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Polymeric nanoparticles containing multiple amines and carboxylates have
been frequently used in drug delivery research. Reproducible and controlled
conjugation among these multifunctional biomaterials is necessary to achieve
efficient drug delivery platforms. However, multiple functional groups increase
the risk of unintended intramolecular/intermolecular reactions during
conjugation. Herein, conjugation approaches and possible undesired
reactions between multi-amine functionalized peptides, multi-carboxylate
functionalized polymers, and anhydride-containing polymers [Poly(styrene-
alt-maleic anhydride)-b-poly(styrene)] were investigated under different
conjugation strategies (carbodiimide chemistry, anhydride ring-opening via
nucleophilic addition elimination). Muti-amine peptides led to extensive
crosslinking between polymers regardless of the conjugation chemistry.
Results also indicate that conventional peptide quantification methods
(i.e., o-phthalaldehyde assay, bicinchoninic acid assay) are unreliable. Gel
permeation chromatography (GPC) provided more accurate qualitative and
quantitative evidence for intermolecular crosslinking. Crosslinking densities
were correlated with higher feed ratios of multifunctional peptides and
carbodiimide coupling reagents. Selectively protected peptides (Lys-Alloc)
exhibited no crosslinking and vyielded peptide-polymer conjugates with
controlled dispersity and molecular weight. Furthermore, anhydride ring-
opening (ARO) nucleophilic addition elimination was successfully introduced
as a facile yet robust peptide conjugation approach for cyclic anhydride-
containing polymers.

KEYWORDS

carbodiimide chemistry, peptide conjugation, anhydride-containing polymers,
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Graphical Abstract

1 Introduction

Carbodiimide chemistry is commonly used for the
bioconjugation of  carboxylate/amine
biomaterials (Biju, 2014; Shipunova et al, 2018; Elzahhar
et al, 2019; Lim et al, 2019). For example, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide was used to couple a
peptide (sequence: SIINFEKL) to poly(maleic anhydride-alt-I-
octadecene) nanoparticles (NPs) to protect from CD8 T-cell-
driven autoimmune cholangitis (Carambia et al, 2021). In

functionalized

another study, lipid-polymer nanoparticles were functionalized
with arginine-glycine-aspartic acid (RGD) and a paclitaxel
prodrug using carbodiimide chemistry (Wang et al, 2018).
Additionally, the carboxyl groups on poly(lactic-co-glycolic
acid/poly(styrene-alt-maleic anhydride) microparticles (PLGA/
PSMA MPs) were used to conjugate an MT1-MMP-responsive
peptide (sequence: GPLPLRSWGLK) for arterial chemotherapy
of hepatic cancer (Davaa et al, 2017). In addition to these
examples, numerous examples are found in the literature
exploiting carbodiimide coupling chemistry to functionalize
multifunctional biomaterials (Pan et al, 2012; Wang et al,
2014; Gandhi et al., 2016; Zhang et al, 2016; Imanparast
et al.,, 2017; Kuo et al., 2017).

Despite their versatility, bioconjugates formed using
multifunctional ~ biomaterials  (biomaterials  containing
multiple amine/carboxylate functional groups) must be
subject

coupling

to rigorous characterization, as carbodiimide

reagents activate numerous reaction  sites.
Furthermore, as carbodiimide crosslinkers are added in
excess in one pot syntheses, the possibility of off-target

reactions [i.e., intermolecular crosslinking (peptide as the
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crosslinker), intramolecular cyclizations of the peptide/
polymer, and peptide conjugation to an off-target active site]
is high. In most cases, though, little attention is paid to possible
unintended intramolecular/intermolecular reactions because
the focus is on subsequent in vitro and in vivo applications
(Pan et al., 2012; Wang et al., 2014; Gandhi et al., 2016; Zhang
etal., 2016; Davaa et al., 2017; Imanparast et al., 2017; Kuo et al.,
2017; Wang et al,, 2018; Carambia et al., 2021). For example, in
a recent study evaluating the potential of redox-sensitive
3, 3'-
Dithiodipropionic acid (DPA) was used as a linker to

nanoparticles  for lung cancer treatment,
conjugate Paclitaxel (PTX) to a peptide that was later
encapsulated in lipid-polymer nanoparticles. DPA contains
two carboxylate functional groups, while PTX has four
The targeted

esterification between a carboxylate on DPA and a hydroxyl

hydroxyl functionalities. reaction, an
on PTX, was performed using carbodiimide chemistry.
However, the conjugation was carried out, assuming that
only one functional group from each reactant could
participate in the reaction. As carbodiimide crosslinkers can
activate all carboxylates and none of the hydroxyl groups are
protected, numerous unintended products can be formed.
Similar assumptions were used when conjugating PTX-DTA
to amine and carboxylate-functionalized poly(ethylene glycol)
(PEG). Even though this study shows promising results in vitro
and in vivo, the reliability and repeatability of the results are
questionable, as proper characterizations were not carried out
to detect any unintended side products (Wang et al., 2018).
Furthermore, conventional peptide/protein quantification
assays cannot detect these side reactions but can cause

significant ambiguities during in vitro and in vivo studies.
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(i

Schematic representation of PSMA-b-PS reactions with TBP under different reaction and amine-protection conditions. (I) base-catalyzed
anhydride ring opening of PSMA-b-PS to yield carboxylates (Il) anhydride ring opening via nucleophilic addition-elimination (TBP as the nucleophile)

(1) TBP conjugation via carbodiimide chemistry.

Chemical crosslinking is the most susceptible off-target
reaction for the molecules herein as they have multiple
functional groups (multifunctional) that can participate in
carbodiimide coupling (i.e, those that bear carboxylic acid
groups and amines). In nanoparticle-mediated drug delivery,
nanoparticle (NP) self-assembly is highly dependent on the
structural properties of the polymeric material. The packing
parameter (p), defined by Israelachvili et al, combines
polymer properties (v—the volume of the hydrophobic chains,
ap—the optimal area of the head group, L.—hydrophobic chain
length) to predict the morphological outcome (Eq. 1)
(Israelachvili et al., 1977; Blanazs et al., 2009).

v
aOLc

p 1)
Crosslinking between polymer chains can change these

parameters significantly (especially v and L.), causing
uncontrolled size and morphological changes to the self-
assembled nanoparticles. A nanoparticle drug delivery system
with uncontrolled sizes and morphologies could lead to highly
variable and poor delivery in vitro and in vivo (Alexis et al., 2008;
He et al, 2010; Kaga et al, 2017). Therefore, studying these
possible side reactions is crucial to ensure reproducible and
controlled biomaterials development.

This work focuses on investigating the common conjugation

approaches and possible undesired reactions between 1)
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multifunctional peptides and polymers and 2) anhydride-
containing polymers to identify those that are robust and
PSMA-b-PS
anhydride)-b-poly(styrene)]
tartrate-resistant acid phosphatase (TRAP) binding peptide
(TBP, sequence: TPLSYLKGLVTVG) (Figure 1) were selected
as the model system for this study because of synthetic

reproducible.  Coupling reactions between

[Poly(styrene-alt-maleic and

accessibility and application relevance (i.e., bone-targeted drug
delivery) (Wang et al, 2017). A series of polymer-peptide
conjugation reactions were performed to investigate the effect
of multiple primary amines within TBP on bioconjugation
Carbodiimide
opening chemistry were used for conjugations. Conjugation

reactions. chemistry and anhydride ring
behaviors of a series of peptides containing 1 to 3 primary
amines were investigated. The peptide series included TBP,
TBP without Lysine (TBP-Lys™'), TBP with an extra lysine
(TBP-Lys*'), and TBP with a protected lysine (TBP-Alloc).
Furthermore, the effects on dispersity (P), number-average
molecular weight (M,,), and weight-average molecular weight
(M,,) of the polymer (PSMA-b-PS) by each of these peptides at
different peptide feed ratios (10%, 15%, and 25% of carboxylate
groups) were studied. Gel permeation chromatography (GPC)
was used to estimate the amount of peptide conjugated, quantify
the changes in polymer properties (D, M,,, and M,,), and predict
the

reactions.

intramolecular and intermolecular polymer-peptide
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2 Materials and methods

2.1 Poly(styrene-alt-maleic anhydride)-b-
poly(styrene) (PSMA-b-PS) synthesis

Common solvents and reagents were purchased from
commercial suppliers and used as received without additional
purification unless otherwise specified. Styrene (99%, ACS grade)
was purified via distillation over CaH,. Maleic anhydride (MA)
was purified by recrystallization from chloroform. 2,2'-Azo-
bis(isobutylnitrile) (AIBN) (initiator) was recrystallized from
(CTA),
dodecylsulfanyltrithiocarbonyl sulfanyl pentanoic acid (DCT),

methanol. The chain transfer agent 4-cyano-4-
was synthesized using a previously reported procedure (Moad
et al, 2005). PSMA-b-PS was synthesized via reversible
addition—fragmentation chain transfer (RAFT) polymerization
by slightly modifying a previously reported method in which
Styrene (Sty), MA, and DCT ([Sty]:[MA]=4:1) were dissolved in
1,4 Dioxane (128% W/W). AIBN ([AIBN]:[DCT]=1:10) was
then added to the solution after restoring in ice for 30 min.
After 40 min of nitrogen purging in ice, the solution was then
placed in a 60°C oil bath and allowed to polymerize for 48 hours,
after which the reaction was terminated by exposure to air. The
reaction mixture was diluted with acetone and then added
dropwise in petroleum ether. The final product was dried
under vacuum (Baranello et al.,, 2014; Wang et al., 2017). Gel
permeation chromatography (GPC) was used to determine the
number average molecular weight (M,), Weight average
molecular weight (M,,), and dispersity (D) of the polymers.

2.2 Peptide (TBP, TBP-Lys**, TBP-Lys™,
TBP-Alloc) synthesis

A series of peptides consisting of 1 to 3 primary amines was
synthesized to analyze efficiencies of different conjugation
chemistries and possible crosslinking. The amino acid
sequences were similar to TBP, but lysine was either added
(TBP-Lys"™) or removed (TBP-Lys™') to alter the number of
primary amines. This addition or removal of amino acids is
impractical for therapeutic use. Rather, protecting the selected
functional groups using an appropriate protecting group is more
appropriate. As TBP is a bone-targeting peptide, the goal was to
avoid crosslinking without major manipulations in the peptide
sequence. In conventional solid-phase peptide synthesis, acid-
labile protecting groups prevent side reactions (Isidro-Llobet
et al., 2009; Gongora-Benitez et al., 2012; Ackun-Farmmer
et al,, 2021). To maintain Lys primary amine protection, acid-
resistant protection (Alloc protecting chemistry or TBP-Alloc)
was carried out. TBP (sequence: TPLSYLKGLVTVG), TBP-Lys™
(sequence: ~ TPLSYLGLVTVG),  TBP-Lys"
TPLSYLKGLVTVKG), and TBP-Alloc (sequence:
TPLSYLKA'"GLVTVG) were synthesized using microwave-

(sequence:
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assisted  solid-phase  peptide synthesis (CEM  Corp,
Libertyl synthesizer). Peptides were synthesized on Fmoc-Gly-
resin with O-enzotriazole-N,N,N',N’-  tetramethyl-
uronium-hexafluoro-phophaste  (HBTU) in DMF

2 M N,N-diisopropylethylamine (DIEA) in NMP coupling.

After synthesis and deprotection with 5% piperazine in DMF,

Wang
and

peptides were cleaved in a mixture of trifluoroacetic acid (TFA,
92.5%), H,O (2.5%), triisopropylsilane (TIPS, 2.5%), and 3,6-
dioxa-1,8- octanedithiol (DODT, 2.5%) for 2.5 h, after which the
peptide was precipitated in ice-cold diethyl ether to ensure
removal of DMF and byproducts of the cleavage mixture. The
resulting solid was redissolved in DMF and reprecipitated into
cold ether. This washing cycle was carried out three times to
remove trace impurities. The resulting peptide was purified by
dialysis against water (Spectra/por MWCO 1kDa) for 5 days
with four water exchanges daily. The dialyzed product was
freeze-dried and analyzed for purity using high-performance
liquid chromatography (HPLC) (Supplementary Figure S2)
(Shimadzu LC-20AD HPLC SPD-20AV UV-Vis
detector, phase—acetonitrile:H,0,

system,
mobile gradient
elution—acetonitrile from 5 % to 95%) and molecular weight
using Matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectroscopy. Peptide purity was >95% for

peptides used in this study.

2.3 Polymer-peptide conjugation
approaches

Each peptide conjugation was performed using two
conjugation approaches 1) carbodiimide chemistry, a universal
conjugation method for materials consisting of carboxylate and
amine functionalities (Biju, 2014; Elzahhar et al., 2019), and 2)
anhydride ring-opening (Nucleophilic addition-elimination),
specific to anhydride containing biomaterials (e.g., the PSMA
block here). Three independent reactions were carried out for
each experimental condition to investigate trial-to-trial
variations within the same batch. For each of these peptides
(TBP, TBP-Lys™!, TBP-Lys"', and TBP-Alloc), 10%, 15%, and
25% feed ratios of peptide were used based on the number of

carboxylate groups present on the polymer chain.

2.3.1 Carbodiimide conjugation approach

The polymer was dissolved in dry DMF (25% w/v) and
sonicated to ensure complete solubility. Then, excess amounts
of DIC (N, N’-Diisopropylcarbodiimide, Thermo) ([DIC]:
[polymer] = 1.2:1 molar ratio) and DMAP (4-
Dimethylaminopyridine, Thermo) ([DMAP]:[polymer] =
1 molar ratio), were added to the polymer dissolved in DMF.
The mixture was re-sonicated for 5 min to ensure that all solutes
were dissolved and to activate the carboxylates on the polymer,
after which the peptide (dissolved in DMF, 20% w/v) was added
dropwise immediately (in 30 s). The reaction was re-sonicated at
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room temperature for 30 min and then stirred overnight, after
which the reaction was quenched by exposing the reaction
mixture to excess water and purified by dialysis (Spectra/por
MWCO 6-8 kDa) for 3 days. The dialyzed mixture was then
freeze-dried, and the resulting solid was analyzed by GPC to
evaluate the changes in M,,, M,,, and D.

2.3.2 MA ring opening nucleophilic addition-
elimination conjugation approach

PSMA-b-PS and peptides were dissolved in dry DMF (20%
W/V). Peptide solutions with 10%, 15%, and 25% anhydride-
feeding ratios were added to the polymer solution respectively
and stirred under room temperature overnight, after which the
reaction was quenched by exposing the reaction mixture to
excess water. The unconjugated peptide and DMF were
removed using a dialysis membrane (Spectra/Por, MWCO =
6-8KkD) for 3 days. The peptide-conjugated PSMA-b-PS was
then collected by freeze-drying and characterized by GPC.

2.4 Molecular weight and dispersity
analysis of PSMA-b-PS and polymer-
peptide conjugates

GPC was used as the characterization method to evaluate the
M,, M,,, and D of PSMA-b-PS. DMF (0.05 M LiCl) was used as
the mobile phase. GPC measurements were carried out on a
Shimadzu 20A GPC system equipped with a TSKgel SuperHM-N
(Tosoh Bioscience) column at 60°C at a flow rate of 0.35 ml/min
using a miniDAWN TREOS light scattering detector (Wyatt
Technology) and a T-rEX Refractive Index Detector (Wyatt
The data
7.3.2 software. After the peptide conjugation (by both

Technology). was evaluated wusing Astra
conjugation techniques), the resulting conjugates were re-
analyzed to assess the changes in molecular weight and
dispersity. The formation of crossling was qualitatively
deduced by comparing GPC results of the polymer and
polymer-peptide conjugates (for each independent trial). For
the conjugates that did not show crosslinking (TBP-Lys™,
TBP-Alloc), molar mass differences between PSMA-b-PS and
the respective conjugate were used to calculate the number of
conjugated peptides. As this work mainly focuses on the
qualitative aspects, these calculations were done assuming that
the peptide conjugation has no significant effect on the refractive
index of the polymer. However, measuring dn/dc for each

conjugate is suggested for high-accuracy quantitative analyses.

2.5 O-phthaldialdehyde assay

The OPA assay was used to quantify conjugation efficiency
using primary amines present on the conjugates (KangLee and
Drescher, 1978). Briefly, standards (TBP, TBP-Lys'') and
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negative controls (unfunctionalized polymer, 1xPBS) were
prepared in 1xPBS and concentrations calculated based on
standard curves. The standards, controls, and samples
(functionalized polymers) were transferred into a 96-well
plate (75uL). The OPA reagent (Thermo Scientific) was
then added to each well (125 pL), samples were excited at
360 nm, and emission was measured at 455nm (BioTek
Cytation 5, Agilent). All samples, including positive
controls and negative controls, were tested in 3 replicates.
The number of peptides preset (primary amines) was
calculated using the standard curves.

3 Results and discussion

3.1 Indirect peptide quantification assays
provide misleading conjugation
efficiencies

Maleic anhydride groups within PSMA-b-PS NPs provide
multiple carboxylate functionalities within the shell of self-
assembled NPs, which give the ability to develop biomolecule-
functionalized NPs with tunable multivalency simply by
controlling feed ratios (Figure 1). The peptide, TBP contains
two primary-amine reactive centers, one at the amino terminus
and one within the intersequence lysine side chain, where the
terminal amine is more reactive due to less steric hindrance.
Therefore, the polymer-peptide conjugation was carried out by
controlled addition of the peptide to an activated mixture of
polymer carboxylates via carbodiimide coupling. The resulting
polymer-peptide conjugates were quantified by the OPA assay.

When typical peptide conjugation and quantification
methods were utilized in these multifunctional peptide-
polymer conjugation reactions (i.e, OPA assay), expected
conjugation efficiencies were not attained (Supplementary
Table S1). Furthermore, noticeable trial-to-trial inconsistencies
were shown within the batches performed under the same
reaction conditions (Supplementary Table S1). As the OPA
assay quantifies the peptides using primary amines, the
observed inefficiencies and inconsistencies suggest a
phenomenon related to undesired primary amine reactions
rather than the amount of peptide conjugated. To attain a
better understanding of this phenomenon, the underlying
chemistries were studied.

In a typical carbodiimide reaction, the coupling reagent
(i.e, EDC, DCC, DIC, etc.) is added in excess to ensure high
conjugation efficiency (Pan et al., 2012; Biju, 2014; Wang et al,,
2014; Gandhi et al., 2016; Zhang et al., 2016; Kuo et al., 2017;
Palmieri et al., 2018; Shipunova et al., 2018; Wang et al., 2018;
Elzahhar et al,, 2019; Lim et al., 2019; Shiu et al., 2021; Wright
et al, 2021), which leads to a highly activated carboxylate
environment in the reaction medium. All primary amines

within the peptide can participate in nucleophilic addition-
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of
environments. As a result, intramolecular and intermolecular

elimination regardless relative  reactivities in such
crosslinking can occur. Intramolecular crosslinking forms two
conjugates between the peptide chain and the polymer backbone,
resulting in a cyclic structure. Intermolecular crosslinking adds
two polymeric chains onto one peptide, resulting in high molar
mass polymers and polydisperse materials. Both situations can
compromise the therapeutic efficacy of the biomaterial.
with the

quantification method, providing misleading results. When

Crosslinking can also interfere peptide
considering the OPA assay, the reagent reacts with the
primary amines present on the peptide to produce a

fluorometric byproduct (Kanglee and Drescher, 1978; Frank
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et al, 1985). When the peptide sequence includes multiple
primary amines, the unconjugated primary amines are used to
quantify the number of peptides on the polymer chains or
bioconjugates (Mu et al.,, 2010; Wu et al., 2012; Li et al., 2014;
Ding et al., 2017; Hou et al., 2019; Papay et al., 2021; Wu et al,,
20215 Liu et al,, 2022). As crosslinking converts these remaining
primary amines to secondary amines, the assay produces a false-
negative result even though the peptide is chemically conjugated
to the polymer backbone. This false-negative result can lead to
the incorrect conclusions that the reaction has not succeeded
(Supplementary Table SI). Moreover, assays that quantify
peptides/proteins using peptide bonds (e.g., bicinchoninic acid
assay) can produce false-positive results due to crosslinking.

frontiersin.org


https://www.frontiersin.org/journals/biomaterials-science
https://www.frontiersin.org
https://doi.org/10.3389/fbiom.2022.1003172

Chandrasiri et al.

6.0x105—
O = TBP
O v 1BP-Lys*
e -Lys”
4.0%105- TBP-Lys
= [0 e TBP Alloc
o
e #%
2 #% &%.@
2.0x1054 #%
@
: Fh
JANnD Binm AN
10% conjugation  15% conjugation ~ 25% conjugation
B
&,
6.0x105 .$
#% #%
4.0x105+ —I—
i #%
e &8.@
5 &% e
2.0x105—
[alull | Infsl |lsls
10% conjugation  15% conjugation ~ 25% conjugation
c &S.@
6 =
&% &3
e 1l
=
2
(9]
% v
o 2] I
-
0 Iﬂ H Iﬂ H IH H
10% conjugation  15% conjugation  25% conjugation
FIGURE 3

Variation of (A) weight average molecular weight (M), (B)
number average molecular weight (M), and (C) dispersity (D) of
peptide-functionalized polymers concerning the peptide type for
ARO conjugation. & (TBP-TBP-Lys™), $ (TBP-TBP-Alloc), #
(TBP-Lys*~TBP-Lys™), % (TBP-Lys**~TBP-Alloc), @ (TBP-TBP-
Lys*!) p < 0.05 indicates significance evaluated by two-way
ANOVA with Tukey's multiple comparisons test, N = 3.

Bicinchoninic acid (BCA) assay is based on reducing Cu®" to
Cu'* by peptide bonds, also known as the biuret reaction. Cu'*
ions are then fluorometrically characterized after complexation
with BCA (Huang et al,, 2010). Crosslinking results in a greater
number of peptide bonds that increase Cu** to Cu'* reduction.
Subsequently, results suggest greater peptide conjugation. For
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example, the assay detects two peptides if one peptide is
crosslinked via two primary amines. Therefore, inconsistent
results obtained with the OPA assay may be due to
crosslinking. In that case, a characterization technique that
can provide information on the change in sample weight
fraction, molar fraction, and dispersity after the conjugation
could provide more realistic information regarding
conjugation and crosslinking. Therefore, gel permeation
chromatography (GPC) was used as a qualitative and
quantitative tool to

analytical study  polymer-peptide

conjugation and possible crosslinking.

3.2 Anhydride ring-opening by
nucleophilic addition-elimination
provides a facile peptide conjugation
pathway

Acid anhydrides and acid chlorides are at the top of the
reactivity hierarchy of carboxylic acid derivatives (Bender, 1960).
As the hydrophilic block of PSMA-b-PS contains cyclic
anhydrides (MA), the nucleophilicity of primary amines can
promote a nucleophilic addition-elimination reaction (Bender,
1960; Nagaraja et al., 2019). This nucleophilic attack results in
peptide-polymer conjugates while opening the MA ring that
produces carboxylates, which is necessary for the amphiphilicity
of the polymer, without adding an additional step to the reaction
scheme (Figure 1). Consequently, the ARO approach provides a
facile yet robust conjugation approach without the need for
additional
Reactions were performed by mixing the polymer and the

activators and eliminates purification  steps.

peptide dissolved solvent under

nitrogen. The purified conjugated product (by dialysis) was

in a non-nucleophilic

analyzed qualitatively and quantitively by GPC.

When analyzing the peptide conjugates with multiple
primary amines (i.e, TBP and TBP-Lys"'), a significant mass
distribution shift from Gaussian was observed regardless of the
feed ratio (Figures 2A,B). Moreover, a secondary peak towards
the high molecular weight region was observed for the 25% feed
ratio of TBP and all the feed ratios of TBP-Lys*'. These data
suggest an inversely proportional relationship of peptide
conjugate dispersity with the number of primary amines on
the peptide. However, the expected trend for the desired
peptide conjugation was a gradual shift toward higher
molecular weight proportional to the feed ratio. The P values
obtained from chromatograms show 2 to 4-fold increases in  for
TBP and TBP-Lys™ conjugates, supporting the qualitative
observations above (Supplementary Tables S2, S3). The
expected molecular weight for 10% TBP conjugation was
53 kDa, yet the observed M, and M, are 60 kDa and
186 kDa, respectively (Supplementary Table S2). Even though
M, is comparable with the expected molecular weight, M, shows
significant deviations (>3-fold increase), indicating a substantial
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impact on the weight fraction of polymer chains. These data
suggest crosslinking between polymer chains, resulting in high
molecular weight crosslinked polymer networks. With higher
feed ratios, greater deviations (for both M,, and M,,) from the
expected molecular weight were observed (Supplementary Table
S2), suggesting the peptide was consumed as a crosslinker. A
similar trend was observed for the polymer-peptide conjugates
obtained from TBP-Lys"'. Moreover, the addition of Lys to the
sequence exhibits more significant changes in molecular weight
compared to TBP (Supplementary Table S3, Figures 3A,B),
which was expected as crosslinking density increases when the
crosslinker consists of more reactive centers.

TBP-Lys and TBP-Alloc exhibited more controlled
conjugation reactions regardless of feed ratio. The Gaussian
nature of PSMA-b-PS molecular weight distribution was
preserved after the conjugation, and no secondary peaks were
visible on GPC chromatograms (Figures 2C,D). D values for
these conjugates did not show significant deviations from the
polymer compared to TBP and TBP-Lys™ (Supplementary
Tables S4, S5). This indicates a uniform distribution of
peptides among polymer chains without crosslinking. The
average number of conjugated peptides was estimated using
the molecular weight differences obtained by GPC data. TBP-
Lys™" and TBP-Alloc showed close correlations with the expected
numbers for 10% and 15% feed ratios (Supplementary Tables 54,
S5). However, the percent conjugation did not exceed 20% for
TBP-Lys ™' and 15% percent for TBP-Alloc, even at the 25% feed
ratio. This implies a limitation for ARO reaction with increasing
steric hindrance at the reaction center.

Nucleophilic addition-elimination reactions propagate
through a tetrahedral intermediate, generating a higher
activation barrier when bulky groups are present (Klein,
2017). TBP-Lys™" is less sterically hindered than TBP-Alloc
as it does not contain Lys and Alloc protecting group. At
higher feed ratios (15% and 25%), TBP-Lys™' conjugations
resulted in 14 and 19 peptides per polymer chain (expected
15 and 25, respectively), while TBP-Alloc exhibited maximum
conjugation at 14 peptides per polymer chain. Also, when
more peptides are added to the polymer chain, the hydrophilic
block becomes more sterically hindered and eventually
saturates. According to the results we obtained from this
work, PSMA-b-PS exhibited saturation after adding 19
(TBP-Lys™") (TBP-Alloc) per
Nevertheless, additional kinetic experiments are required to

and 14 peptides chain.
conclude the limitations on this conjugation approach.

In addition to the statistically significant molecular weight
(M,, and My,) and dispersity increases shown in TBP and TBP-
Lys*!, larger standard deviations among replicates were observed
(Figures 3A,C). Generally, an increased standard error was
observed with increasing feed ratios (Figures 3A,B). This
trend provides evidence of an uncontrolled reaction occurring
in the medium regardless of controlled reaction conditions. As
TBP and TBP-Lys'' act as crosslinkers, the outcome of the
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reaction becomes more unpredictable when greater amounts
of peptide are in the feed. D values suggest TBP-Lys"' has
better control than TBP, even with greater primary amines
(Figure 3C). As D is the ratio between M, and M,, closer M,,
and M,, values provide comparatively smaller D values. Because
of the increased number of reaction centers, TBP-Lys"'
conjugates have larger values for both M,, and M,, than TBP
(Figures 3A,B). Therefore, the lower D values obtained for TBP-
Lys*' do not indicate a controlled conjugation reaction.
Therefore, close attention should be given to possible side
reactions  when  standardizing  synthetic/bioconjugation
protocols.

TBP-Lys" and TBP-Alloc showed excellent trial-to-trial
reproducibility with all feed ratios explored (Figures 3A-C).
As the extra reaction centers are eliminated or protected, the
only possible reaction pathway is conjugation without
crosslinking. The results suggest incorporating a selective
protection strategy for multiple reaction centers, even
though it requires additional deprotection and purification
steps. These findings highlight the importance of paying close
attention to possible undesired reactions and performing
comprehensive material characterization before proceeding
to in vitro or in vivo studies. In addition, the ARO peptide
conjugation pathway provides a facile yet robust conjugation
method that can be adopted for anhydride-containing
biomaterials. No coupling reagents (EDC, DIC, DCC, etc.)
or buffering were required for the reaction, eliminating the
related purification steps. Therefore, this reaction pathway
provides a facile, hassle-free peptide conjugation approach for
material containing cyclic anhydrides. However, it is essential
to highlight that the reactivity can be impacted by the peptide,
polymer composition, and secondary structure. Moreover, the
peptide density and distribution on the nanoparticle are
crucial factors for target-specific binding and will be a
that
techniques, including nanoparticle tracking analysis and

focus in future studies incorporate analytical
in vitro and in vivo bioassays (Ashby et al., 2015; Vestad et

al., 2017; Newman et al., 2018).

3.3 An activated environment with
carbodiimide crosslinkers results in more
crosslinking without competitive
nucleophiles

Even though peptide conjugation via ARO nucleophile
addition-elimination provides a facile conjugation approach
(with
biomaterials that lack cyclic anhydrides. As carbodiimide

selective protection), it is not compatible with
coupling is the most common approach in such cases,
(Israelachvili et al., 1977; Moad et al., 2005; Blanazs et al.,
2009; Pan et al., 2012; Baranello et al., 2014; Biju, 2014; Wang

et al., 2014; Gandhi et al., 2016; Zhang et al., 2016; Davaa et al,,
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Variation of (A) weight average molecular weight (M,,), (B)
number average molecular weight (M), and (C) dispersity (D) of
peptide-functionalized polymers concerning the peptide type for
carbodiimide conjugation in DMF. & (TBP-TBP-Lys™), $
(TBP-TBP-Alloc), (TBP-TBP-Lys*) p < 0.05 indicates significance
evaluated by two-way ANOVA with Tukey's multiple comparisons
test, N = 3.

2017; Imanparast et al., 2017; Kuo et al., 2017; Shipunova et al,,
2018; Wang et al., 2018; Elzahhar et al., 2019; Lim et al.,, 2019;
Ackun-Farmmer et al., 2021; Carambia et al., 2021) it is beneficial
to investigate the effect of these undesired reactions in
The
approach of carbodiimide coupling for biomaterials uses an

carbodiimide-activated  environments. conventional

aqueous medium due to solubility and compatibility. (Nam
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et al., 2008; Fischer, 2010; Mansuroglu and Mustafaeva, 2012;
Biju, 2014; Werengowska-Cie¢wierz et al., 2015) However, in
aqueous media, water can act as a competitor for the desired
nucleophile leading to hydrolysis of carbodiimide intermediate.
This interference can lead to ambiguities. Therefore, the
competing nucleophile was eliminated wusing a non-
nucleophilic organic solvent, N,N-Dimethylformamide (DMF).
Furthermore, shifting the solvent characteristics from polar
protic to polar aprotic increases the nucleophile’s potential
energy, thus enhancing the rate of the reaction. (Klein, 2017)
MA groups of PSMA-b-PS were ring-opened to obtain
carboxylates before the reactions to eliminate the ARO
conjugation pathway (Figure 1).

Similar to the ARO conjugation approach, TBP-Lys™' and
TBP-Alloc carbodiimide conjugates did not indicate crosslinking
(Supplementary Figure S1). Molecular weights of the conjugates
were similar to the expected values, and no significant increases
in D values were found (Supplementary Tables S6, S7). For the
ARO nucleophilic the of

conjugated peptides did not reach the expected number at

addition-elimination, number
higher feed ratios, especially at 25%. This trend was more
evident for TBP-Alloc (Supplementary Table S5). However,
this limit was not shown for any feed ratio with the
carbodiimide approach (Supplementary Table S7). As the
through
intermediate, the electrophilicity of the carboxylate center is

carbodiimide reaction proceeds an activated
enhanced. It facilitates a less energetic nucleophilic attack even
with a more sterically hindered nucleophile (TBP-Alloc). The
polar aprotic solvent (DMF) does not energetically stabilize the
nucleophile. Therefore, the nucleophile decreases the potential
energy by participating in the addition-elimination reaction.
No significant trial-to-trial variations were observed (Figures
4A-C) for M,, M,, and D for TBP-Lys"' and TBP-Alloc
carbodiimide conjugates. These data indicate controlled and
consistent reactions for peptides with one nucleophilic center. The
D values show a slight increase compared to ARO peptide conjugates,
which is expected due to the increased reaction rates in the
carbodiimide-activated medium. Activation of the electrophilic
center with carbodiimide crosslinkers is not nucleophile specific.
Therefore, the rate of undesired nucleophilic attacks also increases,
producing more unanticipated products. This is evident from the
results for TBP-polymer conjugates. Compared with the ARO
approach, carbodiimide conjugates show much more significant
(>5-fold increase) increases in weight fractions (Supplementary
Table S8). Furthermore, highly significant trial-to-trial variations
were observed for M,,, M,,, and D at higher feed ratios (Figures
4A-C). These results suggest that more attention should be given to
the chemical nature (ie., multiple reaction centers, intramolecular
cyclization, competing nucleophiles, etc.) of the starting materials and
possible off-target reactions when using activated reaction media.
Interestingly, TBP-Lys*' exhibited a more controlled reaction
than TBP (Figure 4C) for 10% and 15% feed ratios. Similar
control was also obtained based on P values of ARO conjugates
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(Figure 3C, Supplementary Table S9), yet larger conjugates were
observed (Figures 3A,B). This could result from two competing
side reactions: intramolecular cyclization and crosslinking. As
TBP-Lys™' possesses extra reaction centers and a bulkier
molecular structure, intramolecular nucleophilic attacks are
energetically favored versus intermolecular crosslinking when
carboxylates on the polymer chain are activated. The greater the
number of activated carboxylates present, the greater the
possibility of intermolecular crosslinking, as more molecules
can surpass the activation barrier, which is supported by M,
and M,, values at 25% feed ratio (Figures 4A,B). Further
experiments were carried out using increased chemical
equivalents of carbodiimide crosslinker to provide more
activated carboxylates while keeping the peptide feed ratios at
10% and 15%. At increased carbodiimide crosslinker feed ratios
(4.0 eq.), there are notable increases in M,, M, and D
(Supplementary Table S10). Highly significant increases in
molecular weights were observed when the reaction medium
contained excess activated carboxylates and more substantial
amounts of peptide (Figures 5A,B). In addition, the resulting
conjugates exhibited a great degree of polydispersity, suggesting
greater intermolecular crosslinking (Figure 5C).

4 Conclusion

Results of this study suggest that both ARO electrophilic
substitution-elimination and carbodiimide approaches facilitated
efficient conjugation in selectively protected multifunctional
peptide-polymer systems. ARO provides a facile yet robust
conjugation approach for cyclic anhydride-containing
biomaterials by eliminating additional purification steps and
carbodiimide crosslinkers. This reaction demonstrated more
sensitivity towards the steric hindrance of the reaction center,
exhibiting decreased efficiencies at higher feed ratios (i.e., >15%
for the selected peptides in this study). However, bioconjugation

reactions involving multifunctional peptides and polymeric
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materials demand extra attention in synthesis and
characterization due to the increased tendency of undesired
reactions. Intermolecular crosslinking was one of the most
probable undesired reactions in such cases. When crosslinking
occurs, indirect peptide quantification methods (i.e., OPA assay,
BCA assay, etc.) fail to provide correct information regarding the
peptide conjugation. Furthermore, undesired crosslinking makes
the outcome of in vitro/in vivo applications unpredictable.
Therefore, incorporating a secondary characterization method
is necessary for similar bioconjugation reactions. GPC showed
good potential as a secondary characterization method to acquire
more convincing information regarding peptide conjugation and
crosslinking. However, this method’s accuracy can vary
according to the properties of selected biomaterials. Regardless
of the reactivity of multiple reaction centers, crosslinking
occurred at increased feed ratios of activators and peptides.
Expected peptide conjugates were achieved (independent of
the conjugation method) by protecting unwanted reaction
centers. Therefore, selective protection is recommended for
similar conjugation approaches to avoid undesired reactions.
Furthermore, it is advisable to prevent indirect characterization
methods that detect functional groups resulting from the reaction
because those detectable functional groups can result from an

undesired reaction.
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