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Gelation kinetics of polymer chains through covalent bonds depends on many variables and affects
many applications. Here we study the gelation kinetics of alginate chains through crosslinkers adipic
acid dihydrazide (AAD), with coupling reagents 1-ethyl-3-(3-dimethylaminopropyl) (EDC) and N-
hydroxysuccinimide (NHS). We use the rate equation of the reaction to calculate the extent of reaction,
and use the Flory-Stockmayer theory to calculate the gelation time. The model predicts the gelation
time as a function of the concentration of alginate, crosslinkers, and coupling reagents, as well as the
functionality of an alginate chain and the rate constant of the reaction. Given an aqueous solution, we
conduct rheological tests to measure the storage and loss moduli as functions of time, and determine
the gelation time by the time when the storage modulus equals the loss modulus. The gelation times
so determined for solutions of various compositions agree well with those predicted by the model.
This combination of the model and experiments provide a practical approach to the design of gelation

kinetics for applications.

© 2020 Elsevier Ltd. All rights reserved.

Alginate is a type of polysaccharide abundant in nature. It has
been widely used in a range of applications in the food indus-
try [1,2], pharmaceutics [3,4], cosmetics [5], textile printing [6],
and animal feed [7]. In particular, due to its biocompatibility, low
toxicity, and ease of gelation [4], alginate hydrogels have been ap-
plied in many emerging biomedical applications, including drug
delivery [8], wound dressing [9], and tissue regeneration [10].

Alginate chains can form hydrogels through either ionic or
covalent crosslinks. Ionic crosslinks use multivalent cations (e.g.,
Ca*, AI>) in the aqueous solution to bind COOH on the alginate
chains [4,11,12]. However, because the ionic crosslinking is too
rapid and difficult to control, these hydrogels usually have poor
mechanical properties [13]. Furthermore, the ionic crosslinks dis-
sociate readily under physiological conditions as the multivalent
cations exchange with single-valent cations (e.g., Na* and K*).
For example, calcium-crosslinked alginate hydrogels lose more
than 60% of their initial mechanical strength within 15 h of expo-
sure to physiological fluids [14]. Covalent crosslinks can circum-
vent the abovementioned issues, owing to the slower reaction
and stable covalent bonds. Polymers and difunctional molecules
such as poly(ethylene glycol)-diamines [15,16], poly(acrylamide-
co-hydrazide) [17], methyl ester L-lysine [16], and adipic acid di-
hydrazide [ 16-19] have been used to covalently crosslink alginate
chains. In addition, alginate chains can be chemically modified
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with methacrylate, and covalently crosslinked under an argon
laser or UV irradiation [20-22].

Alginate hydrogels covalently crosslinked by AAD have been
broadly used in biomedical applications due to the simple reac-
tion, mild reaction condition, and controllable mechanical proper-
ties [16,19]. Gelation kinetics of alginate chains is often tuned to
meet specific applications. For example, gelation should be fast
when used as hemostatic dressings [23], but slow when used
for cell encapsulation [24]. Recently, this crosslinking system has
been employed in topological adhesion between two preexisting
hydrogels [25]. In this application, an aqueous solution of alginate
chains, crosslinkers AAD, and coupling reagents EDC and NHS
is first placed in between two hydrogels, and then a covalent
alginate network forms in situ, in topological entanglement with
the polymer networks of the two preexisting hydrogels. Strong
adhesion forms even when the alginate network entangles with
each preexisting hydrogel network by a single polymer mesh
size, so that diffusion of the alginate chains into the preexisting
hydrogel networks takes negligible time, and the gelation time
determines the time needed to form strong adhesion [26].

Here, we study the gelation kinetics of alginate chains
crosslinked by AAD, in the presence of the coupling reagents EDC
and NHS. We use the rate equation of the reaction to calculate
the extent of reaction, and use the Flory-Stockmayer theory to
calculate the gelation time. The model predicts the gelation time
as a function of the concentration of the ingredients (alginate,
AAD, EDC), the functionality of an alginate chain, and the rate
constant of the reaction. We conduct rheological tests to measure
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the storage and loss moduli as functions of time, and determine
the gelation time by the time when the storage modulus equals
the loss modulus. The measured gelation times of solutions of
various compositions agree well with those predicted by the
model.

This approach to study gelation kinetics has been used for
other polymer systems. Gelation kinetics of polymers has been
studied for polymerization in a homogeneous solution [27]. The
gelation time is calculated using a combination of the rate equa-
tion of the reaction and the Flory-Stockmayer gelation theory [28,
29], which has been applied for tetra-poly(ethylene glycol) hydro-
gels [30], peptides crosslinked PEG hydrogels [31], and pentaery-
thritol propoxylate tris(3-(furfurylthiol)propionate) gels [32].

Forming a crosslink between two alginate chains through
AAD, in the presence of EDC and NHS, involves three main re-
actions [33]. First, a COOH group on an alginate chain reacts with
an EDC to form an O-acylisourea intermediate (Fig. 1a). The O-
acylisourea intermediate is unstable in the aqueous solution and
may have many side reactions [34,35]. Second, the O-acylisourea
intermediate reacts with an NHS to create a stable NHS-ester
intermediate and release a urea [36] (Fig. 1b). Third, the NHS-
ester intermediates on two alginate chains react with an AAD to
crosslink the alginate chains through two amide bonds (Fig. 1c).
Such crosslinking process propagates among all alginate chains
to form a three-dimensional alginate network. The first reaction
is much slower than the second and third reactions [35,37,38].
The rate constant k; is on the order of 1073 M~! s~ [37], k3 is
on the order of 10 M~! s~! [30], and k, is comparable to k3 [39].
Therefore, so long as the NHS is in a sufficient amount and AAD
is not scarce to inhibit gelation, the time for the second and the
third reactions can be neglected, and the first reaction is the
rate-limiting step that determines the overall rate of gelation.

The reaction between COOH and EDC is first-order in both
COOH and EDC [37,40]. We use the concentration [COOH] as a
function of time t to measure the extent of the reaction. In a
homogeneous solution, the rate of reaction is proportional to the
concentrations of COOH and EDC:

@ — —k, [COOH] [EDC] (1)

where k; is the reaction constant. Let [COOH]y and [EDC], be
the initial concentrations in the solution. The reaction consumes
COOH and EDC in equal numbers; let the number of each species
that has reacted be m = [COOH], - [COOH] = [EDC], - [EDC].
Eq. (1) becomes that

dm
T k1 ([COOH]o — m) ([EDC]o — m) (2)
Integrating equation (2), we obtain that
1 COOH], — EDC
e | (ICOOH], —m) [EDC], 3

~ [COOH], — [EDC],  (IEDC], — m) [COOH],

Given the initial concentrations [COOH], and [EDC]o, Eq. (3)
determines the extent of reaction m at time t. When [EDC]y = 0
(no coupling reagent) or [COOH], = 0 (no alginate), the above
solution diverges, as the reaction cannot proceed without them.
When [COOH]y = [EDC]Jy, Eq. (3) is inapplicable, but we can still
integrate equation (2) and obtain that

B m
~ ([EDCo — m) [EDC],

This equation can also be obtained from Eq. (3) in the limit as
[COOH], approaches [EDC]o.

We next use the Flory-Stockmayer theory to calculate the
gelation time [28,29]. The theory makes the following assump-
tions: (i) there are no intramolecular reactions on the same poly-
mer chain, (ii) functional groups that participate in reaction have

(4)

kqt

equal reactivity, (iii) there are no chain-entanglements that may
serve as apparent crosslinks. Gelation is defined as the extent of
reaction that leads to an infinite network. We assume that each
alginate chain has the same number n of COOH groups. Each AAD
molecule has two amines, so that [NH;| = 2[AAD]. We further
assume that AAD molecules crosslink different alginate chains,
but do not intralink the same alginate chain (Fig. 2). This figure
only shows one crosslink between two alginate chains. Other
possibilities include multiple crosslinks between two alginate
chains and an AAD molecule grafts on one alginate chain without
connecting to another. Because the critical condition of gelation
is the formation of an infinite network, all polymer chains are
required to be crosslinked at the gelation point. To ensure gela-
tion, an alginate chain that is connected with a previous alginate
chain must at least make one crosslink to the next alginate chain,
so that every alginate chain at least has two crosslinks. Gelation
begins with an alginate chain reacting with one amine on an
AAD molecule. The other amine on the AAD molecule then reacts
with another alginate chain to create a crosslink. Subsequently,
successive crosslinks are made among more alginate chains until
all alginate chains are crosslinked. At this point, the alginate
solution has become an alginate network.

The number fraction of reacted COOH groups is m/[COOH]o,
and the number fraction of reacted NH, groups is m/[NH;]o.
The probability of forming a crosslink is the product of the two
number fractions:

m2

= [CoOH], INH,

After each connection, because an alginate chain has one
COOH group reacted from a prior connection, there are n — 1
opportunities for this alginate chain to make the next connection
(there are n—1 COOH groups that can be used to react with AAD).
To ensure at least one connection to the next alginate chain, at
least one COOH group among the n—1 COOH groups should react
with an AAD, therefore, « > 1/(n — 1) [29]. The critical condition
for gelation is when every previously connected alginate chain
has exactly one connection to the next alginate chain, namely,
a(n — 1) = 1. This condition, along with Eq. (5), gives the extent
of reaction at gelation, which is calculated as

COOH], [NH
mg = /% (6)

Substituting Eq. (6) into Egs. (3) and (4), we obtain the gelation
time of alginate, tg.

The gelation time relates ki, [COOH]o, [NH;]o, [EDC]o, and
n. The rate constant k; is fixed for a specific chemical reaction
(Fig. 1a). The gelation time decreases with the increase of COOH
(Fig. 3a), because more COOH provides more reaction sites for
gelation and a higher opportunity to form an alginate network.
In experiments, this can be done by increasing either the molec-
ular weight or the concentration of alginate. However, if AAD is
abundant compared to alginate, AAD may occupy all reaction sites
on an alginate chain and thus prevent the connection of alginate
to form a network. As a result, the gelation time increases with
NH;concentration (Fig. 3b). Moreover, higher EDC concentration
promotes gelation (Fig. 3c), as more EDC increases the rate of
chemical reaction between COOH and NH,. The effect of EDC
concentration on the carbodiimide reaction kinetics has also been
studied and observed in other systems [41,42]. The functionality
of alginate affects the chance of branching. Smaller functionality
indicates fewer reaction sites on the alginate chain and thus a
lesser chance to create a connection. Gelation becomes delayed.
We show that the gelation time kit; is 0.246 M~! at a func-
tionality of 10,000 and significantly increases to 19.7 M~! at a

(5)
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Fig. 1. The formation of a covalent crosslink between two alginate chains. a, A COOH group on an alginate chain reacts with an EDC to form an O-acylisourea
intermediate. b, An O-acylisourea intermediate reacts with an NHS to form an NHS-ester intermediate and an EDC-derived urea. ¢, An AAD reacts with two NHS-ester

intermediates on two alginate chains to form amide bonds, thus creating a crosslink between the two alginate chains.
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Fig. 2. Crosslink alginate chains into a network. An alginate chain of n functionalities crosslink with another alginate chain via a bifunctional AAD molecules. Such

-—p
crosslinking propagates until all alginate chains are crosslinked. Here one crosslink between two alginate chains is shown, multiple crosslinks between two alginate

n )C
chains are also possible.

Y=COOH A=NH,

functionality of 10 (Fig. 3d). In the limiting case, when alginate
has a functionality of 2, gelation is impossible.

Next we test the model by rheological measurements. Aque-
ous solutions are mixed from the following ingredients: sodium
alginate (Manugel GMB, molecular weight = 170-240 kDa, FMC
Biopolymer, Philadelphia, PA), AAD (Sigma Aldrich, A0638), EDC

(Sigma Aldrich, E1769), and NHS (Sigma Aldrich, 130672). The
mix time is typically several seconds, which is not included in
the total gelation time. Oscillatory tests are carried out at room
temperature under 2% oscillation strain at angular frequency of 1
rad/s using a rheometer (TA Instruments Discovery HR-3 Hybrid
Rheometer) with a cone and plate geometry. The storage and loss
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Fig. 3. The predicted gelation time as functions of various parameters. a, [COOH]o, with [NH2]o = 0.0574 M, [EDC], = 0.0313 M, and n = 1000. b, [NH;]o, with
[COOH]p, = 0.1 M, [EDC]p = 0.0313 M, and n = 1000. ¢, [EDC],, with [COOH], = 0.1 M, [NH;]o = 0.0574 M, and n = 1000. d, Functionality of alginate, with

[COOH]o = 0.1 M, [NH;]o = 0.0574 M, and [EDC], = 0.0313 M.

moduli are recorded as functions of time (Fig. 4a). In all tests, to
ensure the second and the third reactions are fast compared to
the first reaction, the mass of NHS is kept the same as the mass of
EDC, and the mass of AAD is varied in a range of sufficient amount
for gelation. Following a common practice, we define the gelation
time when the storage and loss moduli coincide. For example,
for an alginate solution prepared by dissolving 0.06 g alginate,
0.0125 g AAD, 0.03 g EDC and 0.03 g NHS in 3 ml DI water,
the gelation time is measured to be about 1112 s (Fig. 4b). To
measure ki, we prepare 3 ml alginate solution with n = 1000 [43]
(n has a distribution of 787 - 1111, here we choose n = 1000
as a representative value), [COOH]y, = 0.1 M (alginate = 0.06
g), INHyJo = 0.0574 M (AAD = 0.015 g), and varied [EDC]y of
0.093 M (0.054 g), 0.0626 M (0.036 g), and 0.0469 M (0.027 g).
We measure the gelation time as a function of EDC and fit the
data using our model with k; as the fitting parameter. The fitted
curve agrees well with the experimental data when k; ~0.0006
M~! s~I(Fig. 4c). We then use this value of k; to predict the
gelation time as a function of NH, and COOH concentration. We
also use the rheometer to experimentally measure the gelation
time and show that our theoretical prediction agrees well with
experiment data (Fig. 4d, e).

This value of the reaction constant, k; = 0.0006 M~' s,
is somewhat smaller than that reported in the literature, which
is on the order of 0.001 M~! s~! [37,39]. The discrepancy may
be attributed to the fundamental difference between gelation
kinetics and reaction kinetics. The gelation kinetics involves not
only the local reaction kinetics between two functional groups
but also the infinite connection of alginate chains into a network.
Since each connection requires one alginate chain to find another

alginate chain, it takes a longer time than that of local chemical
reaction facilitated by the collision of molecules. Furthermore, the
formation of loops in the alginate network may delay gelation,
and thus decrease the measured rate constant. For example, the
connection of an alginate chain to itself creates a loop, which does
not contribute to the gelation of the network.

The model of gelation can guide the design of the gelation
kinetics of alginate in practical applications. In the design of
alginate hemostatic dressing, alginate precursor should have high
concentrations of alginate and EDC (within biological tolerance)
and high molecular weight to ensure fast gelation. By contrast,
in the design of alginate cell culture, lower concentration of EDC
is preferred to ensure slow and uniform gelation. In addition, be-
cause the crosslink density determines the mechanical properties
of a hydrogel, one can tune the AAD concentration in alginate
precursor to correlate the gelation time with the elastic modulus,
stretchability, strength, and fracture energy of alginate hydro-
gels. Furthermore, the model of gelation provides a foundation
to study the alginate enabled topological adhesion, where the
gelation kinetics and the diffusion kinetics are coupled.

In summary, we adopt rate equations of chemical reaction
and Flory-Stockmayer theory to study the gelation kinetics of
AAD crosslinked alginate. The model predicts the gelation time
as a function of experimental variables. Rheological tests are
carried out to determine the rate constant. By using the measured
rate constant, the gelation times predicted by the model agree
well with those measured by the rheological tests. The combined
model and experiments provide an approach to the design of
gelation kinetics in practical applications.



J. Yang, J. Steck and Z. Suo / Extreme Mechanics Letters 40 (2020) 100898 5

a b 15 = C 2500
-
-
2000+
Spinning plate ~ 10+ @
g o 1500
o £
g -
3 S 1000
\ . . B 51 ®
Alginate solution = ©
& -
—m— Loss modulus 0
0 500 1000 1500 2000 2500 3000 3500 0.02 004 006 008  0.10
Time (s) [EDC], (M)
< /\ /\ d o0 € 2000
£ 800
al \/ \V \/ ¢ :
_ 0 1500
@ 600 ©
[} ° [}
Storage modulus E 5007 « .g 1000 A
c 4004 c
2 Loss modulus o 9o
=] © 3004 ®
> - 2
3 ! & 2004 & 500+ . .
s ' 100+
L 0 v r . 0 . . .
t, t 0.02 0.04 0.06 0.08 0.10 0.00 0.05 0.10 0.15 0.20
[NH_], (M) [COOH], (M)

Fig. 4. Comparing rheological data with the model. a, Experiment setup of rheological tests. Oscillatory strain is applied, and storage and loss moduli are measured
as functions of time. The gelation time is defined when the storage and loss moduli equal. b, An example of the storage and loss moduli as functions of time.
This example shows a gelation time of 1112 s. ¢, Gelation time is measured as a function of the EDC concentration. Rate constant k; is determined by fitting the
experimental data to the model of gelation, giving k; = 0.0006 M~! s~'. The prediction by the model agrees well with experiment data with varied concentration
of d, [NH;]o and e, [COOH]y, using the same value of k;. In ¢, d, e, the black curves represent theoretical curves and red dots are experimental data.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgment

The work was supported by NSF MRSEC, USA (DMR-14-20570).

References

(1l
(2]
3]
[4]
[5]
(6]
[71
(8]

[0l
[10]
(1]

[12]

[13]

Y. Qin, et al., Applications of alginate as a functional food ingredient, in:
Biopolymers for Food Design, Elsevier, 2018, pp. 409-429.

M. Glicksman, Utilization of seaweed hydrocolloids in the food industry,
in: Twelfth International Seaweed Symposium, Springer, 1987.

AD. Augst, HJ. Kong, D.J. Mooney, Alginate hydrogels as biomaterials,
Macromol. Biosci. 6 (8) (2006) 623-633.

K.Y. Lee, D.]. Mooney, Alginate: properties and biomedical applications,
Prog. Polym. Sci. 37 (1) (2012) 106-126.

M. Lesser, Alginates in drugs and cosmetics, Econ. Bot. (1950) 317-321.
L. Wang, et al., Rheological studies of mixed printing pastes from sodium
alginate and modified xanthan and their application in the reactive
printing of cotton, Color. Technol. 130 (4) (2014) 273-279.

E.P.o. Additives, et al., Safety and efficacy of sodium and potassium alginate
for pets, other non food-producing animals and fish, EFSA J. 15 (7) (2017)
e04945.

D. Jain, D. Bar-Shalom, Alginate drug delivery systems: application in
context of pharmaceutical and biomedical research, Drug Dev. Ind. Pharm.
40 (12) (2014) 1576-1584.

J.S. Boateng, et al., Wound healing dressings and drug delivery systems: a
review, J. Pharm. Sci. 97 (8) (2008) 2892-2923.

K.Y. Lee, D.J. Mooney, Hydrogels for tissue engineering, Chem. Rev. 101 (7)
(2001) 1869-1880.

J.-Y. Sun, et al., Highly stretchable and tough hydrogels, Nature 489 (7414)
(2012) 133-136.

C.H. Yang, et al, Strengthening alginate/polyacrylamide hydrogels using
various multivalent cations, ACS Appl. Mater. Interfaces 5 (21) (2013)
10418-10422.

CK. Kuo, P.X. Ma, lonically crosslinked alginate hydrogels as scaffolds
for tissue engineering: Part 1. Structure, gelation rate and mechanical
properties, Biomaterials 22 (6) (2001) 511-521.

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]
(24]
(25]
(26]

[27]
(28]

[29]
(30]

(31]

M.A. LeRoux, F. Guilak, L.A. Setton, Compressive and shear properties of
alginate gel: effects of sodium ions and alginate concentration, ]. Biomed.
Mater. Res.: Off. ]. Soc. Biomater. Japan. Soc. Biomater. Aust. Soc. Biomater.
Korean Soc. Biomater. 47 (1) (1999) 46-53.

P. Eiselt, K.Y. Lee, D.J. Mooney, Rigidity of two-component hydrogels pre-
pared from alginate and poly (ethylene glycol)- diamines, Macromolecules
32 (17) (1999) 5561-5566.

K.Y. Lee, et al., Controlling mechanical and swelling properties of alginate
hydrogels independently by cross-linker type and cross-linking density,
Macromolecules 33 (11) (2000) 4291-4294.

K.Y. Lee, K.H. Bouhadir, D.J. Mooney, Controlled degradation of hydrogels
using multi-functional cross-linking molecules, Biomaterials 25 (13) (2004)
2461-2466.

X. Zhao, et al., Stress-relaxation behavior in gels with ionic and covalent
crosslinks, J. Appl. Phys. 107 (6) (2010) 063509.

HJ. Kong, E. Wong, DJ. Mooney, Independent control of rigidity and
toughness of polymeric hydrogels, Macromolecules 36 (12) (2003)
4582-4588.

K.A. Smeds, M.W. Grinstaff, Photocrosslinkable polysaccharides for in situ
hydrogel formation, J. Biomed. Mater. Res.: Off. J. Soc. Biomater. Japan. Soc.
Biomater. 54 (1) (2001) 115-121.

0. Jeon, et al., Photocrosslinked alginate hydrogels with tunable biodegra-
dation rates and mechanical properties, Biomaterials 30 (14) (2009)
2724-2734.

AD. Rouillard, et al, Methods for photocrosslinking alginate hydrogel
scaffolds with high cell viability, Tissue Eng. C: Methods 17 (2) (2011)
173-179.

D. Piacquadio, D.B. Nelson, Alginates: A new dressing alternative: A new
dressing alternative, ]. Dermatol. Surg. Oncol. 18 (11) (1992) 992-995.

A. Hillel, P. Shah, ]J. Elisseeff, Hydrogels in cell encapsulation and tissue
engineering, in: Biomedical Polymers, Elsevier, 2007, pp. 57-82.

J. Steck, ]. Yang, Z. Suo, Covalent topological adhesion, ACS Macro Lett. 8
(2019) 754-758.

J. Steck, et al., Topological adhesion. I. Rapid and strong topohesives,
Extreme Mech. Lett. (2020) p. 100803.

M. Djabourov, Gelation—A review, Polym. Int. 25 (3) (1991) 135-143.
W.H. Stockmayer, Theory of molecular size distribution and gel formation
in branched-chain polymers, J. Chem. Phys. 11 (2) (1943) 45-55.

PJ. Flory, Principles of Polymer Chemistry, Cornell University Press, 1953.
K. Nishi, et al., Kinetic aspect on gelation mechanism of tetra-PEG hydrogel,
Macromolecules 47 (10) (2014) 3274-3281.

].J. Sperinde, L.G. Griffith, Control and prediction of gelation kinetics in en-
zymatically cross-linked poly (ethylene glycol) hydrogels, Macromolecules
33 (15) (2000) 5476-5480.


http://refhub.elsevier.com/S2352-4316(20)30167-X/sb1
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb1
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb1
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb2
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb2
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb2
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb3
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb3
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb3
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb4
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb4
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb4
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb5
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb6
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb6
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb6
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb6
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb6
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb7
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb7
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb7
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb7
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb7
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb8
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb8
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb8
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb8
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb8
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb9
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb9
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb9
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb10
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb10
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb10
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb11
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb11
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb11
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb12
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb12
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb12
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb12
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb12
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb13
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb13
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb13
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb13
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb13
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb14
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb14
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb14
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb14
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb14
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb14
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb14
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb15
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb15
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb15
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb15
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb15
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb16
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb16
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb16
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb16
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb16
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb17
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb17
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb17
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb17
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb17
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb18
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb18
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb18
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb19
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb19
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb19
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb19
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb19
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb20
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb20
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb20
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb20
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb20
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb21
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb21
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb21
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb21
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb21
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb22
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb22
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb22
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb22
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb22
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb23
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb23
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb23
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb24
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb24
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb24
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb25
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb25
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb25
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb26
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb26
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb26
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb27
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb28
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb28
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb28
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb29
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb30
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb30
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb30
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb31
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb31
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb31
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb31
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb31

[32]

[33]
(34]

[35]

[36]

[37]

[38]

J. Yang, J. Steck and Z. Suo / Extreme Mechanics Letters 40 (2020) 100898

BJ. Adzima, et al., Rheological and chemical analysis of reverse gelation
in a covalently cross-linked diels- alder polymer network, Macromolecules
41 (23) (2008) 9112-9117.

G.T. Hermanson, Bioconjugate Techniques, second ed., Academic Press,
Burlington, MA, 2008.

N. Nakajima, Y. Ikada, Mechanism of amide formation by carbodiimide for
bioconjugation in aqueous media, Bioconjug. Chem. 6 (1) (1995) 123-130.
S. Sam, et al., Semiquantitative study of the EDC/NHS activation of acid
terminal groups at modified porous silicon surfaces, Langmuir 26 (2)
(2009) 809-814.

C. Wang, et al., Different EDC/NHS activation mechanisms between PAA
and PMAA brushes and the following amidation reactions, Langmuir 27
(19) (2011) 12058-12068.

L.C. Chan, B.G. Cox, Kinetics of amide formation through carbodiimide/n-
hydroxybenzotriazole (HOBt) couplings, J. Org. Chem. 72 (23) (2007)
8863-8869.

Q. Yan, et al., EDC/NHS activation mechanism of polymethacrylic acid:
anhydride versus NHS-ester, Rsc Adv. 5 (86) (2015) 69939-69947.

(39]

[40]

[41]

[42]

[43]

S. Asiaei, B. Smith, P. Nieva, Enhancing conjugation rate of antibodies to
carboxylates: Numerical modeling of conjugation kinetics in microfluidic
channels and characterization of chemical over-exposure in conventional
protocols by quartz crystal microbalance, Biomicrofluidics 9 (6) (2015)
064115.

M.A. Gilles, A.Q. Hudson, C. Borders ]Jr, Stability of water-soluble
carbodiimides in aqueous solution, Anal. Biochem. 184 (2) (1990) 244-248.
S. Sam, et al,, Semiquantitative study of the EDC/NHS activation of acid
terminal groups at modified porous silicon surfaces, Langmuir 26 (2)
(2010) 809-814.

K.A. Totaro, et al., Systematic investigation of EDC/sNHS-mediated biocon-
jugation reactions for carboxylated peptide substrates, Bioconjug. Chem.
27 (4) (2016) 994-1004.

D.E. Wagner, et al.,, Design and synthesis of an artificial pulmonary pleura
for high throughput studies in acellular human lungs, Cell. Mol. Bioeng. 7
(2) (2014) 184-195.


http://refhub.elsevier.com/S2352-4316(20)30167-X/sb32
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb32
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb32
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb32
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb32
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb33
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb33
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb33
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb34
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb34
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb34
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb35
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb35
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb35
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb35
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb35
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb36
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb36
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb36
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb36
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb36
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb37
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb37
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb37
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb37
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb37
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb38
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb38
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb38
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb39
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb40
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb40
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb40
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb41
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb41
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb41
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb41
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb41
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb42
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb42
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb42
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb42
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb42
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb43
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb43
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb43
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb43
http://refhub.elsevier.com/S2352-4316(20)30167-X/sb43

	Gelation kinetics of alginate chains through covalent bonds
	Declaration of competing interest
	Acknowledgment
	References


