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A B S T R A C T

Maleimide-thiol chemistry is widely used for the design and preparation of ligand-decorated drug delivery
systems such as poly(lactide-co-glycolide) (PLGA) based nanoparticles (NPs). While many publications on na-
nocarriers functionalized exploiting this strategy are available in the literature, the conditions at which this
reaction takes place vary among publications. This paper presents a comprehensive study on the conjugation of
the peptide cRGDfK and the nanobody 11A4 (both containing a free thiol group) to maleimide functionalized
PLGA NPs by means of the maleimide-thiol click reaction. The influence of different parameters, such as the
nanoparticles preparation method and storage conditions as well as the molar ratio of maleimide to ligand used
for conjugation, on the reaction efficiency has been evaluated. The NPs were prepared by a single or double
emulsion method using different types and concentrations of surfactants and stored at 4 or 20 °C before reaction
with the targeting moieties. Several maleimide to ligand molar ratios and different reaction times were studied
and the conjugation efficiency was determined by quantification of the not-bound ligand by liquid chromato-
graphy. The kind of emulsion used to prepare the NPs as well as the type and concentration of surfactant used
had no effect on the conjugation efficiency. Reaction between the maleimide groups present in the NPs and
cRGDfK was optimal at a maleimide to thiol molar ratio of 2:1, reaching a conjugation efficiency of 84 ± 4%
after 30min at room temperature in 10mM HEPES pH 7.0. For 11A4 nanobody the optimal reaction efficiency,
58 ± 12%, was achieved after 2 h of incubation at room temperature in PBS pH 7.4 using a 5:1 maleimide to
protein molar ratio. Storage of the NPs at 4 °C for 7 days prior to their exposure to the ligands resulted in
approximately 10% decrease in the reactivity of maleimide in contrast to storage at 20 °C which led to almost
40% of the maleimide being unreactive after the same storage time. Our findings demonstrate that optimization
of this reaction, particularly in terms of reactant ratios, can represent a significant increase in the conjugation
efficiency and prevent considerable waste of resources.

1. Introduction

The capacity of nanoparticulate drug delivery systems to improve
the therapeutic index (ratio of efficacy/toxicity) of pharmacologically
active compounds, such as drugs and drug candidates as well as protein
and nucleic acid based drugs, makes these particles promising systems
for the treatment of different diseases. Targeting can be achieved by
relying on the physicochemical properties of the drug-loaded nano-
particle and on the anatomy and physiology of the target, leading to
accumulation of the drug delivery system mostly on sites with increased

permeability of the vascular endothelium, for instance tumors and in-
flamed tissues [1–4]. Cells of the reticuloendothelial system (e.g.
macrophages present in liver and spleen) can also be targeted since they
are in charge of the clearance of foreign bodies from the circulation and
can easily take up nanocarriers [5–7]. Ligand decorated systems are
more suitable for the treatment of pathologies unrelated to the re-
ticuloendothelial system or in which the structure of the endothelium is
not compromised. To achieve this, the nanocarrier is functionalized
with a ligand that specifically recognizes and interacts with receptors
preferably overexpressed on the pathological cells. This in turn can
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result in an increase in the accumulation and retention of the active
principle in the diseased tissue/organ. Since ligand decorated systems
are normally internalized by the target cells, they can also be used for
the delivery of drugs that do not have the ability to penetrate the cel-
lular membrane by Fickian diffusion, for instance pDNA, siRNA or
mRNA [8] as well as therapeutic proteins that have their target in-
tracellularly [9,10]. Although most of the ligand targeted systems
currently under clinical evaluation are developed for cancer treatment
[11], other applications such as vaccination [12,13] and drug delivery
through the blood brain barrier [14,15] are also possible.

As mentioned, receptor-mediated targeting requires the covalent
attachment of targeting ligands at the surface of nano-sized delivery
vehicles that can be performed by several methods including carbo-
diimide chemistry [16], reactions with N-hydrosuccinimide (NHS) ac-
tive esters, click chemistry reactions such as azide-alkyne cycloaddition
and thiol-ene reaction [17,18], and the use of thiol reactive maleimide
groups. The reaction of maleimide derivatives and thiol containing
biological molecules was reported>55 years ago [19,20], but it was
not until the early 1980’s that its potential as a tool for the functiona-
lization of nanocarriers was shown and exploited [21]. Importantly, the
commercial availability of lipids and polymers that contain maleimide
groups has enabled the fabrication of liposomes, polymeric nano-
particles, polymeric micelles, polymeric nanogels and polymersomes
that can be conjugated to thiol containing ligands to target specific cells
or tissues [22–24]. In comparison to more recently developed functio-
nalization strategies, the maleimide-thiol reaction is still frequently
applied in functionalization protocols because of the high reactivity of
maleimide under mild conditions (i.e. room temperature and aqueous
buffers), its selectivity towards thiol groups at physiological pH and the
formation of a thioether bond that is relatively stable under most
conditions [25]. Additionally, this reaction makes use of the thiol group
of cysteine residues naturally present in peptides and proteins or that
can be easily introduced in these molecules. However, under certain
conditions such as alkaline pH values (pH≥ 8) [26,27] maleimide is
susceptible to hydrolysis resulting in ring opening and formation of a
maleic acid amide derivative that is not reactive towards thiol groups
[28–30]. Additionally, when maleimide-functionalized building blocks
are used in the fabrication of nanocarriers, the preparation method can
also have a detrimental effect on the stability of the maleimide groups.
For instance, liposome purification by dialysis in PBS (pH 7.0–7.5) for
5 h, resulted in a 50% decrease in maleimide reactivity [31], which
highlights the importance of assessing the compatibility of the pre-
paration procedure with the preservation of the structure of maleimide.

Even though maleimide-thiol chemistry has been widely used, the
conditions for preparation and functionalization of maleimide con-
taining liposomes and polymer-based drug delivery vehicles, such as
poly(lactic acid), poly(ε-caprolactone), or poly(lactic-co-glycolic acid)
(PLGA) nanoparticles (NPs), often differ widely between publications
(Table S1). While this speaks to the robustness of the aforementioned
conjugation reaction, it also brings into question the efforts being done
to evaluate and optimize the reaction conditions. In this regard, the
current work provides an in-depth study of the influence of preparation,
handling and functionalization conditions on the reactivity of mal-
eimide groups incorporated in PLGA based nanocarriers. NPs based on
blends of PLGA and maleimide- poly(ethylene glycol) (PEG)5000-PLGA
were chosen as a model formulation due to the well documented and
appealing properties of PLGA systems for targeted drug delivery in-
cluding their biocompatibility, biodegradability, relatively easy pro-
duction and overall tailorability [32–36]. The last point allows for
control of properties such as degradation/release profile, stealth be-
havior (through the incorporation of PEG chains in the formulation)
and, as previously mentioned, decoration of the surface of the particles
with targeting moieties. In the present study, two ligands of different
molecular weight were chosen, both with potential applications in
cancer treatment: cRGDfK and 11A4. cRGDfK is a cyclic peptide (ap-
prox. 700 Da) able to target the integrin αvβ3 which is overexpressed in

some types of tumors including breast cancer and has been correlated
with metastasis [37]. The ability of the RGD motif to bind to the
aforementioned integrin has been explored as a tool for drug targeting
to tumors by preparing drug-RGD conjugates or RGD-targeted carriers
[38–41]. Additionally, several radiolabeled RGD peptides for imaging
of tumor angiogenesis are currently undergoing clinical trials [42]. The
nanobody 11A4 is a C-terminal cysteine modified molecule capable of
selectively binding to the HER-2 receptor [43] overexpressed in
15–20% breast cancers [44]. Nanobodies (approx. 15 kDa) are the
variable fragments of heavy chain antibodies from camelids [45]. Na-
nobodies can be easily produced by recombinant technologies and have
favorable physicochemical properties, such as high solubility and sta-
bility, as well as a relatively small size as compared to full sized anti-
bodies which allows them to efficiently bind to epitopes that are in-
accessible to antibodies [46–48].

This paper presents an in-depth study on the functionalization of
maleimide-PEG-PLGA NPs with cRGDfK and 11A4 by means of mal-
eimide-thiol conjugation chemistry and explores the influence of the
NPs preparation and storage conditions on the efficiency of conjuga-
tion. Additionally, reactant ratios and reaction kinetics are studied for
both ligands with the objective of identifying the critical parameters
and finding the optimal conditions for the maleimide-thiol conjugation
reaction.

2. Materials and methods

2.1. Chemicals

PLGA (50:50 ratio DL-lactide/glycolide, IV 0.39 dL/g, Mw
~44,000 Da) was obtained from Purac (Gorinchem, The Netherlands).
Methoxy poly(ethylene glycol)-b-poly(lactide-co-glycolide) (mPEG-
PLGA, Mw 5000:20,000 Da) and poly(lactide-co-glycolide)-b-poly
(ethylene glycol)-maleimide (maleimide-PEG-PLGA, Mw
5000:20,000 Da) were purchased from Polyscitech, Akina Inc. (West
Lafayette, IN, USA). Poly(vinyl alcohol) (PVA) of Mw
30,000–70,000 Da, 87–90% hydrolyzed, sodium cholate hydrate, di-
methyl sulfone (DMSO2) and methoxy poly(ethylene glycol)-maleimide
(Mn 2000 Da) were acquired from Sigma-Aldrich. c[RGDfK(Ac-
SCH2CO)] (Mw: 719.8 g/mol) (Fig. S1) was purchased from Peptides
International (Louisville, KY, USA).

2.2. Nanoparticle preparation and characterization

Polymeric NPs were prepared using blends of PLGA and maleimide-
PEG-PLGA. For particles prepared using the double emulsion solvent
evaporation method [49,50], the polymers were dissolved in di-
chloromethane at 5% w/v of polymer and 4:1 or 9:1 w/w ratio of PLGA
and maleimide-PEG-PLGA, respectively. NPs prepared using a 4:1 w/w
ratio were used for conjugation with cRGDfK, while those prepared
with a 9:1 w/w ratio were used for conjugation with 11A4.

A W/O emulsion consisting of 100 μL of water and 1mL of the
polymer solution was prepared by probe sonication for 1min at 10%
power (SONOPULS HD 2200 Bandelin, Berlin, Germany). This emulsion
(1.1 mL) was subsequently added to 10mL of an external aqueous phase
containing either sodium cholate 1% w/v (pH 7.1) or PVA 1, 2.5 or 5%
w/v in water. The samples were then sonicated for 2min at 10% power
to form a W/O/W emulsion. The double emulsion method was used for
NPs preparation because they are intended for future application as a
carrier of hydrophilic molecules. After evaporation of the organic sol-
vent under stirring at room temperature for 2 h, the NPs were collected
by centrifugation for 20min, 20,000 g at 4 °C, washed 2 times with
10mM HEPES (pH 7.0) and one time with MilliQ water. The NPs were
stored in PBS (8.0 g NaCl, 1.15 g Na2HPO4, 0.2 g KCl and 0.2 g KH2PO4

in 1 L of water, pH 7.4) or HEPES at 4 °C until further use. Control NPs
were prepared similarly from a blend of PLGA and mPEG-PLGA in a 4:1
or 9:1 w/w ratio.
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Maleimide-PEG-PLGA NPs were also prepared by single emulsion
method following a procedure similar as described for the double
emulsion. Briefly, PLGA (40mg) and maleimide-PEG-PLGA (10mg)
were dissolved in 1mL of dichloromethane (final concentration of
polymer 5% w/v), added to 10mL of an external aqueous phase con-
taining PVA 5% w/v in water and subject to sonication for 2min at
10%. After evaporation of the solvent the NPs were collected, washed
and stored as described for the double emulsion preparation.

The weight fraction of PEG present in the NPs was determined by 1H
NMR. PLGA and maleimide-PEG-PLGA in 4:1 or 9:1 w/w ratio respec-
tively, were dissolved in deuterated chloroform (CDCl3). Maleimide-
PEG-PLGA NPs prepared by double emulsion method using the proce-
dure described above were freeze dried and dissolved in CDCl3. The
blends of PLGA and maleimide-PEG-PLGA of known composition and
the NPs were analyzed by 1H NMR and the PEG weight fraction (%) in
the samples was determined based on the integrals of the signals of
PEG, lactic acid and glycolic acid, as follows [50]:

= ×I (I )/4 Mw PEG unitPEG 3.6

= ×−I (I )/2 Mw glycolic acid unitglycolic acid 4.6 4.9

= ×−I (I )/1 Mw lactic acid unitlactic acid 5.1 5.3

= + + ×PEG weight fraction (%) [I /(I I I )] 100PEG PEG glycolic acid lactic acid

The size of the NPs was determined by Dynamic Light Scattering
(ALV CGS-3, Malvern) at 25 °C in deionized water and the zeta potential
was measured in HEPES 10mM pH 7.0 at 25 °C (Zetasizer Nano Z,
Malvern). An aliquot of NPs suspended in deionized water was freeze
dried at −40 °C,< 1mbar (Christ Alpha 1–2 freeze dryer, Osterode am
Harz, Germany).

2.3. Hydrolytic stability of maleimide under NPs preparation conditions

A solution of 0.5 mg/mL of methoxy poly(ethylene glycol)-mal-
eimide in HEPES 10mM pH 7.0 was treated similarly to the polymer
solutions used for NPs preparation. Briefly, 10mL of the PEGylated
maleimide in HEPES was sonicated for 3min at 10% power (SONOP-
ULS HD 2200 Bandelin, Berlin, Germany) and stirred for 2 h at room
temperature. The NPs washing procedure was mimicked by centrifu-
ging the solution for 20min at 20,000 g and at 4 °C. Four centrifugation
cycles were conducted with a waiting time of 20min between the cy-
cles, which is the approximate time for washing/resuspension of the
actual polymeric NPs. Samples of the PEGylated maleimide solution
were taken before treatment, directly after sonication and at the end of
the procedure (sonication + washings). The maleimide content in the
samples was determined by UV absorbance at 302 nm [30,51,52]
(Shimadzu UV–Vis Spectrophotometer UV 2450) using a calibration
curve obtained by preparing solutions of methoxy poly(ethylene
glycol)-maleimide in PBS (pH 7.4) in a concentration range of
0.1–0.8 mg/mL. After UV analysis, the samples were freeze dried, re-
suspended in deuterium oxide (D2O) and their PEG content was de-
termined by 1H NMR analysis using DMSO2 as internal standard.

2.4. Preparation of ligands for conjugation to maleimide-PEG-PLGA NPs

Prior to the conjugation reaction, the peptide c[RGDfK(Ac-
SCH2CO)] bearing one protected thiol group on the lysine residue
(structure of the peptide is shown in Scheme S1) was dissolved in
HEPES 10mM/ethylenediaminetetraacetic acid (EDTA) 0.4mM
(pH 7.0). Deprotection was conducted by addition of 1:10 v/v of dea-
cetylation buffer (HEPES 10mM/hydroxylamine 0.5M/EDTA 0.4mM
pH 5.5) (Scheme S1). followed by incubation for 30min at room tem-
perature [53] (the molecular weight of the deprotected peptide, as
determined by LC-MS analysis was 678.5 Da) (Fig. S2).

The 11A4 nanobody bearing a C-terminal cysteine followed by a
FLAG tag (theoretical molecular weight 14,813 Da) was produced in

BL21 bacteria and purified by protein A affinity chromatography, as
described elsewhere [43]. To guarantee the presence of the free thiol on
the nanobody, the protein was exposed to reducing conditions for
15min at room temperature in PBS (8.0 g NaCl, 1.15 g Na2HPO4, 0.2 g
KCl and 0.2 g KH2PO4 in 1 L of water, pH 7.4)/20mM Tris(2-carbox-
yethyl)phosphine hydrochloride/0.4 mM EDTA [54]. The reducing
agent was removed using Zeba Spin Desalting columns, with buffer
exchange to PBS/EDTA 0.4 mM (pH 7.4), before the nanobody was in-
cubated with the NPs.

2.5. Conjugation of cRGDfK and 11A4 to maleimide-PEG-PLGA NPs

The general procedure for the reaction between maleimide-PEG-
PLGA NPs and the targeting ligands was the following: a NPs suspension
(prepared by either single emulsion using 5% w/v PVA or by double
emulsion using sodium cholate 1% w/v or PVA 1, 2.5 or 5% w/v) was
prepared in deionized water and its concentration was determined by
taking an aliquot and freeze drying it overnight at −40 °C,< 1mbar
(Christ Alpha 1–2 freeze dryer, Osterode am Harz, Germany). The NPs
suspensions of known concentration were used to prepare NPs samples
for reaction with the targeting ligands. For example, aliquots containing
1 or 3mg of NPs were taken from the NPs suspension and their volume
was adjusted to 300 μL with PBS (8.0 g NaCl, 1.15 g Na2HPO4, 0.2 g KCl
and 0.2 g KH2PO4 in 1 L of water, pH 7.4)/0.4mM EDTA, or to 600 μL
using HEPES (pH 7.0)/0.4 mM EDTA, respectively. The samples pre-
pared in HEPES were used for reaction with cRGDfK and those prepared
with PBS for reaction with 11A4.

The NPs suspensions were incubated with cRGDfK at molar ratios
3:1, 2:1 and 1:1 of maleimide-PEG-PLGA to peptide, or with 11A4 at
molar ratios of 20:1, 10:1, 5:1, 2:1 and 1:1 of maleimide-PEG-PLGA to
protein. As an example, for the 1:1 ratio maleimide-PEG-PLGA to 11A4,
59 μg of protein was used for conjugation with 1mg of NPs; while for
1:1 ratio maleimide-PEG-PLGA to cRGDfK, 5 μg of peptide was used for
conjugation with 1mg of NPs. The samples were placed on a nutating
mixer and after incubation at room temperature, pH 7.0–7.4 (for
cRGDfK and 11A4 respectively), for 2 h (unless stated otherwise), the
NPs were recovered by centrifugation for 10min, 3000 g, 4 °C, and
washed once with PBS. The unbound ligands present in the super-
natants were quantified by HPLC (for cRGDfK) or UPLC (for 11A4) as
described in the section Quantification of cRGDfK and 11A4 by HPLC or
UPLC to determine the conjugation efficiencies. Based on the obtained
results, the maleimide-PEG-PLGA to ligand molar ratios resulting in
highest conjugation efficiencies, namely 2:1 for cRGDfK and 5:1 for
11A4, were chosen for other tests.

The influence of the NPs preparation conditions on the efficiency of
the maleimide – thiol reaction was evaluated by conjugating cRGDfK to
NPs prepared by a single or double emulsion method. The influence of
the surfactant used for NPs preparation on the conjugation efficiency
was also studied by conjugating cRGDfK and 11A4 to NPs prepared by a
double emulsion method using either sodium cholate 1% w/v or PVA 1,
2.5 or 5% w/v. Conjugation was done at maleimide to ligand molar
ratios of 2:1 for cRGDfK and 5:1 for 11A4.

To obtain insight into the reaction kinetics, the targeting ligands
cRGDfK and 11A4 were incubated with maleimide-PEG-PLGA NPs at
2:1 and 5:1 maleimide to ligand molar ratios respectively, for different
times (5min to 16 h), after which the samples were placed in an ice
bath and subsequently centrifuged (3000 g, 10min, 4 °C) in order to
recover and quantify the unbound ligand by HPLC as detailed in the
section Quantification of cRGDfK and 11A4 by HPLC or UPLC to de-
termine the conjugation efficiencies.

For determining the stability of the maleimide groups, PLGA NPs
containing 20% maleimide-PEG-PLGA were stored either at 4 °C or
room temperature (~20 °C) in buffer HEPES 10mM/EDTA 0.4 mM
(pH 7.0) for 1 to 7 days, after which they were subjected to conjugation
with cRGDfK at a 2:1 maleimide to ligand molar ratio as described
above. The stability of maleimide was calculated by comparing the

L. Martínez-Jothar et al. Journal of Controlled Release 282 (2018) 101–109

103



conjugation efficiency obtained immediately after NPs preparation (T0)
to the ones found at the subsequent incubation times.

2.6. Quantification of cRGDfK and 11A4 by HPLC or UPLC to determine
the conjugation efficiencies

Deprotected cRGDfK was quantified by HPLC (Waters Alliance
System) using a XBridge BEH C18 column (3.5 μm, 100mm×2.1mm,
Waters) and a gradient from 100% eluent A (5.0% ACN, 94.9% water,
0.1% acetic acid) to 75% eluent B (94.5% ACN, 5.0% water, 0.1% acetic
acid) over 12min, and subsequently 100% eluent B for 1min. The in-
jection volume was 50 μL and the peptide was detected by absorbance
at 214 nm (detection limit was 2 μg/mL). Standard solutions of depro-
tected cRGDfK (2–30 μg/mL in HEPES 10mM/EDTA 0.4 mM) were
used for calibration (Fig. S3).

Quantification of 11A4 was performed by UPLC (Acquity UPLC)
using a BEH C4 300 Å column (1.7 μm, 50mm×2.1mm, Waters) using
a gradient from 100% eluent A (5.0% ACN, 94.9% water, 0.1% tri-
fluoroacetic acid) to 100% eluent B (99.9% ACN, 0.1% trifluoroacetic
acid) over 5min (Fig. S4). The injection volume was 7.5 μL, the protein
was detected by fluorescence (excitation at 280 nm, emission at
340 nm) and the detection limit was 5 μg/mL. Standard solutions of
11A4 (5–100 μg/mL in PBS/EDTA 0.4 mM) were used for calibration
(Fig. S5).

The conjugation efficiency was calculated as follows:

=
⎛

⎝
⎜⎜

−
⎞

⎠
⎟⎟

×
( )

( )

Conjugation efficiency (%)

1
Ligand in the supernatant

Ligand added in the conjugation reaction
100%

μg
mL

μg
ml

Ligand in the supernatant is the sum of the amount of cRGDfK or
11A4 found in the supernatant after recovery of the NPs at the end of
the conjugation reaction and the amount of ligand found in the solution
used to wash the NPs pellet. As controls, NPs prepared from a blend of
PEG-PLGA and PLGA (thus lacking maleimide groups) were exposed to
cRGDfK or 11A4 under the same conditions as NPs containing mal-
eimide groups.

3. Results and discussion

3.1. Nanoparticle preparation

Maleimide functionalized PEG-PLGA NPs were prepared by emul-
sification of dichloromethane solutions of PLGA and maleimide-PEG-
PLGA in an aqueous phase containing PVA or sodium cholate as sur-
factant and subsequent evaporation of the solvent. The NPs were wa-
shed and collected by centrifugation, and the chemical composition of
the isolated nanoparticles was analyzed by 1H NMR (Fig. S6A).
Additionally, the PEG signal can be detected by 1H NMR after NPs
suspension in D2O (Fig. S6B). The PEG peak for NPs suspended in D2O

is broader as compared to those dissolved in CDCl3, which can be ex-
plained by a reduced mobility of the PEG chains anchored to the surface
of the NPs [55–57]. The weight fraction of PEG in the NPs was de-
termined by 1H NMR analysis of blends of PLGA and maleimide-PEG-
PLGA (4:1 or 9:1 w/w ratio, respectively) and of NPs dissolved in CDCl3
(Fig. S7). This analysis confirmed the quantitative incorporation of
maleimide-PEG-PLGA in the NPs (Table S2).

The NPs prepared had diameters in the range of 300–360 nm, with
larger sizes being observed for NPs with higher maleimide-PEG-PLGA
content. The size distributions were narrow as reflected by the low PDI
values (~0.1). Slightly negative zeta potentials (~− 7.0mV) were
obtained for both types of NPs (Table S3), which can be explained by
the shielding of the negatively charged carboxyl end groups of PLGA
(uncapped polymer).

3.2. Hydrolytic stability of maleimide under NPs preparation conditions

Possible hydrolysis of maleimide (Fig. S8) can be followed by
UV–Vis spectroscopy [30,52] since as a cyclic imide it absorbs at
~300 nm while its hydrolysis product, maleamic acid, lacks absorbance
at this wavelength [51]. To investigate whether the NPs preparation
method results in the hydrolysis of maleimide groups, PEG-maleimide
in an aqueous buffer was subjected to similar conditions as those used
for NPs preparation (i.e. sonication and incubation at pH 7.0 and 20 °C
for 2–5 h) and the maleimide content was monitored at 302 nm. Com-
pared to the PEGylated maleimide control (sample not subjected to
sonication or mimicking of the washings), the concentration of mal-
eimide in the treated samples decreased only by 15 ± 1% (n=2)
under the experimental conditions. 1H NMR analysis of the samples in
D2O, using DMSO2 as internal standard, confirmed that the PEG content
remained constant in the samples during the procedure, which indicates
that the decrease in the UV signal of maleimide can be attributed to its
hydrolysis and not to a decrease in the concentration of PEG-maleimide
e.g. precipitation of the product. Since the decrease in the signal of
maleimide became apparent after sonication, and because the rate of
hydrolysis is known to increase at higher temperatures [52], the hy-
drolysis of maleimide is likely caused by an increase in temperature
during sonication of the sample.

3.3. Characterization of maleimide-PEG-PLGA NPs functionalized with
cRGDfK or 11A4

The size and charge of PEG-PLGA NPs and maleimide-PEG-PLGA
NPs was monitored before and after incubation with cRGDfK and 11A4
(Table 1). The negative control consisting of NPs containing mPEG-
PLGA without maleimide functionalities did not show conjugation nor
binding of either cRGDfK or 11A4, while both ligands could effectively
be coupled to the NPs containing maleimide-PEG-PLGA. This finding
shows that the functionalization of NPs is indeed established via the
chemical conjugation reaction between maleimide and the thiol group

Table 1
Size, zeta potential and conjugation efficiency of polymeric NPs of different compositionsa incubated with cRGDfK and 11A4b.

PEGylated polymer content
(%w/w)

Ligand used for conjugation Diameter (nm) PDI Zeta potential (mV) Conjugation efficiency (%)

10% PEG-PLGA None 296 ± 9 0.09 ± 0.02 −7.0 ± 0.3 NA
10% PEG-PLGA 11A4 309 ± 5 0.09 ± 0.07 −6.7 ± 0.4 0
10% maleimide-PEG-PLGA None 294 ± 5 0.10 ± 0.01 −7.5 ± 0.3 NA
10% maleimide-PEG-PLGA 11A4 311 ± 1 0.08 ± 0.01 −13.6 ± 0.8 45
20% PEG-PLGA None 322 ± 4 0.03 ± 0.00 −5.7 ± 0.2 NA
20% PEG-PLGA cRGDfK 329 ± 5 0.03 ± 0.01 −5.8 ± 0.3 0
20% maleimide-PEG-PLGA None 356 ± 4 0.15 ± 0.02 −8.4 ± 0.3 NA
20% maleimide-PEG-PLGA cRGDfK 353 ± 6 0.10 ± 0.01 −9.1 ± 0.0 86

a
NPs prepared by double emulsion method, n=1.

b
Conjugation reaction performed in molar ratios of 2:1 maleimide-polymer to cRGDfK and 5:1 maleimide-polymer to 11A4.
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present in the ligands and not by physical interactions.
Conjugation of the cyclic peptide cRGDfK to the maleimide-PEG-

PLGA NPs did not significantly alter their size and zeta potential.
Similar zeta potentials for nanoparticles before and after conjugation to
RGD derivatives have also been reported by other authors [58,59].

The diameter of NPs decorated with 11A4 was almost 20 nm larger
than the particles before conjugation and a slight increase in PDI for the
former was also observed. The dimensions of the nanobody are
3× 3×4 nm [60] and therefore its attachment to the surface of the
NPs can be expected to result in an increase in their hydrodynamic
diameter of up to 10 nm, which is close to the increase observed for the
NPs. Most notably, the zeta potential of the NPs became more negative
after conjugation to 11A4. The pI of 11A4 (determined by the ExPASy
ProtParam Tool) is 7.94, which would confer a slightly positive charge
under the conditions tested (pH 7.4). Nonetheless, this value refers to
the charge of the nanobody based on its amino acid sequence, while in
reality the folded form of the protein is present on the NPs surface,
meaning that the amino acid residues exposed to the medium may
actually result in an overall negative charge.

3.4. Conjugation of cRGDfK and 11A4 to maleimide-PEG-PLGA NPs: effect
of maleimide-PEG-PLGA to ligand molar ratio

One of the main parameters to consider for functionalization of
maleimide-PEG-PLGA NPs is the molar ratio between the ligand and the
reactive surface group. However, authors seldom report optimization
studies for their formulation and, in some cases, the molar ratios of
maleimide to ligand used for the reaction are not even reported (see
Table S1). In this work, the relationship between the ratios of reactants
and the coupling efficiency was evaluated by conjugating cRGDfK and
11A4 to maleimide-PEG-PLGA NPs at different maleimide polymer to
ligand molar ratios. For this set of experiments, as well as all others
described from here on, NPs with 10 and 20% w/w maleimide-PEG-
PLGA were prepared which were subsequently incubated with 11A4
and cRGDfK, respectively. For conjugation of cRGDfK we chose a higher
maleimide content since this peptide is much smaller than the nano-
body and occupies less space on the surface of the NPs. The efficiencies
of the conjugation reaction are shown in Fig. 1.

At a molar excess of maleimide units, and equal reaction time (2 h),
higher maximum conjugation efficiencies were observed for cRGDfK
(almost 100% at a molar ratio of 3 maleimide-PEG-PLGA to 1 cRGDfK
as compared to 11A4 (around 70% at a 20:1 ratio), which can be ex-
plained by the larger size of the protein compared to that of the peptide.
The thiol group of cRGDfK is present on the lateral chain of a lysine
residue (Scheme S1) and is therefore present on the outside of the cyclic
structure, which makes it excellently accessible for reaction with the

maleimide groups present on the surface of the NPs. In line with our
observations, high conjugation efficiencies (> 95%) have been pre-
viously reported for cRGDfK to liposomes and to maleimide-PEG-poly
(lactic acid) NPs when using an excess of maleimide [53,61].

Fig. 1 also shows that with an increasing amount of peptide or
protein with respect to maleimide units, a decrease in conjugation ef-
ficiency was observed. For the nanobody, the use of a 5:1 maleimide to
protein molar ratio during the reaction resulted in a conjugation effi-
ciency of 58 ± 12%. In contrast, at equimolar or even a two-fold ex-
cess of maleimide the coupling efficiency was 13 ± 4% and 31 ± 9%
respectively. The bulkier nature of the 11A4 molecules already bound
to the NPs surface very likely hinder accessibility of unbound protein
present in the bulk to neighboring coupling sites. In other words, a
more cost-effective preparation of protein-targeted drug delivery sys-
tems can be achieved when the stoichiometry is optimized and in this
case a larger excess (5:1) of maleimide in respect to 11A4 is used. For a
smaller ligand like cRGDfK steric hindrance is less likely to have a large
impact on the efficiency of the reaction and at a 1:1 ratio of cRGDfK
peptide to maleimide, 52 ± 7% of the peptide was conjugated. Taking
into account that ~90% of the PEG-maleimide used for NPs preparation
was incorporated (Table S2) and that the NPs preparation method does
not result in significant hydrolysis of maleimide groups (see section
Hydrolytic stability of maleimide under NPs preparation conditions), it
can be concluded that either not all maleimide groups were available
for conjugation or that the surface of the NPs is fully covered with
peptides at a conjugation ratio 2:1. The preparation of (nano)particles
by adding amphiphilic PEGylated block copolymers to the feed relies on
the principle that PEG migrates to the particle/water interface and will
form a structure consisting of a hydrophobic PLGA core and a shell of
PEG chains. However, due to the miscibility of PEG and PLGA [62–64],
the core likely also contains PEG. Additionally, the presence of aqueous
domains inside the particles resulting from the W/O/W emulsion
method could also lead to solubilization of PEG chains in their core
[65], which means that not all PEG chains present in the NPs are ex-
posed on the surface. Indeed, considering that almost full conjugation is
achieved at a 2:1 molar ratio (84 ± 4%) while lower efficiencies are
observed at a 1:1molar ratio (52 ± 7%), we can speculate that about
50–60% of the maleimide-PEG-PLGA used for NPs preparation is ac-
tually available for conjugation on the NPs surface.

An estimation of the number of ligands on the surface of a NP can be
obtained by calculating the surface area of a NP, the number of NPs and
the surface concentration of ligand (based on the conjugation effi-
ciency) (Calculations S1 and Calculations S2).

It is calculated that for a conjugation reaction between NPs and
cRGDfK at a maleimide to peptide molar ratio of 3:1 almost
40,000 ± 5100 peptides were present per NP. The number of cRGDfK
molecules per NP further increased to ~50,600 ± 2600 and
~62,500 ± 8600 for the 2:1 and 1:1 ratios respectively (Fig. 2A).
Despite the presence of two times more peptide in the reaction at a 1:1
ratio compared to that at 2:1, the number of cRGDfK molecules per NP
increased only by a factor ~1.2, which could be an indication of either
the saturation of binding sites (maleimide) present per NP or a complete
coverage of the NP surface.

For NPs conjugated with 11A4 at a molar ratio of 20:1 an average of
~1600 ± 200 molecules of 11A4 per NP was calculated (Fig. 2B). This
amount nearly doubled at the ratio 10:1 (~3000 ± 200) and was al-
most 3.5 fold higher at the ratio 5:1 (~5500 ± 1200). At ratios of 2:1
and 1:1 no further increase in number of 11A4 molecules was observed,
indicating that the at a ratio of 5:1 the surface of the NPs is fully cov-
ered with nanobody molecules.

Based on the information from Fig. 2, it is possible to estimate the
surface area occupied by one molecule of ligand (Calculations S1 and
Calculations S2). For cRGDfK, after reaction at a molar ratio of 3:1 one
molecule occupies 10 nm2 and 6 nm2 when the ratio is increased to 1:1.
In the case of 11A4, a molecule of nanobody is calculated to be present
per 197 nm2 at a reaction ratio of 20:1 and 49 nm2 at 1:1, which is quite

Fig. 1. Conjugation efficiencies (%) at different maleimide-PEG-PLGA to ligand molar
ratios. Conjugation efficiency to cRGDfK and 11A4 (n=3, except for 11A4 1:1 ratio). NPs
containing 10% maleimide-PEG-PLGA were used for conjugation to 11A4 and NPs with
20% maleimide-PEG-PLGA were used for reaction with cRGDfK. NPs were prepared using
the double emulsion solvent evaporation method.
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similar to the data obtained for the ratios 2:1 and 5:1 (46 and 59 nm2,
respectively). Based on the dimensions of the nanobody (3×3×4 nm)
[60], the surface area that one nanobody in an adsorbed monolayer
would occupy on the surface of a NP can be calculated as ~12 nm2. The
area occupied by the nanobody according to the calculations is 4–5 fold
larger, which can be explained by the fact the protein is coupled to a
very flexible PEG5000 chain. Therefore, for entropic reasons full surface
coverage will not be obtained. Furthermore, depending on the PEG
density on the NPs surface, PEG chains can adopt different configura-
tions (i.e. brush or mushroom) which will occupy different surface areas
on the NPs [65–67].

The optimal maleimide to ligand molar ratios for reaction, 2 to 1 for
cRGDfK and 5 to 1 for 11A4, were used in the experiments described in
the following sections of this manuscript. The experiments in which the
parameters tested are not expected to be influenced by the size of the
ligand were conducted only with cRGDfK because of the higher con-
jugation efficiencies obtained for this peptide (84 ± 4%) as compared
to the nanobody (58 ± 12%) at the optimal ratios for reaction.

3.5. Kinetics of the conjugation reaction between maleimide-PEG-PLGA NPs
and cRGDfK or 11A4

The kinetics of the conjugation reaction of the targeting ligands and
the polymeric NPs was determined with particular interest in finding
the point at which the reaction is complete. Fig. 3A shows that reaction
kinetics were particularly fast for cRGDfK, i.e.> 65% of the ligand had
already reacted with the maleimide groups on the NPs within the first
5 min of incubation and conjugation reached a plateau value upon
30min of incubation (around 80% conjugation efficiency for 2:1 mal-
eimide to cRGDfK molar ratio). A longer incubation time of ~16 h did
not result in a further increase in conjugation efficiency. Similar fast
reaction kinetics, consistent with those found for cRGDfK, have been
previously reported between maleimide derivatives and other small
thiol containing molecules. For instance, completion of the reaction

between maleimide or N-ethylmaleimide and L-cysteine in solution is
reached in< 2min [68], with similar results being obtained for the
reaction between a carboxy-PEG maleimide derivative and 2-mercap-
toethanol, L-cysteine and the peptide CGIRGERA [69]. In the afore-
mentioned cases the reaction reaches completion at faster rates than
those observed in the present study, which is expected since faster re-
action rates, attributable to diffusional effects, have been observed for
systems in which the reactants are soluble in the reaction media as
opposed to at least one of them being anchored to a solid particle, for
instance liposomes [69] and resin beads [70,71].

The kinetics of the reaction between 11A4 and maleimide-PEG-
PLGA NPs are presented in Fig. 3B. A relatively slow and steady in-
crease in the amount of protein conjugated to the NPs was observed
during the first 2 h of incubation, after which the maximum coupling
efficiency was reached (55% at a 5:1 maleimide to 11A4 molar ratio).
Similar to cRGDfK, incubation times longer than 2 h did not result in
increased conjugation efficiency of the protein. In comparison to
cRGDfK, 11A4 exhibited slower reaction kinetics, which is not sur-
prising since the reaction rate is dependent on the diffusion coefficient
of the reactants in the medium which, in its turn, is dependent on their
size and shape. cRGDfK, being a cyclic structure that is> 20 times
smaller than 11A4, consequently has a larger diffusion coefficient than
the latter. When using maleimide-thiol chemistry for functionalization
of drug delivery systems authors often favor long reaction times, for
instance ≥9 h (Table S1). Such long incubations may not be necessary
since, according to our findings, the kinetics for coupling of a ligand to
a polymeric NPs system are relatively fast, with reaction completion in
a time frame of 30min (peptide) to 2 h (nanobody).

3.6. Influence of the NPs preparation method on maleimide accessibility and
conjugation efficiency

The efficiency of the functionalization of maleimide-PEG-PLGA NPs
with cRGDfK and 11A4 does not only rely on the reactivity of the

Fig. 2. Number of A) cRGDfK or B) 11A4 molecules conjugated to the surface of one NP at different conjugation ratios.

Fig. 3. Kinetics of the conjugation reaction between maleimide-PEG-PLGA NPs and A) cRGDfK (n= 3) or B) 11A4 (n= 2). t= 0 corresponds to the addition of the ligand to the NPs
suspension immediately followed by a 10min centrifugation cycle at 4 °C.
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maleimide group, but also on its accessibility for reaction with the thiol
containing molecule, which in turn is most likely dependent on the NPs
preparation procedure. Emulsification methods are commonly used for
the preparation of PLGA NPs and the choice of single or double emul-
sion depends mostly on the nature of the cargo, i.e. whether it is hy-
drophobic or hydrophilic, respectively, though for amphiphilic drugs
both options could be explored [33,72,73]. In an O/W emulsion the
drug is dissolved or dispersed in a solution of PLGA in a suitable solvent
like dichloromethane or chloroform. This solution is subsequently
emulsified in water resulting in the formation of drug-loaded particles
upon evaporation of the volatile solvent. In a W/O/W emulsion pro-
cedure water droplets containing the drug are emulsified in the organic
phase that in turn is dispersed in an external aqueous phase. When
PEGylated PLGA is present, one could hypothesize that, due to the
presence of aqueous cavities inside the particles prepared by double
emulsion, PEG chains could remain entrapped in said cavities due to
their hydrophilic nature and thereby not be exposed to the outer sur-
face. This phenomenon is not expected for particles prepared by O/W
emulsion since a hydrophobic/hydrophilic interface is only present at
the outer surface (Fig. 4).

To investigate the hypothesis that the NPs prepared by the single
emulsion method have more maleimide groups exposed at the surface
than NPs prepared by the double emulsion method, both procedures
were used to prepare NPs which were subsequently reacted with
cRGDfK in a 2:1 maleimide-polymer to thiol molar ratio. The results
however showed that cRGDfK was conjugated to the NPs to the same
extent regardless of the preparation method: 81 ± 4% and 79 ± 4%
for the NPs prepared by W/O/W and O/W respectively (n=2). This
suggests that the number of PEG and consequently of maleimide mo-
lecules located on the surface of the NPs is not influenced by the type of
emulsion used for their preparation. Our data are consistent with a
previous report in which analysis of the surface PEG content by 1H NMR
in D2O showed comparable PEG coating efficiencies for NPs prepared
by single and double emulsion methods [74]. Since PEG and PLGA are
miscible [62–64], it is possible that PEG chains that are not located on
the surface of the NPs are dissolved in the polymeric matrix to a similar
extent for the NPs prepared by both single (O/W) and double (W/O/W)
emulsion methods. Since the NPs preparation method does not influ-
ence the conjugation efficiency, and because the nanoparticulate
system described in this manuscript is intended for future use as a ve-
hicle for molecules of hydrophilic nature, the double emulsion solvent
evaporation method used in previous sections was also chosen for
preparation of the NPs used in the experiments described in the next
sections.

3.7. Influence of the surfactant used for NPs preparation on conjugation
efficiency

A surfactant that adequately stabilizes the emulsion is a key com-
ponent in the preparation of NPs by emulsification methods. While PVA
is one of the preferred surfactants because it allows for the preparation
of relatively small NPs with a narrow size distribution, its complete
removal from the formulation after preparation is often difficult
[75,76]. Residual PVA associated to the surface of polymeric NPs can
range from 5 to 20% depending, among others, on the concentration of
the surfactant used [49,77]. PVA can modify the properties of the NPs
by altering their charge, their degradation profile and even their in-
teraction with and uptake by living cells [78]. It is therefore imaginable
that PVA associated to the NPs could also affect their functionalization
by partly masking the maleimide groups present on their surface, lim-
iting accessibility and hindering its reaction with thiol containing li-
gands. In order to investigate whether the type and concentration of
surfactant used in the formulation have an influence on its functiona-
lization, NPs were prepared using either sodium cholate, an anionic
surfactant which can be almost completely washed off from NPs surface
[79], or different concentrations of PVA.

The results shown in Table 2 indicate that the conjugation of
cRGDfK to maleimide-PEG-PLGA NPs was not affected by either the
nature (ionic or nonionic) or the concentration of the surfactants used
for NPs preparation. Because cRGDfK is a small molecule, it can be
argued that it could find the space to reach and react with maleimide
even in the presence of PVA. Therefore, the conjugation reaction was
repeated with 11A4, which has a molecular weight ~20 times larger
than that of cRGDfK. In line with the findings for cRGDfK, the con-
jugation efficiency for 11A4 was, albeit lower, also not significantly
dependent on the type and concentration of surfactant used to prepare
the formulation (Table 2). It can therefore be concluded that in the
conditions used for NPs preparation (which include 3 washing steps),
the possible residual PVA present on the surface of the NPs did not
affect the extent of ligand conjugation when compared to sodium
cholate.

3.8. Preservation of the reactivity of maleimide upon NPs storage as
aqueous dispersion at different temperatures

Hydrolysis of maleimide (Fig. S8) may not only occur during pre-
paration, but also upon storage of the NPs before the conjugation re-
action. A direct, practical approach to study possible hydrolysis of this
functional group during storage of the NPs is through its reaction with
thiol containing ligands. For this purpose, maleimide-PEG-PLGA NPs
were stored in buffer of pH 7.0 at either room temperature (~20 °C) or
4 °C for different periods of time after which they were subject to
conjugation with the peptide cRGDfK in a 2:1 maleimide to peptide
molar ratio. Conjugation of the peptide to the NPs immediately after
their preparation (t0, no storage) resulted in 85% conjugation efficiency
and was used as reference for the other time points. As shown in Fig. 5,
NPs stored at room temperature showed a more rapid decrease in
conjugation efficiency towards cRGDfK than those stored at 4 °C. Re-
lative to t0 around 90% of the maleimide groups remained reactive after

Fig. 4. Schematic illustration of PEG-PLGA NPs prepared by double (W/O/W) and single
(O/W) emulsion methods.

Table 2
Conjugation of cRGDfK and 11A4 to maleimide-PEG-PLGA NPs prepared using different
types and concentrations of surfactant (n= 1).

Surfactant used for NPs preparation (% w/v in the
external phase)

Conjugation efficiency(%)

cRGDfK 11A4

Sodium cholate 1.0 87 44
PVA 1.0 86 49
PVA 2.5 83 50
PVA 5.0 86 52
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storage at 4 °C for up to 7 days. In contrast, for the samples kept at room
temperature reactivity decreased by 15% already after 1 day of storage
and continued to drop over time, with approximately 40% of maleimide
being unreactive after 7 days. Based on the information obtained from
this study, half-life of maleimide on the NPs is estimated at 32 days
when stored at 4 °C and 11 days at 20 °C (Fig. S9 and Table S4) showing
that the effect of storage conditions on maleimide hydrolysis cannot be
neglected. Likewise, other authors have studied the stability of a mal-
eimide derivative (8armPEG10,000Da-maleimide) under different condi-
tions and found that the percentage of hydrolyzed maleimide groups
increased with increasing incubation temperatures [52].

4. Conclusions

The findings presented in this work demonstrate the relevance of
exploring and optimizing the reaction conditions (i.e. time and stoi-
chiometric ratio) used for functionalization of nanoparticles by mal-
eimide-thiol click reaction, a matter of interest considering that the
availability of ligands can often be limited for technical or economic
reasons. In this study, the efficiency of the conjugation reaction be-
tween maleimide-PEG-PLGA NPs and biomolecules of two different
sizes (a 678 Da peptide and a 14.8 kDa protein) was particularly sus-
ceptible to the molar ratios used, one of the parameters that was opti-
mized in the present study. As the molar ratio of ligand/maleimide
increases, it is likely that saturation of the surface area of the NPs be-
comes the limiting factor for achieving a high coupling efficiency,
which is particularly evident for the larger ligand used in the present
study (11A4 nanobody). Identifying the molar ratio at which surface
saturation occurs is important in order to avoid the use of excessive
amounts of ligand that will not be grafted on the surface of the NPs and
will ultimately be discarded in the unbound fraction. In addition to a
better use of resources, optimization of the conjugation process results
in a better knowledge of the composition of ligand-targeted systems, for
instance the surface density of targeting ligand. The structure of the
surface of these systems very likely influences their interaction with
cells and therefore their performance in vitro and in vivo (i.e. circula-
tion kinetics of NPs and their uptake by cells).
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