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Hyperbranched PEG-based multi-NHS polymer
and bioconjugation with BSA†

Sigen A,‡a Qian Xu,‡a Dezhong Zhou,a Yongsheng Gao,a Jeddah Marie Vasquez,a

Udo Greiser,a Wei Wang,*a,b Wenguang Liub and Wenxin Wang*a,b

Star-shaped poly(ethylene glycol)-N-hydroxysuccinimide (star-

PEG-NHS) has shown great promise in a variety of biomedical

applications owing to its non-toxicity, innate non-immunogenic

properties and versatile, multifunctional end groups. However, its

complex and sophisticated synthetic methods, as well as high

costs, have significantly impeded its wide application. Here, we

report the design and synthesis of a hyperbranched PEG-based

polymer with multiple NHS functional groups (>12). The hyper-

branched PEG-based multi-NHS polymer can react easily with a

protein (bovine serum albumin, BSA) to form a PEG-protein hydro-

gel that displays great potential for biomedical applications.

Star-PEG-NHS (containing 3 or more arms) is one of the
most widely used star-PEG polymers for a wide range of bio-
medical applications owing to the prompt and efficient reac-
tion of the succinimidyl ester and primary amines under
physiological conditions. To date, various strategies for the
utilization of star-PEG-NHS have been presented in several
fields with the aim of applications as a peptide linker1–4 and
in PEGylation,5–8 cell delivery/cell scaffolds9–12 and tissue
engineering,13–15 etc. Apart from star-PEG-NHS, other multi-
functional PEG polymers containing aldehyde groups,16,17

maleimide groups18 and epoxy groups19 have been reported
for protein conjugation. An aldehyde group can be coupled
with exposed amine groups on proteins to generate an imide
bond; a maleimide group can readily undergo conjugate
addition with α,β-unsaturated carbonyl compounds to produce
a thioether bond with a cysteine residue bearing a thiol group
in proteins; and materials containing epoxy groups can also be
used for protein conjugation owing to the nucleophilicity of
the amine groups in proteins. However, there are some draw-

backs of these conjugation methods such as the high cyto-
toxicity of the aldehyde group,19 extremely low reactivity of the
epoxy group20 and slow hydrolysis of the maleimide bond
under aqueous conditions, which may result in problems
during the handling of proteins.20 These drawbacks make star-
PEG-NHS polymers more appealing for protein conjugation.
Nevertheless, the preparation of star-PEG polymers still
requires complicated synthetic strategies, which are the main
reason why the high costs of star-PEG polymers adversely
affect the further successful commercialisation of star-PEG
polymers. Furthermore, to the best of our knowledge, there
has been no report of the synthesis of star-PEG polymers with
a number of terminal NHS functional groups in excess of 8 yet.
It can be expected that a higher amount of NHS functional
groups would result in more efficient and faster conjugation
between NHS and primary amine groups. Thus, the develop-
ment of new approaches for constructing multi-armed PEG-
based polymers via a simpler and more straightforward syn-
thetic pathway, as well as tuneable arm structures, is of great
importance.

Hyperbranched biopolymers are a special class of synthetic
biomaterials with three-dimensional (3D) architectures con-
taining highly branched side chains. These unique features
provide these polymers with the following particular structures
and properties: multiple end functional groups; structures
with cavities within the polymer frameworks; relatively lower
viscosity owing to lower chain entanglement in comparison
with linear polymers; and also high solubility in various
organic and inorganic solvents. Previously, our laboratory had
demonstrated several novel synthetic approaches for building
hyperbranched polymers by the controlled/living radical poly-
merisation of multi-vinyl monomers (MVMs),21,22 which was
termed the ‘vinyl oligomer combination’ strategy. At the early
stage of polymerisation, linear oligomers with terminal acry-
late groups are formed by the slow chain growth of divinyl
monomers. Then, these linear oligomer chains combine via
the terminal acrylate groups of other linear oligomers to form
highly branched polymers. The dense vinyl groups in the
polymer backbone not only render this class of hyperbranched
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polymers an ideal matrix for post-functionalisation, but also
provide various possibilities of fabricating multi-armed PEG
polymers with different functional groups.

Herein, a novel NHS-modified hyperbranched polymer
synthesized by post-functionalisation of a hyperbranched
poly(multi-vinyl) polymer (HB-PMVP) is reported. As outlined
in Scheme 1, the newly designed HB-PMVP was synthesized
via in situ deactivation-enhanced atom transfer radical
polymerisation (DE-ATRP). The modification process included
two steps (Scheme 1b and c): (1) end-capping of the vinyl
group with 3-mercaptopropionic acid (3-MA); and (2) con-
jugation of the carboxyl group with NHS.

Firstly, in situ DE-ATRP was conducted using poly(ethylene
oxide) diacrylate (PEGDA, Mn = 700 Da) as the monomer, and
the Mw of HB-PMVP was monitored by GPC (Fig. S1 and
Table S1, ESI†). The polymerisation reaction displayed a
controlled behaviour as demonstrated by the kinetics plot.
Specifically, the recorded kinetics plot is first-order with
respect to conversion of the monomer, which demonstrates
living polymerization, and Kapp

p was found to be 0.003 min−1

(Fig. S2 and S3, ESI†). The reaction was stopped when propa-
gation of the polymer started to accelerate, in order to avoid
large-scale intermolecular crosslinking during the later stage
of polymerisation (Fig. S2, ESI†). According to our previous
research, the molecular weight, branching degree, and vinyl
content of HB-PMVP can be regulated simply by adjusting the
ratio of the initiator to the monomer or the polymerisation
time.21,22 It is commonly known that there are two types of
crosslinking pathway during the homopolymerisation of multi-
vinyl monomers: intramolecular crosslinking, which accounts
for the formation of ‘loops’ in the polymer structure, and inter-
molecular combination, which leads to propagation of the
polymer chain via combination of macromers. Disparate
polymer structures can be obtained by properly adjusting the

ratio of the initiator and monomer. A larger amount of the
initiator in the polymerisation process can largely suppress
intramolecular crosslinking while promoting intermolecular
combination, which leads to a highly branched structure,
whereas the use of a lower amount of the initiator can
enhance intramolecular crosslinking to form a knot structure.
In this study, a high molar ratio of initiator to monomer (1 : 3)
was employed in order to obtain a hyperbranched polymer
with a higher content of vinyl groups for the subsequent modi-
fication process. HB-PMVP with an intermediate branching
degree of 38% and a molecular weight of 12 kDa was used for
the subsequent investigation. The structure of HB-PEG-NHS
was confirmed by 1H-NMR (Fig. 1a) and GPC (Fig. 1b and
Table S2, ESI†). The results of 1H-NMR (Fig. 1a) show that the
three peaks around 5.8–6.4 ppm disappeared after the end-
capping step, which indicated that all vinyl groups in
HB-PMVP were fully consumed during the end-capping reac-
tion. Moreover, a single peak can be observed at 2.8 ppm,
which indicates that the NHS group was conjugated to
the polymer backbone successfully after the second step of
modification. In order to further confirm the success of the
modification steps, the 13C-NMR spectra of HB-PMVP and
HB-PEG-NHS were recorded (Fig. S6†). The two vinyl peaks at
128 and 131 ppm in the spectrum of HB-PMVP disappeared
after the end-capping reaction with 3 MPA, which is consistent
with the result of 1H-NMR that the vinyl groups were fully
consumed. The two peaks at 169 and 171 ppm were attributed
to the carbonyl groups of 3 MPA and NHS units, respectively.

We also investigated the α parameter of the polymers pre-
and post-modification (Fig. 1c, Table S2, ESI†). According to
the Mark–Houwink equation, a value of α of less than 0.5 indi-
cates a branched or spherical macromolecular structure.23

Here, the α values of HB-PMVP and HB-PEG-NHS are 0.32 and
0.34, respectively (Fig. 1c, Table S2, ESI†), which illustrates the

Scheme 1 Synthetic pathway of HB-PEG-NHS. (a) In situ DE-ATRP of PEGDA700. [I] : [PEGDA] : [CuCl2] : [L] : [R] = 1 : 3 : 0.025 : 0.025 : 0.0125. I: ethyl
2-bromoisobutyrate, L: 1,1,4,7,7-pentamethyldiethylenetriamine, R: ascorbic acid, T = 50 °C; (b) NaHCO3, 60 °C, 3-mercaptopropionic acid;
(c) 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), RT.
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branched topology of the structure. Moreover, the branched
structure was preserved after the modification process. To
confirm this result, the branching degree was calculated from
the results of 1H-NMR (Table S2, ESI†). The branching degree
of HB-PMVP was very close to that obtained for HB-PEG-NHS
(38% vs. 40%, Fig. S4†), which supports the conclusion that
the structure of the polymer framework was maintained after
modification.

On the basis of the results of NMR and GPC tests, the
content of NHS functional groups in each HB-PEG-NHS

polymer chain is 0.85 mmol g−1 (cal. 12.8 NHS groups per
polymer chain, Fig. S5†). To confirm this result, a modified
Ellman assay was conducted to quantify the NHS content in
the HB-PEG-NHS polymer. As can be seen from Fig. S7,† the
NHS content is up to 0.92 mmol g−1 (cal. 13.9 NHS groups per
polymer chain), which is very close to the results obtained
from NMR and GPC tests. Notably, it is much higher than the
contents of 0.2 mmol g−1 and 0.4 mmol g−1 of the most widely
used 20 kDa 4-arm and 8-arm forms of star-PEG-NHS (Creative
PEGWorks product codes: PSB-487 and PSB-847 for 4-arm
PEG-NHS and 8-arm PEG-NHS, respectively. Price: US $300 per
gram.), respectively. Obviously, our HB-PEG-NHS contains a
much larger amount of NHS than all the other commercial
products.

Considering the abundant NHS groups in the polymer
backbone, a hydrogel system was developed based on
HB-PEG-NHS and bovine serum albumin (BSA). BSA, which is
known as Fraction V, has been widely used in biochemistry
because of its relative stability and low price.

With the aim of determining the mechanical properties of
the PEG-BSA hydrogels, detailed dynamic rheological assess-
ments were conducted on hydrogels of two concentrations
(Hydrogel-H: 10% HB-PEG-NHS + 15% BSA; Hydrogel-L: 5%
HB-PEG-NHS + 15% BSA). Firstly, the results of frequency
sweep tests (Fig. 2a) demonstrated that both hydrogels pos-
sessed higher storage moduli (G′) than loss moduli (G″) at all
frequencies in the range from 0.1 to 100 Hz, which indicates
the formation of solid chemically crosslinked hydrogels. In
addition, a nearly fourfold increase in G′ can be seen as
the concentration of HB-PEG-NHS increased from 5% (2.3 ±
0.4 kPa) to 10% (8.3 ± 1.4 kPa), which can be attributed to an
increasing degree of crosslinking. Adjustable stiffness pro-
perties are desired, because the stiffness of a hydrogel plays a
key role in biological applications. For instance, it can not only
manipulate cell differentiation but also affect cell activity when
the hydrogel is used as a 3D cell culture scaffold.24,25 In
addition, the stiffness must be comparable to that of the sur-
rounding tissue if the hydrogel is applied as a tissue adhesive.
A weak hydrogel may provide insufficient supporting strength
to the surrounding tissue, whereas a rigid hydrogel may result
in tissue damage or disturbance to the internal pressure.
Afterwards, strain sweep tests were performed over the strain
range between 0.1% and 100%. Hydrogel-L displayed excellent
strain-resistant properties over the entire testing range,
whereas the G′ value of Hydrogel-H slightly decreased in the
high-strain region (Fig. 2b), which illustrated that the brittle-
ness of the hydrogel increased in conjunction with the increas-
ing concentration of HB-PEG-NHS.

In order to investigate whether or not the NHS groups were
fully consumed in the crosslinked hydrogels, a modified
Ellman assay was conducted. The reduction of thiol groups
was converted into the percentage of free NHS groups in the
hydrogel, which was found to be less than 1% for Hydrogel-L
and 19.6% for Hydrogel-H (Fig. S8†).

To determine the biocompatibility of the HB-PEG-NHS-BSA
hydrogel, the cell viability of cells embedded into the hydrogel

Fig. 1 (a) 1H-NMR results for purified HB-PMVP (black),
HB-PEG-COOH (red), and HB-PEG-NHS (blue). (b) GPC traces pre- and
post-modification for HB-PMVP (black) and HB-PEG-NHS (red). (c)
Mark–Houwink (MH) plots and α values of HB-PMVP and HB-PEG-NHS.
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(LIVE/DEAD assay) and the cytotoxicity of the HB-PEG-NHS
polymer (MTT assay) were determined using 3T3 fibroblasts
and rat adipose-derived stem cells (rADSCs). The viability of
both cell types was well maintained after culture for 48 hours
(Fig. 3). The results of the MTT assays demonstrate that the

viability rADSCs did not exhibit a significant difference at any
concentration in comparison to the control group (Fig. S9†).
As for the 3T3 fibroblasts, the cell viability decreased slightly
to 86% at a concentration of 1000 μg mL−1, which is still con-
sidered to show the non-cytotoxic effect of the polymer. The
high biocompatibility can be mainly attributed to the PEG-
based framework. It is also worth noting that the introduction
of carboxyl and NHS motifs did not increase the cytotoxicity of
the material.

In summary, a newly designed hyperbranched PEG-based
multi-NHS polymer was successfully synthesized. The polymer
possesses an easily tuneable chemical structure (e.g., mole-
cular weight, branching degree and backbone structure) and a
high density of functional groups, as well as negligible cyto-
toxicity, owing to its PEG-based skeleton. Moreover, its ability
to form a hydrogel with BSA shows that HB-PEG-NHS may be a
potential substitute for glutaraldehyde. These properties
suggest that the HB-PEG-NHS polymer should be a promising
material for various biological applications. In addition, we
have demonstrated a novel synthetic strategy for constructing
hyperbranched polymers with different functionalities.
Currently, the design and synthesis of hyperbranched poly-
mers bearing various functional groups, including aldehyde,
amino and thiol groups, are ongoing in our laboratory.

According to the reference, all animal experimental proto-
cols were approved by the Animal Care and Research Ethics
Committee of the National University of Ireland, Galway (No.
009/10(B)) and were conducted under an animal license (No.
B100/4342) authorized by the Irish Department of Health and
Children. Animal care was in compliance with the standard
operating procedures of the Animal Facility at the National
Centre for Biomedical Engineering Science, NUIG. The murine
3T3 fibroblast cell line was purchased from Sigma-Aldrich.
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