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Abstract

The utilization of alginate polymers for wound healing is well explored;

however, little attention is paid toward the optimization of the manufacturing

process, especially in regards to the final morphological and rheological prop-

erties that are imparted to the alginate matrix. This is important as it helps to

establish a set of guidelines for the consistent fabrication of mechanically

strong polymer wafers, which in the context of manufacturing and production

contributes to the reduction in research and development time required. In

this study, the order of application with respect to cross-linking and freeze-

drying parameters has been investigated, which showed to result in distinct

differences in terms of their overall morphology and mechanical strength. The

application of freeze-drying before cross-linking results in the uniform distri-

bution of cross-links throughout the alginate wafer, thereby producing a

mechanically strong polymer wafer that retains the dehydrated matrices origi-

nal thickness and architecture. Based on the observed data, freeze-drying prior

to cross-linking facilitates the increased permeation and distribution of the

cross-linker solution into the polymer matrix, thus resulting in the uniform distri-

bution of ionic cross-links, which is necessary to produce a more mechanically

superior polymer matrix.
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1 | INTRODUCTION

Alginates are one of the most highly utilized polymers in
the field of regenerative medicine, with usage in wound
healing,1,2 drug delivery,3–5 and tissue engineering,6,7

among many others. The mass usage of alginates derives
primarily from its abundance in nature, whereby it can
be sustainably sourced from a variety of seaweed species
including Ascophyllum, Durvillaea, Ecklonia, Lessonia,

Laminaria, and Macrocystis, as well as from the bacterial
species of Azotobacter and Pseudomonas.8

The standard fabrication method of alginate hydro-
gels first begin with the solvation of sodium alginate,
which produces sodium cations and alginic acid.9,10 The
molecular structure of alginic acid follows the standard
repeating pattern of two linked β-D-mannuronate (M) res-
idues coupled to two linked L-guluronate residues (G)
Figure 1a. When a calcium chloride cross-linker solution

Received: 3 May 2022 Revised: 16 June 2022 Accepted: 7 July 2022

DOI: 10.1002/app.52941

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals LLC.

J Appl Polym Sci. 2022;e52941. wileyonlinelibrary.com/journal/app 1 of 16

https://doi.org/10.1002/app.52941

https://orcid.org/0000-0002-7200-0566
mailto:clare.hoskins@strath.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/app
https://doi.org/10.1002/app.52941
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapp.52941&domain=pdf&date_stamp=2022-07-29


is applied to the alginate hydrogel, the free Ca2+ cation
forms a coordination bond with the exposed lone
pairs of the C O, C O C, C O H groups of alginic
acid, thus linking various segments alginic acid
chains together, resulting in an “egg box” structure,11

Figure 1b. A variety of different factors can affect the
physical characteristics of alginate polymers. Such fac-
tors include the molecular weight, ratio of M/G, varia-
tions in M/G patterns and, block lengths.12 Not only do
these factors correlate to the physical properties of the
alginate polymer, they also directly affect the potential
applicability of the polymer. This occurs as a result of
various parameters being affected such as pore size, pore
distribution, matrix composition and swelling capacity,
which can affect the polymers applicability as a drug
delivery vehicle or as a biomedical scaffold.13 While
these factors determine the applicability of the polymer
for use post-process, the innate properties of alginate
also play a significant role.

Alginate wafers are highly desirable due to a variety
of innate properties including their hydration capacity,
hemostatic properties, mechanical modifiability, and bio-
compatibility.14 Hydration capacity stems from the pleth-
ora of OH� groups that allow the molecule to dissociate
in water, however when these electronegative regions are
coordinated to Ca2+, the dissociability is drastically
reduced leading to an insoluble polymer matrix. The
hemostatic properties of cross-linked alginates in wound
healing occur as a result of the wound exudate being
absorbed into the alginate matrix which results in the
cross-link dissociation back into alginic acid and Ca2+.
Due to the diffusion gradient between the wound and the
hydrated alginate, Ca2+ cations are absorbed into the
wound which facilitates the clotting process,15 while the
Na+ from the exudate replaces some of the Ca2+, result-
ing in the formation of sodium alginate. This cross-link
process also plays into the aspect of mechanical modifica-
tion, as cross-link density correlates with rigidity of the

FIGURE 1 Chemical structure of

alginic acid in (a) monomer and

(b) cross-linked form [Color figure can

be viewed at wileyonlinelibrary.com]
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alginate matrix, which in turn can affect the final appli-
cation of the fabricated alginate polymer. The final factor
that determines the application of the polymer is the
morphology of the matrix, which in the context of wound
healing, should have a high ratio of surface area to vol-
ume, which will allow for increased drug loading and
controlled release, as well as increased rates of exudate
absorbance.

For the purposes of this experiment, the intention is
to fabricate the alginate polymer in the form of a wafer,
which is ideal for its application toward cutaneous
wound healing.16 This will ultimately help to establish
the optimal fabrication method needed for the develop-
ment of an effective multipurpose alginate platform that
can be adapted to any wound healing scenarios.

The specific test parameters within this experiment
include the effects of cross-link time, as well as the order
of application with respect to freeze-drying and cross
linking. The primary focus is to deduce whether or not the
variations in the order of application with respect to
freeze-drying and cross-linking will affect the mechanical
and morphological viability of alginate as a wound healing
medium. This is generally not taken into account during
the standard fabrication of calcium alginate, which exposes
unprocessed bulk sodium alginate to calcium cations.17–19

The implication of this study is to help determine the nec-
essary alterations required to produce an alginate wafer
that is mechanistically and morphologically appropriate
for wound healing. The factors that need to be taken into
account include the fact that the alginate wafer needs to be
durable enough to withstand repetitive motions presented
by various joint movements and also needs to have the
correct morphology so as to optimize its applications.

2 | MATERIALS AND METHODS

2.1 | Materials

Sodium alginate powder (216.12/mol) (CAS:9005-38-3),
99.95% D2O and calcium chloride pellets (mw 110.98 g/
mol) were sourced from Sigma-Aldrich, UK. Falcon
35 mm Petri dishes 353,001 sourced from Corning, 3 ml
plastic syringe sourced from Fisher Scientific, Microlance
3 needles were sourced from BD.

2.2 | Methods

2.2.1 | Wafer formulation

Both B1 and B2 alginate batches were formed through
the solvation of 3 g sodium alginate in 40 ml of deionized

water, stirring for 45 min at 80�C. The resultant polymer
solution of 7.5% (w/v) was dispensed into 35 mm Petri
dishes in 3 ml portions, which created 1 sample batch
and were left to acclimatize for 24 h under standard con-
ditions. A 0.1 mol calcium chloride cross-linking solution
was formed via the solvation of 3.685 g calcium chloride
pellets in 250 ml deionized water, stirred for 30 min at
room temperature.

The B1 alginate wafer batches were formed by first
submerging a batch 3 ml polymer solution into the cal-
cium chloride cross-link solution. Each polymer sample
was removed at 3-min intervals resulting in 10 different
samples of differing exposure times (3, 6, 9, 12, 15, 18,
21, 24, 27, and 30 min). After the cross-linking process,
the samples were washed with distilled water to remove
excess calcium cations before they were then frozen in
a �21�C LEC Medical Freezer LSFSF39UK for 2 days
prior to the freeze-drying process. All samples from the
batch were subjected to 0.3 bars of pressure at �52�C in a
Christ Alpha 1–2 LD plus freeze dryer for a period of
72 h which ensured the complete desiccation of each
polymer matrix.

The B2 alginate wafer batches were formed by first
freezing the samples at �21�C for 2 days, before undergo-
ing the freeze-drying process at 0.3 bars and � 52�C for a
period of 72 h. The desiccated polymers were left to equil-
ibrate at room temperature before their subsequent sub-
mersion in the 0.1 mol calcium chloride solution for the
intervals of 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30 min. After
cross-linking, the polymers were washed with deionized
water to remove any excess calcium cations before under-
going freeze drying for 24 h to remove the excess liquid.
This in turn inhibits uncontrolled polymer shrinkage,
which occurs due to the evaporation of water within the
polymer matrix.20

2.2.2 | Microscopic evaluation

Images were taken on a Nikon D750 using a 20 mm f/2.8
prime lens at f/8 1/160 s iso100 in conjunction with a
12 mm + 20 mm extension tube. Figure 2 images were
taken after 72 h of dehydration in the open air under
standard pressure and room temperature. Figure 3
images were taken after the samples were left to hydrate
for 3 h in 5 ml deionized water.

In Figure 4, polymer wafers were fully desiccated for
2 weeks prior to scanning electron microscopy analysis.
Ten samples of increasing cross-link time from both B1
and B2 batches were analyzed via a TM3030 Hitachi table-
top microscope, with all 20 images taken on the energy-
dispersive X-ray imaging mode under high vacuum, with
the secondary electron detector set at standard mode.
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2.2.3 | 1H NMR measurement

Sodium alginate obtained from sigma-Aldrich was dis-
solved in D2O, which was then analyzed in a Bruker
AVIII-HD-500 NMR Spectrometer to determine the M/G
ratio. The sample was analyzed at 353 K under standard
pressure, whereby 128 scans were conducted with a
relaxation delay of 2 s coupled with a scanning frequency
of 500 MHz.

2.2.4 | Hygroscopicity measurement

The B1 and B2 batches were weighed on a Sartorius
CPA224S analytical balance, then left in open air at room

temperature, and standard pressure for 72 h in which
they were reweighed to measure the atmospheric water
absorption of the polymer. Triplicate tests were con-
ducted on all 10 samples of increasing cross-link time
from B1 and B2 batches, resulting in the measurement of
60 samples.

2.2.5 | Hydration measurement

Triplicate tests were conducted on 10 samples of increas-
ing cross-link time for both B1 and B2 batches, where the
samples were first weighed to determine their dry weight,
before being submerged in distilled water for 1 h at room
temperature. Excess water was extracted with a needle

FIGURE 2 Images of 2-week-old air-dried wafers prepared through B1 (freeze drying post crosslinking) and B2 (freeze drying pre

cross-linking) [Color figure can be viewed at wileyonlinelibrary.com]
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and syringe prior to the weighing of the hydrated
samples.

2.2.6 | Rheological analysis

Triplicates of the 10 samples of increasing cross-link time
from both B1 and B2 batches were first hydrated for 2 h
at room temperature and standard pressure, before being
patted dry to remove excess moisture, thus allowing suffi-
cient grip between the sample and the plates. The sample
then undergoes an oscillatory amplitude sweep on the
HAAKE MARS rheometer by Thermofisher, between the
0.1 and 60 Pa shear stress under standard temperature
and atmospheric pressure. The gap height for batch B2
and B1 samples was set at 0.2 mm with a frequency of
1 Hz to determine the storage modulus G0 and loss modu-
lus G00, whereby 40 time points were taken to deduce any
noticeable trend in data.

2.2.7 | Fourier transform infrared
spectroscopy

Twenty samples were analyzed using the ATR technique
via a Nicolet iS5 FTIR by Thermofisher. Prior to FTIR
analysis, the samples were air dried at room temperature,
under standard atmosphere for 2 weeks, before being
ground down using a pestle and mortar. The fully

dehydrated samples were clamped down until 16 scans
were taken per sample following background correction.

2.2.8 | Differential scanning calorimetry
and Thermogravimetric analysis

Samples of 3-min, 15-min, and 30-min cross-link time
were obtained from method B1 and B2 and were dehy-
drated for 2 weeks in open air at room temperature under
standard atmosphere. The samples were ground down
and weighed between 5 and 10 mg before they were then
analyzed via both methods. DSC protocol followed the
use of a 5�C/min ramp to 250�C from 20�C under stan-
dard air 40 ml/min, before undergoing isothermal for
30 min. The temperature was then ramped down via
5�C/min from 250�C to 20�C.

TGA protocol followed the use of 5�C/min ramp to
300�C from 20�C, before an isothermal period of 5 min
was held.

2.2.9 | Evaporative water loss

Three sets of B1 and B2 samples contained within 35 mm
Petri dishes were immersed in 8 ml of deionized water
for 24 h at room temperature and standard atmosphere,
with the lid cover placed on top. After immersion, excess
water was blotted away leaving only the samples in their

FIGURE 4 Scanning electron micrographs of a) B1 and (b) B2 prepared samples, detailing the overall topography and porosity of both

samples, with B1 samples showing no discernible topographical elements, while B2 samples, shown at varying degrees of magnification,

display a vast array of pores and fibrous undulations. (c) Average pore diameter data from the B2 samples at varied cross-link times
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hydrated state. These samples were weighed and then air
dried at room temperature with the lid cover off for 24 h
before the samples were then reweighed.

3 | RESULTS AND DISCUSSION

The study was conducted to identify the effects of cross-
link time, as well as the order of application with respect
to freeze drying and cross-linking on the mechanical and
morphological properties of the alginate wafers. The aim
was to identify the specific effects of these parameters on
the physical properties of the wafers, which would then
allow for these wafers to be optimally fabricated relative
to their applications, that is, wound healing.

Alginate wafers were successfully produced for both B1
and B2 methodologies, whereby the difference in the B1
and B2 fabrication procedures produced vastly different
macrostructures, as shown in Figure 5, B1 wafers are of a
3 dimensionally flat morphology and are either translucent
or transparent, relative to the amount of unbound alginate
that is directly below the cross-linked layer (Figure 2).
Method B2 on the other hand produces a matrix with more
thickness and is opaque relative to the B1 morphologies.
Two main morphologies exist for B1, as shown in Figure 2,
either non-uniform patches of cross-linked alginate or a
fully transparent thin top layer of cross-linked alginate with

bulk non-cross-linked alginate aggregating around the out-
side. In both cases, the thickness of the B1 wafers was thin-
ner than their batch 2 counterparts. The B2 wafers
possessed a more substantial three-dimensional matrix
structure which is predominantly a result of the matrix
being locked in place via cross-linking before it is affected
by the suction forces generated by the freeze dryer. In the
specific case of B1 samples, its morphology occurs as a
result of the suction forces acting on the uncross-linked
alginate which then lost its structural integrity as it began
to melt. This is demonstrated by Figure 6 which depicts the
transition in its morphology throughout the freeze-drying
process. In some cases, the structure develops a slight cur-
vature which occurs as a result of the polymer strands
shrinking relative to the removal of moisture. This curva-
ture can prevent the matrix from expanding uniformly dur-
ing the hydration process, which may prevent it from
correctly conforming to the wound. This in itself reduces
the immediate contact area between the matrix and the
host's exudate, thereby limiting the rate of exudate absorption
and therapeutic drug release.

3.1 | Microscopic analysis

The wafers were imaged using scanning electron micros-
copy (SEM) to image their microstructure and estimate

FIGURE 5 Illustration depicting the structural differences of the final products fabricated as a result of method B1 and B2 [Color figure

can be viewed at wileyonlinelibrary.com]
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their pore sizes. The B1 wafers did not produce any visi-
ble pores at any of the any cross-link durations with a
representative image being shown in Figure 4a. Here, the
surface is very smooth with very few distinct features,
none of which could be identified as a pore. Based on the
fact that method B1 cross-links the alginate before freeze
drying, it is therefore expected that the top layer is
heavily cross-linked to the point where it inhibits the dif-
fusion of calcium cations beyond the cross-linked layer.
The B2 wafers possessed a matrix with a uniform yet dis-
ordered structure, whereby it is quite clear that the algi-
nate strands that are bound together have contracted as a
result of dehydration, resulting in a morphology with
high degrees of curvature as observed in Figure 4b. In
terms of pore distribution, all the pores were relatively
well distributed throughout the matrix without specific
areas having larger concentrations of pores relative to
one another. Figure 4c demonstrates that the average
pore size increased at increasing cross- linking times up
to 12 min, where they then slowly shrink until the
18 min mark, after which a rapid shrinkage occurred.
Based on the error bars, it can be observed that the pore
size is generally quite inconsistent prior to 27 min, with
exception for 12 min which has a smaller fluctuation in
size relative to the other values. Beyond 24 min the fluc-
tuations in pore size drastically decreases. The range of
pore sizes is between 19.3 and 98.1 μm, which is larger
than that of those found in literature,21 –25 however this
is due to the fact that most literature utilizes a lower algi-
nate w/v ratio of below 3%, which would imply higher
concentrations of water within the alginate matrix and

would therefore have more points of ice crystal nucle-
ation. This in turn would result in a higher abundance of
small pores, whereas a higher alginate w/v ratio would
result in a lower relative abundance of larger pores.

It should be noted that the main factors affecting the
final pore size for B2 wafers is attributed to the formation
of ice crystals, dehydration, and cross-link time. The
nucleation of ice crystals provide the initial expansive
forced need in the formation of the pores, which are then
generated through the sublimation of said ice crystals.
The final size of the ice crystals prior to sublimation
determine the maximum size of the pores, whereby the
removal of the ice crystals then allows for the facilitation
of dehydration induced contractual forces to uniformly
shrink the matrix.

For the aspect of wound healing, the release of cal-
cium cations from calcium alginate help to facilitate
hemostasis, while the polymer matrix helps with the
aggregation of erythrocytes and platelets by providing a
physical scaffold for cellular adhesion.26 In this context,
B2 30-min cross-link samples will provide the smallest
pore size, which in turn will provide the largest surface
area-to-volume ratio, thereby maximizing the quantity of
cellular aggregation in a uniform manner. It should also
be noted that B2 30-min cross-link samples will also have
the highest loading of calcium cations, which in turn will
extend the therapeutic dosage window for hemostasis to
occur. The main clinical implications of the B2 30-min
cross-link samples lie in the fact that the platelet plugs
will form uniformly within the smaller pores, which
overtime expand to form one large consistent plug. This

FIGURE 6 Detailed illustration depicting the effects of freeze-drying process on a pre-crosslinked alginate [Color figure can be viewed

at wileyonlinelibrary.com]
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occurs as a result of the calcium cations being released
from the alginate as it contacts the host's bodily fluids,
resulting in its structural breakdown as it contacts the
host's bodily fluids, causing Ca2+ and Na+ exchange to
occur between the matrix and bodily fluids, respec-
tively.27 Overtime, this causes the Ca2+ within the matrix
to be gradually replaced by Na+ thereby allowing further
platelet aggregation to occur around the plug in place of
the broken down alginate.

3.2 | Hygroscopic measurements

Hygroscopic weight measurements help to identify the
magnitude of atmospheric moisture absorption by the
wafers. This plays a role in the degradation of the product
as the introduction of water into a desiccated structure
increases its entropy leading to increased rates of
degradation. The hygroscopicity data, Figure 7, indicated
that the process of cross-linking after freeze drying (B2)
reduced the hygroscopic moisture gain from the local
environment compared to the B1 method.

The difference in average weight gain from atmo-
spheric water absorption between B1 and B2 samples
were very small, whereby the maximal difference in aver-
age hygroscopic gain between B1 and B2 samples occurs
at the 3-min cross-link mark with an average difference
of 0.073589 g which equates to a percentage difference of
28.6%. For both B2 and B1 batches, there is a weak nega-
tive correlation in regards to the decrease in hygroscopic
gain relative to cross-link time. Based on the trendlines,
it is clear that cross-link time impacts atmospheric weight
gain more heavily for B1 samples than B2 samples, as
shown by �0.0023� and �0.0004� trendline values with
respect to B1 and B2. Due to the fact the hygroscopic dif-
ferences between both methods are quite minimal,
coupled with the general minute gain in moisture con-
tent, the implications are that the methods themselves

have minimal effect in regards to hygroscopic analysis.
Despite the negligible differences in hygroscopicity, it is
quite clear that the application of freeze drying prior to
cross-linking reduces the fluctuation in hygroscopic gain,
especially in regards to the shorter cross-linking time
periods which may be due to the increased permeability
of method B2. The implications of the B2 method may be
that it narrows down the fluctuations in value by facilitat-
ing a very steady rate of cross-linking unlike that of
method B1 which only cross-links the top layer, thereby
allowing the hydrogel below to partake in more hygro-
scopic gain. Assuming that the fact that method B2 pro-
duces a larger volume of Ca2+ facilitated coordination
bonds relative to method B1, it can be implied that the
B1 samples would therefore have more unoccupied OH
and O bonds. This in turn would allow more hydrogen
bonding to occur between the unoccupied bonds and
atmospheric water, resulting in increased mass gain,
which would explain why B1 has a higher hygroscopic
gain relative to B2. Relative comparison against literature
shows that the hygroscopic gain from both B1 and B2
methodologies at room temperature fall in line with the
minute gain in mass from other calcium alginate tests.28

3.3 | Hydration measurement

Swelling capacity is the measurement of maximal water
absorption within a material. Based on Figure 3a, method
B2 gives a more consistent set of data values relative to
method B1, which possesses large fluctuations in swelling
capacity. The fluctuations in method B1, especially
between 3 and 6 min cross-link time, occur as a result of
unbound alginate being hydrated and detaching from the
main freeze-dried bulk matrix. The unbound alginate
when hydrated swells and diffuses into the excess body of
water, this makes it exceedingly difficult to separate dur-
ing the removal of excess water before swelling capacity
weight measurements. Due to this reason the swelling
capacity of method B1 is especially varied for the lower
cross-link durations. The difference in both hygroscopic-
ity and water swelling indicate that the initial cross-link
process in Batch 2 occurs at a higher rate and in a more
uniform fashion, leading to the occurrence of more ionic
bonds within a set time frame, subsequently leading to
less OH� available for hydrogen bonding with water. The
physical appearance of the samples were in agreement
with these findings, whereby, the B2 wafers matrices
return to a uniformly flat morphology once they are rehy-
drated, (Figure 3B2) whereas the B1 wafers (Figure 3B1),
formed a semi-gelatinous solution.

Literature has shown that calcium alginate's water
absorption capacity is around 1500–1700%, which is similar
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to the results from method B2, but is substantially lower
than that of method B1.29 Overall, both fabrication
methods indicate that there is a weak negative correlation
in regard to the swelling capacity as a function of cross-
linking time. Comparatively speaking B2 samples had a
lower capacity for hygroscopicity and water swelling which
agrees with the assumption of Ca2+ ionic bonding limiting
the numbers of available OH� lone pairs for hydrogen
bonding with free water molecules. Based on the fact that
B2 possessed lower average hydroscopic gain, this suggests
that the uniform distribution of cross-linking reduces the
total water absorption capacity as a result of more OH and
O groups within the alginate being occupied by the Ca2+

ionic bond, which in turn, drastically reduces the amount
of hydrogen bonding with unbound water, thus decreasing
the dissociability of the polymer matrix.30 The main limita-
tion of this study lies in the fact that the B2 matrices when

dehydrated in open air, after cross-linking, take upon a
slightly different morphology with respect to the cross-link
time. This is to be expected given the fact that increased
cross-link results in more anchor points for which dehydra-
tion induced contraction can occur, resulting in more
extreme curvatures when the matrix is fully desiccated.
This limitation could potentially affect the rehydration rate
of the alginate matrix; however, this may be mitigated by
applying a flat weight on top of the matrix during the dehy-
dration process, thus resulting in a flatter morphology for
all the B2 matrices.

3.4 | Rheological analysis

The storage modulus (G0) and loss modulus (G00) profiles
presented by methods B1 and B2 (Figure 8), demonstrate
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that there is a clear distinction in terms of relative separa-
tion and the nature of its relationship to the increase in
sheer stress. The B1 wafers G0 undergoes a decay profile
similar to that of an exponential profile, whereas the B2
wafers possess G0 readings similar to that of logarithmic
decay. In general, the G0 and G00 of the B1 wafers are gen-
erally lower relative to that of the B2 wafers, whereby a
notable difference is observed in the separation between
the Pa values of G0 and G00. In general, the greater the sep-
aration between G0 and G00, the more solid the object is in
terms of its microstructural rigidity relative to the applica-
tion of external mechanical forces. In this regard it is quite
clear that despite the large fluctuations of the G0 values in
the B2 wafers relative to the B1 wafers, the value differ-
ences in Pa between G0 versus G00 for B2 wafers is still dra-
matically larger than that of the B1 wafers. Whereby the
smallest difference between G0 and G00 for the B2 wafers is
205.56 Pa which is still larger than that of maximal Pa
difference in the B1 wafers which is 136.49 Pa.

The relative comparison of both G0 and G00 values can
be used to identify their change in phase angle as a func-
tion of time, as shown in Figure S1. The contrast in phase
angle measurements between the B1 wafers and the B2
wafers is very distinct, whereby B2 wafer phase angle
measurements are generally more consistent, following a
slow, but strong increase in phase angle as a function of
shear stress. The phase angle of the B2 wafers do not
exceed the yield point of 45�, thereby implying that all
the B2 wafers, even with minimal cross-link time are of a
strong solid state. For B1 wafers, the phase angle mea-
surements on the other hand are erratic, with many sam-
ples exceeding the yield point below 40 Pa shear stress,
implying that their transition into a more viscous domi-
nant state is generally more prevalent. The B2 wafers
phase angle measurements did not seem to be affected by
cross-link time, as no discernible trend in regard to the
changes in phase angle as a function of shear stress were
observed. Analysis of B1 wafers implied a weak negative
correlation whereby the increase in cross-link time
results in a smaller phase angle as a function of increas-
ing shear stress. It should also be noted that the B1
wafers at a reduced cross-link time also fail to go beyond
a certain shear stress value as some of the samples reach
mechanical failure earlier than others. This implied that
the samples with a lower cross-link time have a smaller
capacity for the storage of mechanical energy and would
therefore collapse earlier than their counterparts with a
larger cross-link time period. The differences in rheologi-
cal properties between the B1 and B2 wafers were sup-
ported by the complex modulus readings as shown in
Figure S2, which demonstrate the rigidity of the material
below its yield point. In this regard it is very clear that
the B1 wafers are closer to the yield stress and would

therefore illicit traits more similar to that of a liquid, while
B2 wafers are firmly within the bounds of being in a solid
like state. This is further reinforced by the trends in angular
frequency which describes the rate of rotation in radians as
a measure of time, Figure S3. The maximal changes in
angular frequency for B2 is approximately 0.004 rad s�1,
which is notably smaller than that of the B1 wafers, which
possessed a maximal change of approximately 0.017
rad s�1. Comparatively speaking, the B2 wafers rate of rota-
tion is much less than the B1 wafers, which further implies
the structural superiority of the B2 wafers.

Based on the observed results it can be implied the
distribution of Ca2+ cross-links varies greatly between
both B1 and B2 methodology, as the B2 samples are able
to resist a greater level of shear stress, which in turn
would suggest a greater level of uniform mechanical
strength. Comparison with literature further reinforces
the fact that higher levels of Ca2+ presence within the
matrix correlates with increased rheological strength,
which therefore leads to increased mechanical resistance
as a function of increasing mechanical stress.31

3.5 | FTIR analysis

Analysis of FTIR data, Figure 9, shows a general shift of
major peaks relating to the vibrational activity of OH
groups, which is expected as the exchange of sodium cat-
ions into calcium cations results in the structural forma-
tion following that of the egg-box model, which is
composed of chelating and coordination structure.11 As a
result of the replacement of Na+ with Ca2+, the exertion
of electromagnetic attraction becomes stronger, which
when applied against the hydroxyl groups of alginate will
result in the increase in bond length, which in turn results
in the shifting of its peaks to a lower wavelength. Analysis
of both B1 and B2 data shows that the vast majority of
bands were close to identical in in terms of their position-
ing, however the biggest observable differences lie in their
transmittance percentage relative to one another.

Based on Table 1, the broadest and roundest band occur
at 3000–3650 cm�1 signifying the stretching vibration of
O H bonds, next to this band is the 2850–2980 cm�1 band
represents the C H from the pyranose ring. The next set of
bands occur between 1500–1700 cm�1 and 1350–1500 cm�1

which signify the shifted asymmetric and symmetric stretch-
ing vibrations from carboxyl C O respectively, both of
which have occur as a result of its formation as a carboxylate
salt ion complex.32 A small peak occurs at 1250–1350 cm�1

which represents CCH + OCH, while 1050–1100 cm�1

represents the OCO group within the pyranose ring.
The final bands occurs at 950–1150 cm�1 which rep-

resents the vibrational stretch of the C-O groups within
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the pyranose rings and the 920–980 cm�1 CO uronic acid
stretch. The observed band positions were consistent with
other calcium alginate FTIR data from literature.32–34

Overall, the majority of peak positions between all
the samples were identical, with the exception of a few
cases, whereby slight variations in the visibility of certain
peaks seem to differ between samples. This includes B2
6 min, OCO peak is not as prominent due to it being
overshadowed by the CO stretching vibration. This does
not occur for sample B1 6 min but appears for samples
B1 12 and 24 min. Another slight difference occurs at
the CCH + OCH vibration whereby B2 12 min and B1
24 min does not display a visible peak, unlike all the
other samples where it is easy to identify. The biggest dif-
ference between B1 and B2 samples with respect to peak
positions occurs at the CO uronic acid stretch, which has
the greatest variation in terms of slight shifts that occur.
B2 samples with respect to the CO uronic acid stretch
were all aligned to 918 cm�1, however B1 samples shows
significant variations, with most aligning at 940 cm�1.
The outliers of B1 include 6 and 3 min which is shifted to
960 cm�1, 12 min which is shifted to 950 cm�1, 15 min
which has a broader than average peak of 940–960 cm�1

and 24 min which does not show the peak at all. Going
with the assumption that B2 produces equal distributions
of Ca2+ crosslinkers, it would therefore explain why all
the B2 peaks would be equally shifted and therefore all
aligned. On the contrary, B1 samples with their non-
homogenous distribution of Ca2+ crosslinkers, would
therefore result in disproportionate formations of carbox-
ylate salt ion complexes throughout the matrix, which
would in turn result in no shifting if the b1 sample piece
have very little to no Ca2+ present within it.

Comparison between the two data sets presented by
Figure 9a,b which are methods B1 and B2 respectively,
we can see that the transmittance percentage is signifi-
cantly lower in B1 which implies that there is a relatively
larger population of bonds that have the same vibrational
energy with respect to the incident light. In the case of
B2 samples, it would imply that there is a comparatively
smaller population of bonds, which may be indicative of
the number of Ca2+ cross-links that have occurred.

This is suggested by the comparison of B1 sample
data with the of FTIR literature of sodium alginate,32

both which bear a very similar set of band positions and
transmittance percentage relative to one another. Based
on this it could be implied that the sodium alginate
makes up the majority of the B2 population, which in
turn would suggest that the presence of Ca2+ cross-
linking is lower for that preparation method.

3.6 | DSC and TGA analysis

Comparing the differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) data from

TABLE 1 Assignment of vibrational modes for calcium

alginate

Vibration Position (cm�1)

O H 3000–3650

C H—Anomer 2850–2980

COO—Asymmetric 1500–1700

COO—Symmetric 1350–1500

CCH + OCH 1250–1350

OCO—Ring 1050–1100

CO—Stretching 950–1150

CO—Stretching uronic acid 920–980
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FIGURE 9 FTIR transmittance as a function of cross-link time

and preparation method for (a) B1 and (b) B2 prepared samples
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Figure 10 of both method B1 and B2, there were some
distinct similarities and differences. In terms of the TGA
data, both B1 and B2 samples follow a similar downward
trend, where there is a relatively steep slope between
50�C and 100�C as the unbound water gets evaporated
off of the alginate matrix. Beyond that point, there were
slight variations in temperature points with regards to
the breakdown of the ionic cross-link which is repre-
sented by the first minor dip after 170�C. In regards to
the DSC data, the initial peak in heatflow of the afore-
mentioned dip represents the maximal endothermic
exchange before the thermolytic cleavage of the carboxyl-
ate salt ion complex, which is represented by the drop in
heatflow, thus signifying an exothermic reaction. A sharp
dip is indicative of highly crystalline structure, which in
the case of calcium alginate, would be the “egg box
model”.11

For method B1 3-min the dip begins at 175�C, 15-min
192�C, 30-min 197�C, while for method B2 3-min, the dip
begins at 191�C, 15-min 197�C and 30-min 193�C. Com-
paratively speaking, method B2 has a more consistent
endothermic peak with respect to temperature, whereas
for method B1, there is a larger discrepancy in the consis-
tency of the ionic endothermic peak, with the B1 3-min
cross-link sample undergoing its endothermic exchange
at a lower temperature. Literature identifies the calcium
alginate endothermic dip to occur at 197�C and 194.05�C,
with sodium alginate lacking this specific dip.35,36 This
would therefore imply that both samples, irrespective of
cross-link time, were both calcium alginate, possibly sug-
gesting that the occurrence of B1 3-min dip at 175�C is as
a result of the reduced quantity of calcium carboxylate
complexes formed, which would therefore lead to an ear-
lier exothermic event with respect to the ramp rate. The
reason as to why B1 and B2 display similar DSC and
TGA results is primarily due to the fact that the B1 pro-
cess separates the unbound alginate from the cross-linked
top layer, as shown in Figure 2, thereby leading to diffi-
culties with respect to producing a small enough sample
for measurement that can accurately represents the
methodology. This is further compounded by fact that
the dehydration process drastically reduces the volume of
the unbound alginate, resulting in the majority of the B1
matrix's volume being predominantly the cross-linked
top layer when it is ground down for analysis.

3.7 | M/G analysis

As shown by the 1H NMR spectra in Figure 11, the sam-
ple was heated to 80�C which removes the water peak,
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which would typically obscure the key signals, but also as
a consequence shifted the position of each signal. The
primary purpose of this analysis is to deduce the M/G
ratio via the relative comparison of the integrated areas
G-1 (5.51–6.65 ppm), GG-5 (4.92–5.01 ppm) and the com-
bined areas of GGM-5, MGM-5,MG-1 and MM-1 (5.13–
5.29). Integration calculations were performed following
the method used by Jensen et al.,37 which gave a M/G
value of 1.09.

M
G
¼BþC�A

A

This M/G value is relatively low, thereby indicating that
this particular batch of sodium alginate would produce
polymers that are more brittle, as higher M residue con-
tents produce matrices that are more pliable in nature,
while high G residues coupled with long GG blocks result
in more rigid matrices.38 When comparing this data to lit-
erature that has also characterized Sigma-Aldrich sodium
alginate (CAS:9005-38-3), there is a clear indication that
there is a batch to batch difference with respect to the
M/G ratio, as Belattmania et al., observed a M/G value of
3.42 which were higher than the values observed from
this experiment.39 Given the fact that Ca2+ primarily
binds toward G and MG blocks, the implications with
respect to the experimental data would therefore suggest
a higher population of G blocks which in itself would
imply more cross-linking sites for Ca2+. Assuming the
fact that the other batches of sodium alginate may have
higher M/G ratios, it could then be suggested that the

mechanical strength of the experimental matrix is there-
fore at the higher end of spectrum, which then gets fur-
ther pronounced with respect to the increase in cross-
link time.

3.8 | Evaporative water loss
measurements

Based on the results of Figure 12a, the general trend indi-
cates that there is positive correlation in regards to evapo-
rative water loss relative to cross-link time, whereby B1
has an R2 value of 0.3944 indicating a weak correlation,
while B2 has an R2 value of 0.5338, which indicates a
moderate correlation. Comparison between B1 and B2
results indicate that B2 samples generally undergoes a
higher degree of evaporative water loss, with the excep-
tion of 3, 9, 12, and 18 min which show similar levels of
water loss. It should be noted that B1 samples have larger
standard deviations than B2 samples with the exception
of 9 and 15 min, as shown in Figure 12b. These large var-
iances may be attributed to the loss in structural integrity
as the B1 samples get hydrated and breakdown, leading
to changes in total in surface area which affects the rate
of water loss. This would be further exacerbated for B1
samples at higher cross-link times due to variations in
their final morphology, as shown in Figure 2, which can
affect their dissociation in water, thus leading to greater
variances in their evaporative water loss values.

On the other hand, B2 samples did not lose struc-
tural integrity as a result of the hydration process, with

FIGURE 11 Proton NMR spectrum, detailing the various peaks associated with each alginate block. (a) Integrated area of G-1,

(b) combined integrated area of GGM-5, MGM-5, MG-1, MM-1, (c) integrated area of GG-5 [Color figure can be viewed at

wileyonlinelibrary.com]
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respect to the B1 samples, however the standard devia-
tion still increases overall, with 15 min being an anom-
aly. Based on the results of Figure 12b, there is a
moderate positive correlation between increasing
cross-link time and increasing standard deviation of
evaporative water loss for B1 samples, whereas for B2
samples there is a weak positive correlation. The over-
all implications suggest that a lower cross-link time
may be more appropriate for reducing evaporative
water loss, as well as its associated deviations, which
would allow for more consistency when applied toward
wound healing applications.

4 | CONCLUSION

This study has demonstrated that preparation method for
producing alginate or alginate-based wafers with a high

level of structural integrity and optimal rheological prop-
erties is vital. In order to fabricate stronger polymer
wafers it is necessary to first freeze dry them before the
cross-linking step, thus facilitating the uniform distribu-
tion of cross-links throughout the polymer system,
thereby leading to increased mechanical strength. The
key findings from this study imply that the B2 methodol-
ogy produces polymer wafers with superior mechanical
characteristics coupled with a morphology that is more
suitable for wound healing applications. The B2 wafers
provide increased mechanical strength, porosity and sur-
face area which ensures that the wafer is durable enough
to serve as a wound healing platform for increased drug
release and exudate absorption without compromising
the structural integrity of the matrix. For future studies,
it would worth investigating whether or not the distribu-
tion of alginate associated cross-links can be affected by
the type of multivalent cationic agent that is used, that is,
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Zn2+ and Ga3+. It may also be worth exploring the simul-
taneous use of two differing multivalent cationic species
for alginate cross-linking, as it could potentially give fur-
ther insight toward the methods in which one could use
to manipulate the physicochemical characteristics of the
matrix. Assuming that it possible to control the release
priorities of differing cationic populations, this could then
have significant therapeutic implications as certain cat-
ions such as Ca2+, Zn2+, Fe2+, and Mg2+ which all have
positive therapeutic effects when undergoing controlled
release into the body.40–42
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