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Abstract
Purpose: The aim of the study was to find an appropriate method for determination of the attachment
degree of polyethylene glycol (PEG) to poly(anhydride) nanoparticles. Methods: The nanoparticles were
modified with hydroxy-functionalized or with amino-functionalized PEGs. Three methods for their deter-
mination were applied and examined: in particular colorimetry, nuclear magnetic resonance (1H-NMR),
and elemental analysis (EA). Results: The attachment degrees determined by 1H-NMR and colorimetry were
similar. The associated amounts of PEGs estimated on the basis of EA differed significantly than those
determined by colorimetry and 1H-NMR. Conclusion: The colorimetric determination was considered fast
and simple technique, but 1H-NMR contributed to more precise results.
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Introduction

Nanoparticles have been widely investigated as drug car-
riers for various routes of application such as oral, ocular,
and parenteral. Independent on the type of administra-
tion, rapid nanoparticle elimination frequently occurred.
The elimination mechanism includes phagocytosis
(parenteral application), mucous turnover (after oral
application), or nasolacrimal drainage (ocular adminis-
tration). Various properties of nanoparticles such as their
size, charge, and hydration may influence the nanoparti-
cle residence time. In this view, the formation of a coating
layer around nanoparticles is a promising approach
intended for the achievement of suitable surface modifi-
cation. Many studies have demonstrated that the surface
modification with suitable polymers (e.g., polyethylene
glycol (PEG), poloxamers, and poloxamines) enhanced
the nanoparticle resistance against phagocyte uptake
after parenteral application1–3. Regarding oral, nasal,

and ocular administration, greater capacity of the mod-
ified nanoparticles for interaction with a certain
mucosa was observed4. PEG and its derivatives have
been considered more effective and the most
commonly used among various coating agents. The
surface modification with PEG, frequently denoted as
pegylation, could solve many of the specific problems
accompanying the various routes of nanoparticle
administration. For instance, the radioactivity recov-
ered in the blood 1 hour after the nasal administration
of pegylated PLA nanoparticles was found to be 10-fold
higher than that observed for nonpegylated PLA parti-
cles, demonstrating higher penetration of the pegylated
particles through nasal mucosa5.

The pegylation of the nanoparticles has been
achieved by either covalent grafting or simple
adsorbing of PEG chains bearing different functional
groups like hydroxyl or amino groups. The layer thick-
ness, surface chain density, and chain conformation are
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very important factors, determining in a high-degree
nanoparticle behavior when in contact with mucin, vari-
ous cells, or opsonins3,6,7. For instance, the low surface
coating could lead to appearance of unprotected areas
on the nanoparticle surface where opsonins could freely
adhere. On the contrary, the high-surface coverage could
hinder the mobility of PEG chains and, consequently,
decrease the steric stabilization properties of the PEG
layer8.

Taking into account these considerations, the
precise evaluation of both conformation state and
amount of the efficiently attached PEG seemed very
important. The aim of this study was to examine and
compare the three methods for determination of
the degree of PEG attachment to poly(anhydride)
nanoparticles.

Materials and methods

Materials

Polyethylene glycol 2000, monomethyl ether of PEG
2000 (mPEG), O,O′-bis-(2-aminoethyl) polyethylene
glycol 2000 (DAE-PEG), and O,O′-bis-(2-aminopropyl)-
polypropylene glycol-polyethylene glycol-polypropylene
glycol 2000 (DAP-PEG) were supplied by Fluka
(Buchs, Switzerland). Poly(methyl vinyl ether-co-
maleic anhydride) (PVM/MA) (Gantrez AN 119, Mw
of 200 kDa) was a gift from ISP (Barcelona, Spain).
Micro BCA Protein Assay Reagent Kit was obtained
from Pierce (Rockford, IL, USA).

Preparation of pegylated PVM/MA nanoparticles

PVM/MA (100 mg) and different amounts (5, 10, or 25
mg) of PEG (PEG, mPEG, DAE-PEG, or DAP-PEG)
were dissolved and stirred in acetone (5 mL) for 1
hour. After their incubation, 10 mL of a hydroalco-
holic mixture (1:1, v/v) was added to the organic
phase. The solvents were eliminated under reduced
pressure (Buchi R-144, Postfach, Switzerland) and the
freshly formed nanoparticles were centrifuged (2 times)
at 52,600 × g for 20 minutes (Sigma 3K30, Osterode am
Harz, Germany). Finally, the nanoparticle dispersion
was lyophilized (Genesis 12-EL, Virtis, Gardiner, NY,
USA) using sucrose as cryoprotector (5%, w/v).

The nanoparticle size and the zeta-potential were
determined by photon correlation spectroscopy and
electrophoretic laser Doppler anemometry using a
Zetamaster analyzer (Malvern Instruments, Worcester-
shire, UK). The samples were diluted with 0.05 M phos-
phate-buffered saline (pH 7.4) and measured at 25°C at
a scattering angle of 90°.

Determination of PEG attachment

Colorimetric method
The colorimetric assay was based on the measurement of
nonassociated PEG in the supernatants after centrifuga-
tion of the freshly formed nanoparticles. The association
degree was determined by the difference between the
nonassociated and the total amount of the PEG used for
preparation. Thus, 15 μL of iodine solution (10 mg/mL of
iodine and 20 mg/mL of potassium iodine) is added to 1
mL of the supernatant obtained after nanoparticle purifi-
cation. The absorbance of the complex was observed at
540 nm (Labsystems iEMS Reader MF, Vantaa, Finland).
The calculations were made using a standard curve of
PEG prepared under the same conditions (2–10 μg/mL, r
= 0.9994) or mPEG (2–10 μg/mL, r = 0.9995).

In the case of DAE-PEG and DAP-PEG, the colori-
metric method was based on the determination of their
amino groups by Micro BCA Protein Assay Reagent Kit
(Pierce). Equal volumes (150 μL) of the supernatants
and the reagent were mixed in test plates and the sam-
ples were incubated at 37°C. The absorbance of the
samples was determined after 2 hours at wavelength of
570 nm (Labsystems iEMS Reader MF). The calcula-
tions were made using standard curves of DAE-PEG
and DAP-PEG prepared under the same conditions at
concentration range of 2–10 mg/mL (for DAE-PEG r =
0.9958 and for DAP-PEG r = 0.9993, respectively).

Nuclear magnetic resonance
The amounts of the PEG attached to the nanoparticles were
also determined by nuclear magnetic resonance (1H-NMR)
method (Brucer Avance 400, Rheinstetten, Germany).
Thus, exactly weighted amounts of pegylated nanoparticles
(5 mg) were dissolved in deuterated DMSO (0.5 mL) and
the spectra were obtained at ns = 6400 and 12800 (for DAE-
PEG-NP and DAP-PEG-NP). 1H-NMR spectra of free PEGs
were performed using the same ratio and experimental
conditions. The quantity of PEG attached to nanoparticles
was calculated by the ratio of peak areas of the protons of
ethylene units (3.51 ppm) detected in the spectra of pegy-
lated particles to the free PEG.

Elemental analysis

The calculation of PEG association was made on the
basis of the different hydrogen amounts in free PEGs
and in pegylated nanoparticles obtained by elemental
analysis (EA) (Leco CHN-900, St. Joseph, MI, USA).

Statistical analysis

One-way analyses of variance at a-level of 0.05 were per-
formed to compare the associated amounts (μg/mg nano-
particles) of PEG (PEG, mPEG, DAE-PEG, or DAP-PEG)
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determined by the three tested methods—colorimetry,
NMR, and EA using Origin 7.0 SR0 software (OriginLab
Corporation, Northampton, MA, USA). The null
hypothesis test is the hypothesis of equal means, H0: μT
= μR (i.e., the population means are not significantly dif-
ferent), where μT and μR represent the expected mean
difference of the test and reference formulations,
respectively. The alternate hypothesis therefore is H1:
μT ≠ μR (i.e., the population means are significantly
different).

Results and discussion

Pegylation technology has been widely applied taking
into account the advantages of the resulting modified
nanoparticle carriers compared with conventional
particulate systems. To achieve the desired specific
properties of the pegylated particles, it is of high impor-
tance to control the association degree of PEG. In this
study, three different methods for determination of
pegylation degree, in particular, colorimetry, 1H-NMR,
and EA were performed and the results were compared.

Pegylated nanoparticles based on PVM/MA were
obtained by simple solvent displacement method. Pegy-
lated nanoparticles were formulated by participation of
hydroxy-functionalized PEGs (PEG and mPEG) or
amino-functionalized PEGs (DAP-PEG and DAE-PEG).
The pegylation occurred as a result of nucleophile reac-
tion between functional groups of PEGs and anhydride
residues of the copolymer. The pegylation achieved
with both hydroxy-functional PEGs (PEG and mPEG)
showed that the initial concentration did not influence
significantly final association degree (Figures 1 and 2).
On the contrary, the increase in the initial concentra-
tion of amino-functionalized DAE-PEG and DAP-PEG
resulted in higher association (Figures 3 and 4). This
fact was explained with the higher affinity of acid

anhydride residues of PVM/MA copolymer to the
amino groups compared to hydroxyl groups9.

The main physicochemical properties of the pegy-
lated nanoparticles are presented in Table 1. As shown,
all types of the pegylated particles demonstrated lower

Figure 1. Determination of the association degree of PEG to
poly(anhydride) nanoparticles. Mean ± SD (n = 3).
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Figure 2. Determination of the association degree of mPEG to
poly(anhydride) nanoparticles. Mean ± SD (n = 3).
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Figure 3. Determination of the association degree of DAE-PEG to
poly(anhydride) nanoparticles. Mean ± SD (n = 3).
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Figure 4. Determination of the association degree of DAP-PEG to
poly(anhydride) nanoparticles. Mean ± SD (n = 3).
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surface charge compared to that of the nonmodified
particles. This observation was considered as indication
for the surface attachment of PEG chains. The state-
ment is in accordance with another study, reporting
that the negative charge of poly(lactic acid) particles
was shielded when they were modified with PEG2. The
presence of PEG chains on the nanoparticle surface
may shift the shear plane of the diffusion layer to a
greater distance from the nanoparticles, leading to a
decrease in the absolute value of zeta-potential.

The colorimetric determination of PEGs is based on
the complex formation with a participation of iodine10.
Interestingly, the colorimetric technique was even
adapted for the defining of the surface conformation of
mPEG chains11. The colorimetric determination could be
made after nanoparticle hydrolysis or in a supernatant
obtained after purification of freshly formed nanoparti-
cles. In this study, the second technique was applied,
because of its simplicity. Colorimetric determination of
the standards (PEG and mPEG) showed good linearity in
a certain concentration range (2–10 μg/mL). However,
the determination of the attachment degrees of PEGs was
characterized with relatively large deviations (Figures 1
and 2). The factors that influenced the measurement
were associated with the properties of the complex. First,
the complex tended to precipitate at higher concen-
trations of PEG and mPEG (higher than 10 μg/mL),
which presumed appropriate dilutions of the sam-
ples. Second, the color intensity of the complex
changed with time, which required fixing of the pro-
cedure time. The indirect determination by measure-
ment of the unassociated fractions of PEGs also
diminished the accuracy of the results.

Colorimetric determination of DAE-PEG and DAP-
PEG was based on another mechanism, in particular the
functional amino groups of DAE-PEG and DAP-PEG
were determined through reaction with Micro BCA
protein reagent. Determination of the attachment degree
of both amino-PEGs was characterized with relatively
small deviations (Figures 3 and 4). However, the limitation
of this approach appears when nanoparticles modified
with amino-PEG are loaded with another molecule pos-
sessing amino group. In our experiments, the amino-

pegylated nanoparticles (DAP-PEG-NP) were loaded
with model molecule as ovalbumin. In this case, the
colorimetric determination gave the total amount of the
nonassociated amino groups of DAP-PEG and ovalbumin.

Because of these limitations, other methods have
been tested for evaluation of PEG association degree. In
particular, 1H-NMR and EA were carried out. The
advantage of both methods is the direct determination
of PEGs associated to the formulated nanoparticles. The
measurement of the specific signal of ethylene units
(3.51 ppm) by 1H-NMR contributed to the characteriza-
tion of pegylated particles. According to literature, NMR
has been performed to estimate the copolymer compo-
sition, particularly for the grafted copolymers12,13, or to
hypothesize the surface conformation of PEG chains7.
In the latter study, the surface conformation of PEG
chains (‘brush’ or ‘loop’) was determined by following
the quantitative changes of the protons of OH groups
(or NH2 groups) after nanoparticle pegylation. Here, the
quantitative analysis was based on the data obtained for
the intensity of the typical peak of ethylene units in the
spectra of PEG standards and nanoparticle samples,
respectively. The results illustrated values for PEG
association close to those found by colorimetry (Table
2). Thus, independent of the different mechanisms of
both determinations, nonassociated PEG measured by
colorimetry or associated PEG found by NMR, the final
values were in accordance. In contrast, the associated
amounts of PEGs estimated on the basis of the data of
EA differed significantly (Table 2). The calculations
were made taking the values for hydrogen percent in
PEG or mPEG as standard and deducting its percent
found for the nonpegylated particles. Hence, one of the
reasons for the different results could be due to the
indirect mechanism of calculation. However, even in
the case of amino-pegylated nanoparticles, where
calculations were performed on the basis of nitrogen
percent, the values were different compared to those
computed by colorimetry or NMR spectroscopy
(Figures 3 and 4). Thus, it seemed that EA was less
appropriate for the determination of PEG association.

Table 1. Physicochemical properties of the nanoparticles modified with
different types of polyethylene glycols (initial concentration of 10 mg).

Nanoparticles Size (nm) Polydispersity Zeta-potential (mV)

PEG-NP 317 ± 5 0.218 −7.8 ± 0.5

mPEG-NP 254 ± 9 0.128 −19.7 ± 7.4

DAE-PEG-NP 387 ± 23 0.296 −11.9 ± 3.5

DAP-PEG-NP 347 ± 7 0.089 −4.1 ± 1.7

NP 289 ± 11 0.101 −58.8 ± 4.5

Data express the mean ± SD (n = 3). NP, nonmodified PVM/MA
nanoparticles.

Table 2. Statistical analysis of the data obtained by the three
methods: colorimetry, nuclear magnetic resonance (1H-NMR), and
elemental analysis (EA).

Compared 
amounts

F-ratio (degree 
of freedom) P

Fcritical at 
a = 0.05

Decision at 
a = 0.05

Colorimetry/
NMR

0.246 (1.67) 0.621 3.98 Means are not 
significantly
different

Colorimetry/
EA

7.810 (1.53) 0.007 4.02 Means are 
significantly
different

NMR/EA 8.312(1.56) 0.006 4.01 Means are 
significantly 
different
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Taking into account that the data obtained from NMR
spectra could contribute additionally to determination
of the way of PEG association, NMR was considered
more appropriate method providing quantitative and
qualitative characterization of pegylated nanoparticles.

Colorimetric assay was considered as fast and simple
evaluation of the attachment degree of hydroxy- or
amino-functionalized PEG. 1H-NMR contributed to
more precise results independently free or bound were
the functional groups of PEGs.
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