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ABSTRACT: Alginate hydrogels are frequently used in 3D bioprinting and
tissue repair and regeneration. Establishing the structure—property—perform-
ance correlation of these materials would benefit significantly from high-
resolution structural characterization in aqueous environments from the
molecular level to continuum. This study overcomes technical challenges and
enables high-resolution atomic force microscopy (AFM) imaging of hydrated
alginate hydrogels in aqueous media. By combining a new sample preparation
protocol with extremely gentle tapping mode AFM imaging, we characterized
the morphology and regional mechanical properties of the hydrated alginate.
Upon cross-linking, basic units of these hydrogel materials consist of egg-box
dimers, which assemble into long fibrils. These fibrils congregate and pile up,
forming a sponge-like structure, whose pore size and distribution depend on
the cross-linking conditions. At the exterior, surface tension impacts the piling
of fibrils, leading to stripe-like features. These structural features contribute to local, regional, and macroscopic mechanics. The
outcome provides new insights into its structural characteristics from nanometers to tens of micrometers, i.e., at the dimensions
pertaining to biomaterial and hydrogel—cell interactions. Collectively, the results advance our knowledge of the structure and
mechanics from the nanometer to continuum, facilitating advanced applications in hydrogel biomaterials.

Article Recommendations

Bl INTRODUCTION

Alginate hydrogel, consisting of natural linear polysaccharides
composed of copolymeric blocks of (1—4)-linked p-p-
mannuronic acid (M units) and a-L-guluronic acid (G
units)," is frequently used in numerous biomaterial applica-
tions such as 3D bioprinting” and tissue engineering and
regeneration3’4 due to its high biocompatibility, high stability,
ease of engineering, and ability to form stable gels in the
presence of divalent cations such as calcium.’”” The hydrogel
structure across dimensions, e.g, from nanometers to
continuum, imlpacts its properties and performance in
applications.”*~"" Prior work has revealed important insights
pertaining to the hydrogel structure upon cross-linking. X-ray
diffraction has revealed the basic unit in alginate hydrogel,
known as egg-box dimer."'"'* Microscopy techniques, such as

structural information on the hydrated hydrogel and provide
pertaining measurements of the structure and properties that
cells “see and feel” for in vitro and in vivo. It is also important to
attain both the exterior and interior structures of the hydrogel
materials, which impacts the material performance.

Atomic force microscopy (AFM) is known to enable high-
resolution imaging in physiological media and produce true 3D
topographic information."®'® However, using AFM to image
alginate hydrogel in aqueous media faced several technical
challenges such as the “soft-and-sticky” nature of the materials,
the movement of hydrogel thin films,”® and AFM tips
becoming blunt during scanning due to wearing or attachment
of hydrogel materials. Thus, most AFM studies focused on
imaging dried hydrogels under ambient conditions,”"** with a
few exceptions that explored imaging in wet conditions, such as

scanning electron miscroscopy (SEM), cryo-SEM, and trans-
mission electron microscopy (TEM) investigations also
revealed fiber-like features at the exterior of the hydrogel
materials.'*'* However, there are limitations of the mesoscale
structure characterization due to the drying and/or cryo-
treatments of the hydrogel samples, which could alter the
structure of the materials."*™'® X-ray diffraction'' and solid-
state NMR spectroscopy'’ studies also indicated that the
dehydration can significantly alter the alginate hydrogel
structure. Therefore, there is an increasing need to characterize
hydrogel materials in aqueous environment to reveal accurate
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those with water droplets on the surface” or examining
ultrathin alginate films** in aqueous media. To probe the
alginate hydrogel material structure and properties in aqueous
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Figure 1. (A) A photograph shows a typical hydrogel sample prepared via our method described. (B) A schematic diagram illustrating AFM
imaging of hydrogel exterior. (C) A schematic diagram illustrating AFM imaging of hydrogel interior after cutting the hydrogel in (B).

media, a new AFM imaging approach is necessary to allow
imaging of hydrogel films with practical thickness. This work
reports our method of sample preparation in conjunction with
the extremely soft tapping mode AFM imaging. Both the
exterior and interior of alginate hydrogels were investigated to
reveal structural information from nanometers to the
continuum. Regional mechanics™ ™7 were also measured as
a function of the degree of cross-linking, in correlation to the
structural characterization. The information collectively
provides a detailed view of alginate hydrogel structures across
dimensions and in hydrated environments. The outcomes
benefit the structure—property correlation and facilitate
applications of alginate hydrogel materials in 3D biomaterial
printing and tissue engineering and regeneration.

B EXPERIMENTAL SECTION

Materials. Sodium alginate with a low viscosity (49.42 cP for 2%
w/v concentration in water at 23 °C) and calcium chloride were
purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Ultrapure
water with a resistivity of 18.2 MQ-cm was produced from a Milli-Q
water purification system (EMD Millipore, Billerica, MA, U.S.A.).
MatTek glass-bottom dishes, PS0G-1.5-30-F, were purchased from
MatTek Corporation (Ashland, MA, USA).

Preparation of Alginate Hydrogel Samples. 2% (w/v) sodium
alginate solution was obtained from dissolving in the Milli-Q water
and stirring overnight. The viscosity of 2% sodium alginate was
measured with a RheoSense microVISC viscometer at 23 °C. 130 uL
of 2% (w/v) alginate aqueous solution was deposited to a stainless-
steel mesh (1 mm periodicity) that was placed in the MatTek dish,
immediately followed by adding CaCl, solution to it. After
submerging the alginate in CaCl, for 2 h, the CaCl, solution was
removed, and the hydrogel was rinsed with Milli-Q water. The
MatTek dish was then refilled with Milli-Q water. The exterior
hydrogel was characterized via AFM first, and then, a surgical blade
(MedBlades, no. 11) was used to cut the hydrogel film and expose the
interior of the hydrogel sample. A schematic diagram of the hydrogel
sample preparation protocol is shown in Figure 1.

AFM Imaging of Alginate Hydrogel. All images were collected
on an MFP-3D AFM (Oxford Instruments, Santa Barbara, CA,
U.S.A.). Silicon cantilever (AC240TSA-R3, typical spring constant of
2.0 N/m, Olympus, Center Valley, PA, U.S.A.) was used to perform a
light tapping mode in water. The scanning rates were usually 0.5—-0.8
Hz. Each hydrogel sample was fully immersed in water during the
entire AFM investigation. Image processing and analysis were
conducted using MFP-3D software developed on the Igor Pro. 6.20
platform.

To ensure high-resolution imaging, we used fresh AFM tips under
very gentle tapping conditions and closely monitored the image
evolution with time. If tips became blunt, for example, due to wearing
or hydrogel material attachment during the scan, we would stop the
scan and switch to a fresh AFM probe.

The driving frequency was set to the natural resonance frequency
of the cantilevers used, typically 21 kHz in water. The exterior area of
alginate hydrogel was imaged via AFM first, with the damping set to
be 4—10% of the 1V free amplitude (~90 nm), i.e., the set point was
90—96% of the free amplitude. For AFM imaging of the interior, even
lighter tapping was used with 1-2% damping of the 1 V free

amplitude. This condition was selected to ensure gentle tapping and
to avoid tip contamination.

Porosity Analysis. For hydrogel samples whose topographic
images reveal pore features, we used Image] (NIH) to quantify the
“coverage” of the pores. First, the AFM topographic image was
imported into ImageJ and converted to a binary image. Next, the
topographic image and the binary images were displayed side by side,
and the threshold on the binary image was adjusted until the dark
features replicated the pore features on the topographic images. Then,
the depth of the shallowest pore was determined from the
topographic image, serving as the standard for the assignment of
pore features for all AFM images of hydrogels. Finally, the coverage of
pore features can be directly read from the binary images by Image].

Regional Mechanics Measurements via AFM. AFM inden-
tation was done with the MFP-3D AFM using a modified AC240
cantilever. A 40 ym glass bead (Thermo Scientific, Fremont, CA) was
glued with epoxy adhesive (Devcon, Glen View, IL) to the apex of the
cantilever using our well-established method.””*® Briefly, the AFM tip
was brought into contact with an epoxy glue line drawn on the glass
surface to apply a small amount of glue. The glue-covered AFM tip
was then positioned above a selected glass bead and contact was
maintained for at least 30 min to ensure secure adhesion. The spring
constant of the modified AFM tip was calculated using the added
mass method,”” which measured the resonant frequency before and
after adding the glass bead. The spring constant was then calculated to
be k = 2.0 N/m. The force-deformation was first acquired over a hard
surface, in our case, a bare glass surface, from which deflection inverse
optical lever sensitivity was determined, invOLs = 53.87 nm/V. This
value was obtained by measuring the slope of the linear portion of the
force curve when the cantilever was in contact with the glass surface.
The probe was then positioned in proximity above the hydrogel
surface, followed by acquiring force—distance profiles at the
approaching/retracting speed of 2.0 ym/s. The maximum indentation
depth was ~ 300 nm. Typically, force curves were obtained from six
independent locations on the same hydrogel sample to ensure
reproducibility and reliability. The Hertzian model®>***" was used to
fit the approach cycle of the curve to extract Young’s modulus using
the contact mechanical fits available in MFP-3D software, version AR
12. All measurements were carried out in water after collecting images
on the areas of interest in the hydrogel. Poisson’s ratio of 0.49 was
used in the fitting for hydrated hydrogel.**

Statistical Analysis. Young’s modulus values of the designated
materials are reported as mean + standard deviation. Each hydrogel
sample included six replicates (n = 6).

B RESULTS AND DISCUSSION

Preparing Hydrogel Materials for AFM Imaging in
Aqueous Media. Alginate hydrogel materials were prepared
using calcium ijonic cross-linking of sodium alginate solution
via immersion, following the commonly used method.*® To
address the aforementioned challenge of material movement,
we placed a stainless-steel mesh (see Experimental Section)
onto the surface support before depositing the hydrogel
solution and performing cross-linking. The mesh served as a
structural support to stabilize the hydrogel films on glass
supports (Figure 1A). The exterior area (indicated by the red
line in Figure 1B) was characterized via AFM first by
positioning the probe above the top of the material. Then,
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Figure 2. AFM imaging of alginate hydrogel cross-linked with 200 mM CaCl, for 2 h. (A) A representative topographic image from the exterior.
Scale bar = 2 ym. (B) A zoom-in view of the hydrogel exterior. Scale bar = 100 nm. (C) A 3D and zoom-in view (22 nm X 18 nm) of an area
containing two nearest neighbor fibrils. (D) Height profile of the red cursor indicated in image (A) and (E) height profile of the blue cursor
indicated in image (B). The schematics above the peaks illustrate how the fibrils might pile. (F) Height profile of the green cursor indicated in

image (C).

the interior area (indicated by the green line in Figure 1C) was
exposed by cutting the hydrogel film with a surgical blade,
immediately followed by AFM imaging. AFM force-deforma-
tion profiles were also acquired on both the exterior and
interior to probe the regional mechanical properties. This
method enabled high-resolution AFM imaging and measure-
ments of regional mechanics in aqueous media.
High-Resolution Imaging of the Exterior of Alginate
Hydrogel. The cross-linked hydrogel sample is approximately
S mm wide and 2 mm tall. At least three different locations
from the top surface were imaged to check for reproducibility.
Figure 2A presents a representative 10 ym X 10 ym view of the
exterior alginate upon soaking in 200 mM CaCl, solution for 2
h. This concentration was selected because it is commonly
used in the preparation of alginate hydrogels for various
biomedical applications.>*™° The initial imaging area was
determined using the lateral dimensions of typical MSC cells
(15—30 um) as a guide, to gain insights into what a cell may
“see and feel” overall.’”*® The AFM topography (Figure 2A)
shows bright stripes extending across the scanned region.
These stripes exhibit similar orientations and are separated by
darker contrast in-between. The height profile as shown in
Figure 2D across three representative stripes as shown in
Figure 2A allows for quantification, e.g, the full width at half-
maximum (fwhm) of 240, 340, and 380 nm and apparent
height of 157, 152, and 158 nm, respectively. Considering all
stripes in Figure 2A, the fwhm ranges from 130 to 850 nm.
A zoomed-in view (500 nm X 500 nm, Figure 2B) reveals
the hydrogel structure within a typical stripe. At this scale, the
structure of alginate hydrogel displays a Swiss-cheese-like

25633

morphology, with the crater features (dark contrast)
surrounded by the piling of bright fibril features. For example,
the height profile in Figure 2E shows a 34 nm wide crater.
Those crater features measured in Figure 2B typically have
openings ranging from 16 to 60 nm. The fibrils in Figure 2B
were observed to bundle and pile, typically 8—17 nm in fwhm
width and 3—17 nm in apparent height. The degree of fibril
piling varies, as shown in the three examples in Figure 2E, with
heights measured from 11 to 21 nm to 35 nm, respectively.
The resolution of Figure 2B reached 4.5 nm, as demonstrated
by the two clearly resolved nearest neighbor features shown in
Figure 2C and the height profile in Figure 2F.

To the best of our knowledge, this is the first time that thick
alginate hydrogel films were successfully imaged in aqueous
media by using AFM with nanometer resolution. Our high-
resolution AFM images provide structural information for the
alginate hydrogel from the nanometer level to the mesoscale
and beyond. Fiber X-ray diffraction has revealed that the basic
unit in cross-linked alginate is “egg-box” dimer with a width of
0.86 nm.'> Further association among these dimers could
occur with the addition of cations into individual fibrils, which
is referred to as bundling.'>*”*’ Our work enables visualization
and measurement of these fibrils and their further assemblies,
such as lateral association and/or piling up. In the case of
hydrogel exterior, e.g,, in Figure 2B, these fibrils assembled and
piled up to form a “Swiss cheese” morphology within each
stripe. The formation of stripes is unique to the exterior, likely
due to the association of the fibril bundles under interfacial
tension. With the updated knowledge in this AFM
investigation, the structural description from molecular to
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Figure 3. Schematic diagram illustrating the structure of the exterior of alginate hydrogel upon cross-linking. Right: the molecular structure of one
“egg-box” dimer. Middle: dimer association to form fibrils (side and top views). Left: bundled and piled fibrils contributing to the observed Swiss-
cheese morphology within each stripe, with two neighboring stripes displayed to reveal their alignment and separation.
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Figure 4. AFM topographic images and cursor profiles of alginate hydrogel cross-linked for 2 h via CaCl, solution with designed concentrations.
(A) Exterior and (B) interior of alginate cross-linked with 200 mM CaCl,. In (B), a green circle enclosed a complex pore, i.e., a large pore with §
smaller pores within. (C) Exterior and (D) interior of alginate cross-linked with 10 mM CaCl,. (E—H) Height profiles corresponding to the cursors
shown in (A—D), respectively. Scale bars = 1 ym.

continuum for the hydrogel exterior is illustrated in the exterior and interior are displayed side by side in Figure 4. In

schematic diagram in Figure 3. contrast to the exterior discussed in the previous section and

High-Resolution AFM Imaging of Alginate Hydrogel
Interior. Our high-resolution AFM imaging of the alginate
hydrogel’s interior revealed significant structural differences
from the exterior. Representative topographic images of the

shown in Figure 4A, the interior presents a spongy-like
structure (Figure 4B), characterized by dark pores surrounded
by bright features. Many of these pores, e.g, indicated within
the enclosure in Figure 4B, contain smaller pores embedded

https://doi.org/10.1021/acs.langmuir.4c03554
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within. The majority of these pores observed in Figure 4B have
lateral dimensions of 150—300 nm, and their apparent depth
ranges from 170 to 680 nm. For small pores, the depth likely
represents an underestimation of the pore depth, as the AFM
probe apex may be unable to reach the bottom. Overall, the
interior exhibits a rougher morphology with a root-mean-
square roughness of 128 nm compared to that of the exterior
(34 nm). This local and nanoscale structural information is
important for understanding cell-hydrogel interactions, as the
size of the filopodia of cells fall into the pore size range.*!
Additionally, the pore structure could also impact the material
mechanics, as discussed later in this work.

In correlation with the structural characterization, the
regional mechanics of alginate were also measured using a 40
pum sphere attached to a microcantilever. Figure S shows a
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Figure S. A representative force-deformation profile of the hydrogel
shown in Figure 2, with the approach and retraction represented by
red and blue lines, respectively. The fit using Hertzian mechanics is
shown by the black dashed line. The arrow indicates the tip—surface
contact point.

representative force-deformation profile taken on the exterior
alginate cross-linked with 200 mM CaCl, in both approach and
retraction cycle. There is little adhesion, as shown in Figlure S.
The approach cycle is fitted with the Hertzian model,*>>%?'
yielding Young’s modulus of 329 kPa. The fitting quality,
indicated by the coefficient of determination R* = 0.999,
demonstrates that the model works well with the experimental
data. Young’s moduli extracted for all hydrogel systems are
summarized in Table 1, column 3. The interior of hydrogel

Table 1. Young’s Modulus of Hydrogel Samples Measured
Using AFM-Based Regional Mechanics (n = 6)

cross-linking condition (Ca* hydrogel Young’s modulus
concentration) region (kPa)
200 mM exterior 290 + 90
200 mM interior 23 +£8
10 mM exterior 16 + 6
10 mM interior 3+1

exhibits Young’s modulus of 23 + 8 kPa (row 2 and column
3), indicating that the interior is softer than the exterior, with a
modulus of 290 + 90 kPa (row 1 and column 3).

While past spectroscopy studies (micrometer resolution)
have indicated differences from the exterior to the interior of
the alginate prepared by similar protocols to ours,"* this
work enables direct visualization of the structural differences in

aqueous media and with nanometer spatial precision. These
structural differences were rationalized by Ca** diffusion from
external inward, causing a decrease in the degree of cross-
linking.**~* The high-resolution imaging clearly reveals the
structural manifestation of these differences, including Swiss
cheese versus sponge morphology and differences in fibril
assembly and piling within these features. These structural
differences correlate well with the regional mechanical
properties measured by modified AFM probes. Collectively,
this work enables correlation between structure and regional
mechanics, which are known to impact cellular behavior.*’
Variations in local mechanical properties influence stem cell
differentiation, with softer regions supporting softer tissue
development, such as cartilage, while stiffer regions promote
osteogenic differentiation and bone formation.”

Impact of Calcium lon Concentration. Under the same
reaction time of 2 h, reducing [Ca**] to 10 mM led to distinct
morphological differences in both interior and exterior
compared to that under 200 mM. The exterior cross-linked
with 10 mM CaCl, (Figure 4C) is dominated by a large
number of fibrils with smaller diameters compared to those
observed under a higher concentration shown in Figure 4A.
The degree of lateral association between fibrils is also
reduced. The lateral dimensions of these features observed in
Figure 4C, as measured by the height profile shown in Figure
4G, range from 60 to 180 nm, which is significantly smaller
than that shown in Figure 4E (170 to 570 nm). The regional
elasticity measurements reveal that the exterior formed at 10
mM appears softer, with Young’s modulus of 16 + 6 kPa,
compared to that under 200 mM (290 + 90 kPa).

The interior alginate after reaction with 10 mM CaCl,
(Figure 4D) exhibited a different morphology from that at
200 mM, characterized by a large population of small pores
with an apparent depth of 75—180 nm and fwhm of 98—170
nm. At 200 mM (Figure 4B), in comparison, the apparent
depth measures 170—680 nm and fwhm ranges from 150 to
400 nm. To quantify pore coverage, the shallowest pore depth
determined from the interior alginate cross-linked with 10 mM
CaCl, (Figure 4D), approximately 44 nm, was used as a
threshold in Image] for generating pore maps across all AFM
images. The overall coverage (area %) and distribution of
pores are more clearly visualized using our pore mapping, as
shown in Figure 6, where dark and bright contrasts correspond
to pore and fibril assembly regions, respectively. At 10 mM, the
areal coverage of pores measures 46.9%, which is larger than
that under 200 mM (37.6%). The coverage and distribution of
sponge frames, i.e., fibril assemblies (bright contrast), are also

Figure 6. Pore maps generated from AFM topographic images of
Figure 4B,D. (A,B) correspond to [Ca**] at 200 and 10 mM,
respectively. Scale bars = 1 pm.
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clearly visible, with larger frames and higher coverage in the
case of 200 mM than that under 10 mM. These detailed
sponge structures provide the structural basis for the
mechanical properties, e.g,, Young’s modulus measures 3 =+ 1
kPa at 10 mM, which means softer than that at 200 mM (23 +
8 kPa).

These observations are consistent with the explanation of a
lower degree of cross-linking with decreasing [Ca**]. Similar
trends were also reported in prior work using rheological
measurements and tensile strength measurements, representing
the bulk materials properties.*”** The new insights revealed in
this investigation are the structural basis, from nanometer to
macrolevel, that leads to the mechanical properties. At the
nano- to microscale, we observed smaller fibrils and less
bundling and piling among fibrils at lower [Ca**]. Regional
Young’s modulus is also smaller in both the interior and
exterior of the hydrogel at a lower degree of cross-linking.

Bl CONCLUSIONS

This work presents a high-resolution structural characterization
of alginate hydrogels in aqueous media using AFM, by
overcoming technical challenges of AFM imaging of soft-and-
sticky materials. Our sample preparation protocols in
conjunction with extremely soft tapping enable high-resolution
imaging of the morphology and measurement of the regional
mechanical properties. Upon cross-linking, the basic units of
these hydrogel materials consist of egg-box dimers, which
assemble into fibrils and fibril bundles. The final hydrogel
materials are the outcomes of the assembly and piling of these
bundles, manifesting into sponge-like structures at the interior.
Cross-linking conditions, such as [Ca®], soaking time, and
temperature, impact the bundle size and piling of bundles,
which in turn influence the pore size and distribution as well as
the sponge framework. At the exterior of the hydrogels, surface
or interfacial tension comes into play, causing the fibrils to
form stripe-like features. These new insights provide the
structural basis for the observed mechanical properties at the
local, regional, and macro levels. Work is in progress to
investigate the impacts on hydrogel—cell interactions with the
knowledge of structures from nanometers to tens of micro-
meters. The advancement of our understanding of the
structure and mechanics from the nanometer scale to the
continuum will facilitate applications in biomaterials, including
tissue engineering and regenerative medicine.
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