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INTRODUCTION Bioorthogonal chemistry, first introduced by

Bertozzi in 2003, refers to a set of chemical reactions that are

selective and nondisrupting to biological systems.1 These reac-

tions are highly valuable for tagging biomolecules with probes

suitable for the study of cellular processes.2 In recent years, a

number of bioorthogonal reactions have also been employed

in polymer crosslinking and in the presence of living cells,

resulting in their encapsulation within bioactive scaffolds that

mimic physiological conditions—a process termed bioorthogo-

nal crosslinking. For the preparation of cell-laden hydrogels,

the polymerization needs to not only be nontoxic but also suf-

ficiently fast to ensure encapsulation occurs prior to settling

of the cells and maintain an even distribution throughout the

three-dimensional (3D) environment. Crosslinking within just

a few minutes will also be necessary for future clinical use of

such systems. Some examples of spontaneous bioorthogonal

click-crosslinking reactions include: Michael additions,3–5

nucleophilic thiol–yne addition,6–9 strain-promoted alkyne–
azide cycloaddition (SPAAC),10–13 oxime ligation,14–16 nitrile

oxide-norbornene cycloaddition,17 Diels–Alder addition,18 and

tetrazine–norbornene (Tz–Nb) ligation.6,19–21

While the aforementioned reactions have been demonstrated
to be highly suitable for 3D cell culture, many are accompa-
nied by drawbacks that limit their impact on the field of
biomaterials engineering.22 For instance, the complex synthe-
ses of the reacting groups such as strained alkyne in SPAAC
or tetrazine in Tz–Nb ligation hinder their utility in the
preparation of complex microstructures for directing cell
growth in biomaterials engineering. Electron-deficient alkene/
alkynes used in thiol-nucleophilic addition can be easily
synthesized7,20 but their chemical structures require the pres-
ence of the ester linkage which is highly susceptible to
hydrolysis.8,9

In addition to the crosslinking chemistry, further aspects of
the hydrogel system must also be considered to optimize cel-
lular outcomes. For example, in a recent study, we reported
the encapsulation of human mesenchymal stem cells (hMSCs)
within gelatin-based hydrogels using Tz–Nb ligation and dem-
onstrated that the stiffness of the gels ultimately affected cell
morphology and spreading.20 Degradation of the materials is
also a key consideration, as effective tissue regeneration
requires the material to degrade to facilitate replacement of
endogenous matrix by the encapsulated cells.

Here, we further expand the bioorthogonal toolbox in polymer
crosslinking and allow for the precursors to be readily
accessed by materials scientists. We focus our attention on
the S-alkylation via nucleophilic thiol–halide reaction.
Although thiol–bromo has been well-documented in polymer
synthesis and modification,23–27 this reaction has not been
systematically investigated for preparation of bioorthogonal
hydrogels with tunable degradability. Herein, we present sim-
ple and versatile chemical approaches for synthesizing various
poly(ethylene glycol)s (PEGs) with halide end groups that can
undergo S-alkylation with thiol in phosphate buffered saline
(PBS) solution at pH ≥ 7.4. We attempted to tune the degrada-
tion rate by strategic placement of the hydrolysable ester
group at the ligation points. The bioorthogonality of the cross-
linking processes was assessed by examining the viability of
hMSCs and fibroblasts encapsulated within the hydrogels.

To investigate gelation by nucleophilic thiol–halide reaction,
we synthesized a library of 4-arm PEGs with a range of good
leaving groups at the polymer chain end (Fig. 1). The polymer
end groups also contain either a hydrolysable (ester group) or
nonhydrolyzable (amide or methyl group) handle for tuning
the degradation in aqueous media. The ester functionality
could be obtained by simple Fisher’s esterification while the
amide group was obtained by carbodiimide coupling of the N-

Additional supporting information may be found in the online version of this article.
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succinimide halide with the amine end group. All conversions
were highly efficient with the yield in the range of 80–90%
and estimated end-group conversions (hydroxyl and amine to
ester and amide, respectively) of 95–99% (see Supporting
Information for details).

4-Arm PEG with thiol end groups can be synthesized from
either Fisher esterification or substitution/hydrolysis to give
ester-SH and nonester SH, respectively. Disulfide formation,
possibly caused by air-induced oxidation, was observed in the
preparation of 4-arm PEG thiols. This resulted in a lower con-
version of the –OH end group to free thiol end group. In our
syntheses, the resultant free thiol content for 4-arm PEG-
ester-SH and 4-arm PEG-SH were 89 and 78%, respectively.

Following successful formation of the 4-arm PEG-halides
and 4-arm PEG-thiols, we next investigated their crosslink-
ing in alkaline PBS solution by measuring the evolution of
storage modulus (G0) and loss modulus (G00) upon mixing
the polymer solutions. Thiol–chloro crosslinking did not
occur even at pH higher than 8 [Fig. 2(A)]. Conversely,
rapid evolution of G0 was observed when mixing PEG-ester-
bromo with PEG-ester-SH at pH 7.8, indicating the formation
of a crosslinked network [Fig. 2(B)]. Replacing the ester
group with amide, methyl, or even ester secondary bromo
groups led to a significant reduction in the bromo reactivity
toward thiol as crosslinking did not happen even at pH 8.4
[Fig. 2(D)]. Faster gelation kinetics was observed when mix-
ing 4-arm PEG-ester-SH and 4-arm PEG-ester-I (Figs. 2 and
Fig. S14), compared to ester-bromo/thiol crosslinking at the
same pH. While amide-Br showed no reactivity toward
thiols at pH 7.8, amide-I was observed to react with thiol at
this pH, with a slower gelation kinetics compared to the
ester-Br/SH crosslinking [Fig. 2(F)].

The mesyl group is known to be a better leaving group com-
pared to iodo; however, this group was not reactive enough
toward thiol to trigger gelation under the investigated condi-
tions. In general, a combination of both the good leaving
group and an activating moiety, such as ester or amide, is nec-
essary to trigger gelation in PBS at pH 7.8. Both 4-arm PEG-
ester-SH and 4-arm PEG-SH had similar reactivity toward
ester-Br/ester-I group, with the gels prepared by crosslinking
with 4-arm PEG-SH having a lower storage modulus at com-
plete gelation due to the lower free thiol content in 4-arm
PEG-SH.

We next used rheological analysis to characterize the mechan-
ical properties of the hydrogels formed from mixing the pre-
cursors. Henceforth, the gels are named based on the reacting
end group as shown in Table 1. For 3D encapsulation and cell
culture studies, it is important that a gel can form within
10–20 min of mixing so that cells can be distributed evenly
within the 3D environment instead of accumulating toward
the bottom of the scaffold. Thus, we identified the critical gela-
tion point, pstepc , for formation of a solid gel. pstepc happens
when the crosslinking points between two polymers A (4-arm
PEG-halide) and B (4-arm PEG thiol) reach a critical polymer
fraction, and can be calculated using an adapted version of the
Flory–Rehner equation28,29 for step-growth polymerization/
crosslinking:

pstepc ¼ linkage½ �t
linkage½ �∞

¼ G0
t

G0
∞
¼ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r fA−1ð Þ fB−1ð Þp ð1Þ

in which r is the stoichiometric ratio of A to B, fA and fB are
the number of reactive functionality on precursors A and B,
respectively. In our hydrogel preparation, equal volumes of

FIGURE 1 Representative scheme for polymer crosslinking via thiol–halide click reaction and structure of the corresponding halides

and thiols end groups.
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polymer solutions having equal weight percentages were
mixed; therefore, the pstepc values for gelation from PEG-ester-
SH and PEG-SH were 0.35 and 0.38, respectively. Applying eq
1 on the rheology data resulted in the critical gelation points
varying from 2 to 10 min (Table 1), indicating that our hydro-
gels are highly suitable for cell encapsulation studies. We also
undertook vial tilting experiments in which the gelation point
is defined by the time that the mixed polymer solution stops
flowing. These results were consistent with the pstepc values
drawn from the rheology experiments (Table 1).

It should be noted that pstepc is different from gelling point
which is designated by the crossover between G0 and G00. The
gelling point was not observed in most rheological tests, when
crosslinking happened between the investigated polymers,
due to the time lapse after mixing the polymer solution and
before subjecting to measurement, during which gelling had
already occurred.

Further analysis of the rheology data reveals that all gels have
robust mechanical properties that lie within the physiological
range of many tissues, with the G0 values of 8–18 kPa at com-
plete gelation. The gels were seen to swell from the initial
water content of 90 wt % to 94–95 wt %, and this swelling
was accompanied by a drop in the G0 values to 4.5–8.5 kPa.
The reduction in mechanical strength upon swelling is typical
of hydrogel materials and can be mitigated by incorporation

of hydrophobic segments within the gel structure.8,9 On the
other hand, high equilibrium water content may be beneficial
for cell–cell interaction and proliferation.20 In general, the
crosslinking by thiol/ester-bromo or thiol/ester-iodo reactions
was quite efficient, with the gel fractions in the range of
0.91–94. Hydrogels formed from 4-arm PEG-SH have lower G0,
higher Equilibrium water content (EWC), and lower gel frac-
tion compared to gels prepared from 4-arm PEG-ester-SH,
which is due to the lower free thiol content of the 4-arm
PEG-SH.

Under incubation in PBS pH 7.4 and at 37 �C, the hydrogels
showed clear differences in their dissolution rates [Fig. 3(A)],
which correlate well with the concentration of the hydrolysa-
ble ester linkage within the network. In particular, hydrogels
with ester groups on both sides of the thioether linkage
(ester-Br/ester-SH and ester-I/ester-SH) completely degraded
in just 3 days in PBS pH 7.4 and 1 day in cell culture media
(Dulbecco’s Modified Eagle Medium (DMEM)/10% Fetal
Bovine Serum (FBS)). When one of the ester groups was
replaced by either an amide or alkyl (amide-I/ester-SH, ester-
Br/SH, and ester-I/SH), the gel stability was increased to
about 7 days in PBS solution. A faster dissolution rate was
observed when hydrogels were placed in DMEM, likely due to
the presence of the nucleophiles (phenol, primary amines,
ribonucleosides, deoxyribonucleoside, etc.) that enhance the
hydrolysis of esters. Hydrogel amide-I/SH does not contain

FIGURE 2 Representative rheological data of various PEG halides with PEG-ester-SH/PEG-SH in PBS solution at pH 7.8.
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any hydrolysable linkage within the structure and was stable
in both PBS pH 7.4 and cell culture media for over 60 days.

Since PEG-ester-SH and PEG-SH have similar reactivity toward
4-arm PEG-amide-I, we surmised that the dissolution rate can
be tailored by changing the ratio of hydrolysable ester-SH and
nonhydrolyzable SH in the hydrogel structure. Such flexibility
is critical from a biological perspective to enable the degrada-
tion rate of the initial material to approximately match the
deposition of new matrix by the encapsulated cells. Thus, we
prepared a series of hydrogels from 4-arm PEG-amide-I with a
mixture PEG-ester-SH and PEG-SH having varying ratio of
ester-SH to SH [Fig. 3(B)]. As expected, the time for complete
dissolution of these hydrogels varies from 9 to 19 days,
depending on the ratio of the ester group present in the gel
structure.

Finally, to demonstrate the suitability of the crosslinking in
3D cell culture, we encapsulated two cell types, MG63
(an osteosarcoma cell line) and primary hMSCs in amide-I/SH
hydrogels with a total polymer concentration of 10 wt %. This
stable hydrogel has low solid content (ca. 5 wt % in fully
swollen stage) and is expected to have minimal toxicity on the
encapsulated cells. A seeding density of 2.5 × 106 cell mL−1

was used, in accordance with our previous work on 3D cell
encapsulation20,30,31 and work reported by other groups.32,33

Live/dead staining of the cell-laden hydrogels showed both
cell types are viable with about 85% of live cells (Fig. 4) 24 h
postencapsulation. Interestingly, PEG-amide-I was found to
decrease cell viability when presented in solution for 24 h
(Figs. S16 and S17). However, there were no detrimental
effects on the cells for the shorter timeframes required for
encapsulation. These results confirm that the crosslinking pro-
cess is bioorthogonal and the gels are suitable for cell
encapsulation.

In conclusion, we further expand the bioorthogonal click tool-
box for 3D cell culture by utilizing the S-alkylation reaction
between a thiol and an activated bromo/iodo group. The
crosslinking is rapid in slightly alkaline PBS and non-toxic to
both MG63 and hMSCs, making the process suitable for cell
encapsulation or injectable applications. By strategic

placement of the hydrolysable ester group within the gel
structure, we can vary the dissolution time of the gels in aque-
ous media and demonstrate control of the degradation rate by
controlling network structure. We envisage that this bioortho-
gonal crosslinking will be of use for 3D cell culture and could

TABLE 1 Properties of Hydrogels Formed by Thiol–Bromo/Iodo Addition

Critical Gelling Point (min)

Hydrogela Rheologyb Vial Tilting G0
as-prepared (kPa) G0

fullly-swollen (kPa) EWCc (%) Gel Fraction

Ester-Br/ester-SH 4.0 � 0.2 3.8 � 0.1 18.3 � 0.5 8.2 � 0.4 94.1 � 0.2 0.94 � 0.1

Ester-I/ester-SH 2.6 � 0.1 2.4 � 0.1 18.6 � 0.7 8.5 � 0.4 93.9 � 0.2 0.94 � 0.1

Amide-I/ester-SH 8.7 � 0.2 8.5 � 0.2 17.1 � 0.7 7.9 � 0.3 94.5 � 0.3 0.94 � 0.1

Ester-Br/SH 6.1 � 0.4 5.9 � 0.3 11.4 � 1.2 5.5 � 0.5 95.2 � 0.4 0.91 � 0.2

Ester-I/SH 4.9 � 0.3 4.6 � 0.3 10.3 � 1.1 4.9 � 0.4 95.1 � 0.4 0.92 � 0.2

Amide-I/SH 10.4 � 0.5 9.7 � 0.4 8.5 � 0.6 4.5 � 0.2 95.4 � 0.4 0.91 � 0.2

a Equilibrium water content.
b PBS pH 7.8 was used for hydrogel preparation.

c Calculated from rheological data using eq 1.

FIGURE 3 Disintegration time of hydrogels in PBS and α-MEM

solutions at 37 �C. Data represent average measurements of

three samples with negligible standard deviation. ∞: no

dissolution observed for more than 60 days under testing

conditions.
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be further employed in the preparation of biomaterials scaf-
folds for drug delivery.
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