beneficial in drug delivery system design as 
it allows strong binding from low surface area ligands, 
increased binding specificity, the creation of conforma-
tional contact between large biological surfaces, macro-
scopic reorganization, and redistribution of molecules.[154] 
Typical drug conjugate design includes the synthesis of 
constructs with random surface distribution of ligands 
that limit or completely restrict manipulations on ligand 
grouping, cluster size, and spacing. Even though many 
studies devoted to ligand patterning of small olygolysine 
with mannose and diglycoside clusters have been pub-
lished,[155,156] this topic remains scarcely investigated for 
polypeptide conjugates. Optimal cluster arrangement 
results in better targeting properties due to longer binding 
time on the cell surface and binding of more conjugates, all 
of which increase the probability of endocytosis. In cells 
overexpressing folate receptors, these receptors exist in the 
membrane as clusters of three or more molecules. Quite 
recently, Poon et al. prepared mixed micelles from non-
functionalized and functionalized linear dendritic polymer 
(P(L-Asp)-Bz)12-PED (polyester Dendron)-PEG600-FAx, where 
x = 1–16 with 0%–100% folate functionalization providing 
micelles with different cluster arrangement. Maximum 

activity corresponded to the 20%F-60% mix micelles 
(Figure 7). The binding energy increased with an increase 
in folate modification, from 10% to 40% (1.5 ± 0.4 to 
6.9 ± 0.9 folates/Dendron) and then starts to decrease due 
to steric binding interference due to an excess of ligands 
clustered in a small binding area.[157]

Another study demonstrated that P(L-Lys)-catechin 
conjugates displayed significant enhancement of concen-
tration-dependent inhibition against collagenase from 
Clostridium histolyticum (ChC) compared to free catechin. 
This may occur due to efficient multivalent interactions 
between collagenase and catechin from P(L-Lys)-catechin. 
Catechin conjugates also inhibit hyaluronidase in con-
trast with non-conjugated catechin.[158]

5. Stimuli-Triggered Drug Release

Smart stimuli responsive materials have greatly evolved 
over the last few decades. The potential for molecular pro-
gramming of nanomaterials to respond to small changes 
in the environment has led to the synthesis of materials 
in different fields including materials science[159] and 
biomedicine.[89]

The human body represents a multitude of intrinsic 
microenvironments appropriate for the spatio-temporal 
control of drug release. A multitude of systems have so 
far been described which have the ability to deliver a 
cargo or to activate the therapeutic effect, in response to 
an endogenous environmental factor[160] (e.g., pH, redox 
potential, enzyme availability, or reactive oxygen spe-
cies) or external stimuli (e.g., magnetic field, temperature, 
light).[89] Relevant examples of polypeptide conjugates 

Early View Publication; these are NOT the final page numbers, use DOI for citation !!

Macromol. Biosci. 2016,  DOI: 10.1002/mabi.201600316

Figure 7. Effect of ligand pattern on the cellular uptake obtained 
by usage of polymer mixtures. Reprinted with permission 
from[157].
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described so far as drug delivery vehicles with inbuilt 
endogenously stimulated triggered release mechanisms 
are discussed within this section.[89,160,161]

5.1. pH-Responsive Drug Release

5.1.1. pH in Relevant Physiological Environments

pH-responsive macromolecules are developed taking into 
account the pH gradients experienced depending on their 
pharmacokinetics and pharmacodynamics following the 
route of administration and arriving to the site of action. In 
addition, their design should also consider the differential 
physiological pH environments comparing normal against 
pathological conditions. The design of active nanosystems 
responding to pH changes at the tissue level plays a spe-
cial role for the treatment of solid tumors (and inflam-
mation related pathologies)[162] where many regions are 
transiently or chronically acidic, playing an important role 
in tumor progression and metastasis, and therefore high-
lighting the need of non-invasive techniques for in vivo 
imaging and measurement of pH.[161,163] At the cellular 
level, a mildly acidic pH gradient is encountered following 
endocytic uptake pathway.[77,78]

5.1.2. Polypeptide-Based pH-Responsive Drug  
Release Systems

Considering that the vast majority of amino acids employed 
to design polypeptide conjugates are limited to Glu, Asp, 
and Lys, the chemical toolbox for pH-responsive systems for 
direct drug conjugation to polypeptide backbone employed 
up to date is reduced to compatible chemistries with amines 
and carboxylic acids (e.g., esters, carbamates). However, 
rationally designed linkers offer the opportunity to expand 
the toolbox to different pH-labile groups such as hydrazone, 
acetal, cis-acotinyl, Schiff-base or β-thiopropionate among 
others, which have all been introduced into pH-responsive 
polymer–drug conjugates to date.[164]

Pioneering the development of amphiphilic block 
copolypeptide-drug conjugate micelles, Prof. Kataoka 
designed a series of PEG-P(L-Asp) block copolymer drug 
conjugates with the ability to assemble into micelles 
after conjugation to anthracycline derivatives through pH 
labile hydrazine bonds (Dox and Epirubicin (Epi)).[95,165] In 
one remarkable example, Bae et al. modified the surface 
of PEG-P(L-Asp-hyd-Dox) block copolymer micelles, with 
an already proven outstanding pH-control on drug release 
profile (Figure 8A),[95] with piloting residues of folate 
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Figure 8. A) Schematic representation of PEG-P(L-Asp-hyd-Dox) block copolymer micelles showing the chemical structure and drug release 
profile. Reprinted with permission from[95]; B) Chemical structures of PEG-p(Asp-Hyd-LEV-PTX) and PEG-p(Asp-Hyd-4AB-PTX), adapted 
from[169]; C) Chemical structure of P(L-Arg-CsA) conjugated through a pH-responsive self-immolative linker adapted from[60].
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for cancer cell-targeting. In vitro evaluation in human 
pharyngeal cancer cells proved the advantage of active 
targeting and an outstanding control of the release pro-
file as a function of pH.[166] Of note, the NC-6300 system, 
which relies on a similar design, but incorporating Epi 
without active targeting residues, displayed an improved 
anti-tumor activity against hepatocellular carcinoma 
compared to the native Epi with significantly reduced 
cardiotoxicity.[32] Further proof-of-concept studies also 
validated NC-6300 against triple negative breast and liver 
tumors[165] and so granted the enrolment of this candi-
date into phase I clinical trials for advanced or metastatic 
tumors.[167] Phase I trials are currently ongoing in Japan 
with NC-6300.[168]

Modulation of the pH-lability, and as a consequence, 
the responsiveness to pH, depends on the bond’s chemical 
environment. Following this approach, different PTX prod-
rugs with modulated release characteristics have been 
recently published by Alani et al. (Figure 8B).[169] They 
synthesized two micelle-forming conjugates of PTX: PEG-
p(Asp-Hyd-LEV-PTX) and PEG-p(Asp-Hyd-4AB-PTX) using 
two different modifications of the drug. One in which the 
hydrazone moiety is modulated through the use of alkylic 
(LEV) and another using aromatic (4AB) ketones. Micelles 
displayed a notable release rate of LEV-PTX under acidic 
pH, although they observed no 4AB-PTX release after 24 h. 
The authors took advantage of such behavior to modulate 
the release profile of LEV-PTX by co-assembling mixed 
micelles of PEG-p(Asp-Hyd-4AB-PTX) and PEG-p(Asp-Hyd-
LEV-PTX), so illustrating an alternative pharmacokinetic 
tuning solution for PTX-prodrug strategies.

Satchi-Fainaro and co-workers recently reported a 
polyglutamate-based combination conjugate bearing 
Dox through a hydrazone linker (EMCH) and PTX through 
direct conjugation (ester bond) as drugs in a synergistic 
ratio. The combination conjugate was highly effective in 
inhibiting the growth of mammary tumors compared to 
a combination of free drugs and drugs conjugated to poly-
mers separately.[170] In an additional study, a comparative 
evaluation of linear P(L-Glu) vs. dendritic PEG-Polyglyc-
erol bearing the abovementioned combination therapy 
revealed that activity against mammary tumors for the 
combination P(L-Glu) conjugate was superior to the den-
dritic polymer carrier which showed no differences in 
activity compared to the combination of drugs conjugated 
to the dendrimer separately.[171]

Aside from hydrazone as a pH-labile linker, other 
chemical entities such as cis-aconityl moiety have been 
incorporated into polypeptidic carriers such as P(D-Lys). 
Wei-Chiang et al. prepared the first model of pH-sensitive 
linkage for Dau release from a lysosomotropic P(D-Lys) 
conjugate.[172]

In spite of a lack of polypeptidic carriers designed for 
topical administration, Rothbard et al. have very elegantly 

conjugated the immunosuppressor drug cyclosporine 
A (CsA) to P(L-Arg) oligomers through a pH-labile linker 
for use in the topical delivery in inflammatory skin dis-
eases.[60] In contrast with the typical release upon acidi-
fication, this self-immolative linker (Figure 8C) is stable 
under acidic pH (skin barrier) and takes advantage of 
an intramolecular nucleophilic attack of the secondary 
amine in the neighboring carbonyl group. This is enabled 
at neutral pH through the deprotonation of the amine. 
They proved how, in contrast to free CsA which cannot 
penetrate the skin, R7-CsA could reach dermal T lympho-
cytes and inhibit cutaneous inflammation in mouse.

5.2. Redox Responsive Drug Release

5.2.1. Redox Characteristics of Relevant Physiological 
Environments

In general, redox microenvironments at different extracel-
lular and intracellular regions are caused by the presence 
of reducing/oxidizing agents, as well as redox proteins, 
providing an opportunity for the controlled delivery of dif-
ferent active agents. At the extracellular level, cysteine and 
cystine constitute the major source of thiol/disulfide pairs 
in mammalian plasma (8 × 10−3 m). This is one of the main 
redox control nodes for protein signaling that, together 
with glutathione (GSH) marginal levels (2 × 10−6 m), rep-
resents the main pathways for disulfide bond reduction 
in a mildly oxidizing extracellular environment.[173,174] 
Although systemic circulation of polymeric vehicles are 
thought to progress under relative oxidizing environment, 
the above mentioned conditions might promote the inacti-
vation of disulfide-based drug delivery systems with pro-
longed blood half-life.[175]

The intracellular environment, in contrast, provides 
a highly reductive environment, mediated by the action 
of multiple proteins (e.g., thioredoxin, glutaredoxin, 
protein disulfide isomerase) and small reductant mole-
cules, mainly represented by GSH.[176] Noticeably, the 
redox environment in endosomes has been reported to 
be mildly oxidizing when compared to other organelles 
and cellular environments, suggesting the need for late 
lysosomal digestion or escape from endosomes in order to 
efficiently deliver the cargo for reductive dependent strat-
egies.[177] In addition, the tumor microenvironment has 
been reported to be a highly reductive environment and 
so represents an attractive target for the development of 
redox-responsive anti-cancer nanomedicines.[178]

5.2.2. Polypeptide-Based Redox-Triggered Drug  
Release Systems

Several examples of different redox-sensitive linkers 
for targeted controlled drug delivery are present in the 
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literature,[179] but the field is dominated by the employ-
ment of disulfide bonds. The fact that disulfide-containing 
carriers can take advantage of the large intra/ extracellular 
redox gradient, renders them very attractive for the design 
of drug and gene-delivery systems.

In the context of polypeptidic conjugates, an inter-
esting study based on P(D-Lys) structures has been devel-
oped by Shen and co-workers. They have conjugated MTX 
to the P(D-Lys) using two different types of spacers and 
have evaluated its cytotoxic activity in Chinese Hamster 
Ovary (CHO) cells.[180] In the P(D-Lys)-SS-MTX conjugate, 
MTX was conjugated to the polymer using a disulfide 
spacer as a probe to study the reducing cytoplasmic 
environment. The fact that disulfide reduction did not 
demonstrate any dependence on GSH led the authors to 
hypothesize that the conjugate experienced an enzymatic 
degradation in a prelysosomal compartment. Based on 
these studies, Feener et al, synthesized an analogue con-
jugate in which [125I]iodotyramine, instead of MTX, was 
again linked to P(D-Lys) through a disulfide linker.[181] 
The resultant P(D-Lys)-SS-[125I]tyn conjugate was used 
as a probe to detect disulfide cleavage in the endocytic 
pathway. Several analyses of subcellular fractionations 
allowed the authors to hypothesize that in spite of the 
cytosol, as would be expected, the redox environment 
of the Golgi apparatus was the most probable place of 
disulfide cleavage.

Using a different approach, Zhou and collaborators 
recently designed a complex redox-responsive high 
drug-loaded, tumor targeted nanosystem.[99] This nano-
construct is based on PEG-P(L-Lys) in which the folate 
is covalently attached to P(L-Lys) amines through the 
PEG moiety. The system was FITC-labeled and conju-
gated CPT to the amine groups of block-PLys via disulfide 
bonds. Carrying all these different moieties, the CPT-
conjugate formed stable nanoparticulate systems in 
the blood stream with uniform sizes and experienced 
enhanced accumulation and tumor uptake both passive 
and actively. These self-assembled conjugates could also 
be loaded with a secondary active agent (Dox) physi-
cally encapsulated inside the core. Following FA-receptor 
mediated endocytosis, the conjugate was disassembled in 
the reductive environment of the cytosol via the cleavage 
of the disulfide linkers releasing CPT and Dox and leading 
to excellent in vitro anti-tumor activity in various cancer 
cell lines.

Looking for efficient gene silencing, Takemoto et al. 
grafted siRNA to the side chains of a PAsp (PAsp-SS-siRNA) 
polymer through disulfide bonding.[182] This released 
conjugated siRNA into the cytosolic milieu due to the 
reductive conditions. Subsequent P(Asp-SS-siRNA) compl-
exation with a poly-L-aspartamide containing 1,2-diami-
noethane side chains aimed to enhance biodegradability. 
Using this strategy, they achieved strong target-specific 

gene silencing in vitro employing the mouse melanoma 
B16F10-Luc cell line.

Another interesting example is the polymer-protein 
conjugate based on P(L-Glu) reported by Talelli and 
Vicent (Figure 9A).[183] In this system, P(L-Glu) is cova-
lently bounded to lysozyme, used as a model protein, 
through disulfide bonds and was used for the design 
of a reduction sensitive PUMPT (Polymer Masked−
Unmasked Protein Therapy) system. The P(L-Glu) cover 
protected and masked the protein efficiently, but 
disulfide reduction and therefore protein unmasking, 
restored lysozyme activity. Very recently, this strategy 
has been validated via the use of a PEG-P(L-Glu) block 
copolymer for the intraperoxisomal delivery of engi-
neered human alanine:glyoxylate aminotransferase 
liver peroxisomal enzyme.[184] This can be used to treat 
primary hyperoxaluria type I, a rare genetic disease 
characterized by an abnormally high concentration of 
urinary oxalate that can progress to end-stage-renal-
disease and to a potentially fatal condition called sys-
temic oxalosis.

The self-immolative disulfide carbonate (and carba-
mate) represents another interesting linker for polypep-
tide conjugate design (Figure 9B).[185] This linker has been 
employed for the development of a luciferin-releasable 
system based on a cell penetrating motif, octaarginine. 
The study conjugated this probe system through the self-
immolative disulfide carbonate linker designed for quan-
tification of carrier uptake. Following disulfide cleavage, 
intramolecular nucleophilic attack of thiol on carbonyl 
atom at the intermediate specie yields a cyclic product 
releasing the native probe; a very interesting approach to 
consider for future designs.

5.3. Enzyme Responsive Release

Enzymes have long been identified as powerful biological 
targets for site-specific design of drug delivery systems.[186] 
Many disorders are associated with an enzyme imbalance, 
mainly overexpression of proteases, including cancer[187] 
or inflammatory diseases,[188] amongst many notable 
others. For example, following polypeptide conjugates 
pathway throughout the body, extracellular proteases 
such as matrix metalloproteases (MMPs) play an impor-
tant role in the degradation of extracellular matrix compo-
nents and cell membrane proteins and are overexpressed 
in damaged tissues.[189,190] Intracellularly, cathepsins rep-
resent the major family of proteases involved in the degra-
dation and turnover of intracellular proteins. Due to their 
higher activity under acidic pH, endosomal and lysosomal 
locations are particularly relevant for triggering polypep-
tide conjugates degradation.[191] Therefore, proteases have 
constituted a powerful alternative for the design of spe-
cific stimuli responsive polypeptide conjugates and their 
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use as a trigger for drug delivery relies on their ability to 
promote polypeptide matrix degradation and hence facili-
tation of drug release in a site-specific manner.

The anti-cancer polypeptide-drug P(L-Glu)-PTX (Opaxio) 
in Phase III clinical trials represents one of the best 
examples in this class as, although PTX is covalently 
bound through an ester bond, its 37 wt% loading makes 
its release highly depending on cathepsin B levels.[33,192] 
A correlation between estrogen levels and cathepsin B 
activity has now been reported[149] and therefore only 
patients with baseline estradiol levels >25 pg mL−1 would 
benefit of this conjugate.[193] P(L-Glu)-CPT is another 
example of a P(L-Glu)-drug conjugate to reach Phase I 
clinical trials for ovarian and colorectal carcinomas.[194] 
CPT was also conjugated via an ester bond but in this case 
through a Gly linker in order to stabilize the CPT lactone 
ring.

6. Perspective and Outlook

The physico-chemical parameters of the conjugate, and 
hence the biological performance, are defined by an intri-
cate interplay of multiple structural factors. This highlights 
the need for detailed structure-activity relationship studies 
to develop the hierarchical strategies of polypeptide con-
jugate design. However, structural complexity also rep-
resents a unique opportunity, since small changes at the 
structural level might endow nanomedicines with out-
standing and unexpected biological performance. Future 
development of polypeptide-drug conjugates may proceed 
toward the determination of dependencies between phys-
ico-chemical parameters and biological activity and to the 
elaboration of careful synthetic strategies for the design 
of conjugates with preliminary designated characteristics. 
Extensive research in the adjacent areas of nanomedicine 
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Figure 9. A) Schematic representation of the PUMPT strategy developed with P(L-Glu)-lysozyme polypeptide-protein conjugate sensitive 
to intracellular GSH levels. Reprinted with permission from[183]; B) Chemical structure and representation of the Luciferin releasable probe 
conjugated through a self-immolative disulfide-carbonate. Reprinted with permission from[185].
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and polypeptide chemistry has allowed us to delineate 
possible future trends and opportunities to fully exploit 
the potential of polypeptide therapeutics:

(1) Different polarity of amino acids and enormous pos-
sibilities of side chain modification allow for the syn-
thesis of a variety of architectures. A recent study re-
ports that a combination of soft and rigid helix turns 
in γ-P(L-Glu-Bz)-block-poly(O-benzyl-L-hydroxyproline) 
results in the formation of lamellar structures with 
a “zig-zag” morphology.[195] Additionally, several in-
teresting aggregation modes have been described for 
polypeptide-based polymers. These include helical 
rods and rings,[196] disk-like micelles with cylindrical 
pores,[197] bilamellar vesicles, and bicells.[198] The trans-
fer of different geometries achieved for polypeptide-
based polymers to the area of conjugates will allow the 
expansion of conjugate applicability and, in theory, 
reveal unknown effects of the geometry on the in vivo 
response in various pathological conditions. Many 
polyamino acids display tunable secondary conforma-
tion transformation from α-helix to β-sheet[199] and 
studies show that this conformation can be controlled 
via multitude of factors as discussed in Section 4.[200] 
Future development directed toward the synthesis of 
stimuli-tunable conformation drug conjugates togeth-
er with full exploitation of amino acids chemical diver-
sity might allow for a step-wise adaption of the poly-
peptidic vehicle upon interface with biological media 
allowing for highly specific targeting site and release of 
the cargo within the body. For example, recent reports 
have shown the ability of short amphiphilic polypro-
line fragments to target mitochondria probably due 
to the specific characteristics of the polyproline helix 
conformation.[12,201–203] Another interesting approach 
toward organelle specific delivery relies on an adap-
tive response through the different stimuli gradients 
along the body of a P(L-Lys)-block–poly(L-Leu) diblock 
copolymer with β-carboxylic amidated lysine residues 
using 2,3-dimethylmaleic anhydride, rendering anionic 
micelles at neutral solution.[204] As a result, the system 
demonstrated step-wise hydrolysis following the endo-
cytic uptake pathway resulting in an adaptive charge-
reversal of the nanosized micelles optimal for systemic 
circulation and endocytic uptake, followed by endoso-
mal escape and nuclei internalization.

(2) The shift to increased conjugate biodegradability is not 
a new paradigm in nanomedicine, but improvements 
in the in vivo degradability are not always possible. PE-
Gylation remains the main strategy in the synthesis of 
stealth polypeptide conjugates even though PEG is not 
biodegradable and could present serious problems as-
sociated and hypersensitive reactions (e.g., anaphylac-
tic reactions).[205] Several alternatives to PEG, such as 

polysarcosine, have recently been proposed,[16,22,206] al-
though their use in the field of polymer conjugates has 
yet to be reported.

(3) There is a generalized trend to explore novel nano-
sized delivery systems with increasing complexity and 
chemical functionality. This is rationally motivated by 
various factors: the complexity of human body, the un-
derlying biochemical mechanisms in life threatening 
pathologies, which requires engineered nanomedicines 
capable of adaptation to a multitude of environments, 
and the bio-nano interface interactions which exist 
along the voyage to the site of action. However, there is 
now a consensus to reach a compromise between com-
plexity, required to achieve highly specific and efficient 
activity against the target disease, and chemical sim-
plicity, required for translation into real therapies. This 
necessitates that a given conjugate can be produced in 
a robust, reproducible, and scalable manner to ensure 
industrial feasibility and avoid premature failure at 
clinical trials.[207]

(4) Incorporation of novel chemical functionalities have 
proven their value in different contexts, and beyond 
the increase in manufacturing complexity, potential 
opportunities to improve and complement polypeptide 
therapeutics toolbox are conceptualized in the follow-
ing scientific examples with other polymeric drug de-
livery systems:

a. Despite strong evidence for specific protease-sensitive 
linkers as powerful biological targets for drug release, 
this concept has not been widely exploited in polypep-
tide conjugates. However some polymer-drug conju-
gates can serve as interesting examples to illustrate this 
approach and might be adapted through the proper 
chemistry to polypeptide conjugate design. As relevant 
examples, Cathepsins B and D cleave specific tetrapep-
tide sequences,[208] in particular Gly-Phe-Leu-Gly (GFLG) 
and Gly-Phe-Ala-Leu (GFAL), in tumor cells.[209–213] 
Other studies have exploited the presence of enzymes 
in the extracellular environment, such as short peptide 
sequences (MMP2 cleavable linker = H2N-GPLGIAGQ-
COOH), cleavable by MMPs.[214] While these representa-
tive examples highlight the potential of enzyme trig-
gered drug delivery, further studies are still required to 
obtain precise information of the target enzyme levels 
at the desired site to fine-control cell uptake and to 
demonstrate that in vivo drug release is correlated to 
enzymatic activity.

b. Although poorly explored in polymer (and polypep-
tide) conjugate design, reactive oxygen species (ROS), 
mainly generated in the mitochondria through diverse 
endogenous sources, represent an important trigger 
for stimulated release.[215,216] A number of existing 
responsive functionalities have proven the great po-
tential for ROS-mediated drug release via appropriate 
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linker design (or model compounds) as well as ROS-
mediated degradation or response of polymeric mate-
rials. These include phenylboronic acids and esters,[217] 
thioketals,[218,219] poly-L-methionine[220] and poly-L-
proline[221,222] among others. As an example, proline 
is the only natural-occurring amino acid capable of 
forming a tertiary amide bond. This bond is more easily 
oxidized as compared to secondary amide bonds and, 
therefore, could be applied for ROS triggered release 
of active mole cules within polypeptidic conjugates. 
Although there are still no examples with conjugates, 
its benefits have been already demonstrated by Sung 
and co-workers who synthesized different types of 
ROS cleavable scaffolds based on poly(L-proline) and 
investigated their applications in tissue engineer-
ing.[222] They prepared porous polymeric scaffolds via 
crosslinking a PEG-poly(ε-caprolactone)-poly(carboxyl-
ε-caprolactone) (PEG-PCL-cPCL (4%-86%–10%)) block 
copolymer with biaminated PEG-oligo(proline)-PEG. 
Treatment with hydrogen peroxide cleaved all proline 
residues within 6 d and addition of the ROS generator 
SIN-1 accelerated this further. This proof of concept 
study suggests that it may be feasible to adapt synthet-
ic strategies for the incorporation of such responsive 
linkers toward the development of ROS mediated poly-
peptide conjugates delivery platforms.

c. Molecular recognition of specific molecules in biologi-
cal media represents a highly challenging task, mainly 
due to the complex composition of the physiological en-
vironment which requires highly specific and efficient 
interactions. In this context, the intrinsic ability of phe-
nyl boronic acids and derivatives to interact selectively 
with diols is of significant note.[223] This approach is 
highly attractive for the development of glucose sen-
sitive systems toward an on-demand insulin release 
in response to changes in blood glucose levels. To this 
end, Zhao et al. have developed a polypeptidic nano-
gel based on PEG-block-γ-P(L-Glu-Bz)-co-(γ-propargyl-L-
Glu-graft-glucose).[224] This system can release physi-
cally entrapped insulin in response to specific levels 
of glucose in phosphate buffered saline. The construct 
displayed appropriate cytocompatibility and hemato-
compatibility allowing us to envisage the potential and 
feasibility of this approach for the chronic treatment of 
diabetes with on-demand insulin release systems fol-
lowing a polypeptidic conjugate design.

As shown in this review, the multivalency of the dif-
ferent polypeptides together with their biodegradability, 
the tunable architectural properties including size, shape, 
zeta potential, conformation, and rationally designed 
polymer-drug(s) linkers, have already been used in many 
different clinical applications upon conjugation of drugs 
or imaging agents as single agents or in combination 

therapy ranging from i.v. to topical administration. 
However, an even better understanding of polypeptide 
chemistry together with the clinical knowledge of the 
pathological environments to target (enzyme type and 
concentration, pH, ROS, GSH level, etc.), would allow us to 
improve the already available medicine armory and more 
importantly, to identify novel therapeutic approaches for 
unmet clinical needs. However, we must remember to 
take into account the robustness and industrial feasibility 
of polypeptide conjugate production in order to facilitate 
the transfer from bench to bedside.
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