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ABSTRACT: Microgels offer broad applications in bioengineering due to their ,, Microfluidic =~ Nancindentation  In situ Crosslinking
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customizable properties, supporting innovations in mechanobiology, tissue
engineering, drug delivery, and cell therapy. This study focuses on characterizing
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ionically cross-linked alginate microgels using a nanoindentation technique, ~OiPhase Distilled Water
enabling precise assessment of their mechanical properties at the microscale. We 4 g
report on the microfluidic fabrication of alginate microgels with varying sizes at *] Storags Buffer é
different cross-linker concentrations and on the mechanical characterization of the p =
resulting microgels in terms of Young’s moduli as well as viscoelastic behavior. &= oo e
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Measurements conducted using dynamic nanoindentation reveal that microgel
elasticity is strongly influenced by the ionic composition of the surrounding media,
in particular, the concentration of calcium and sodium. We demonstrate that the highest Young’s modulus observed for ionically
cross-linked alginate microgels is in deionized water (7.2 + 0.9 kPa). A drastic softening effect is observed when the calcium cross-
linked microgels are placed into a storage buffer containing divalent ions (0.7 + 0.1 kPa) and cell culture media consisting of
Dulbecco’s Modified Eagle Medium (0.2 + 0.1 kPa) with fetal bovine serum (0.4 & 0.1 kPa). High concentrations of sodium were
found to disrupt ionic cross-links, decreasing stiffness and increasing viscosity, with reversible effects observed upon switching back
to deionized water. These findings highlight the importance of media selection for applications requiring mechanical stability, and we
provide guidelines for measuring the mechanical properties of microgels in a robust manner that is applicable to a wide range of
different conditions.
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Bl INTRODUCTION their immunomodulatory properties.'”'® These examples
clearly demonstrate the versatility of the microgels.

Among the various microgel systems, alginate-based micro-
gels have been widely used due to their tunable chemical and
mechanical properties, excellent biocompatibility, and ease of
microfluidic production.'”'® Implementing established carbo-
diimide chemistry on the biopolymer has allowed the
conjugation of cell adhesion ligands, fluorescent tracking
molecules, and small cell-secreted proteins.'”~>' Owing to its
chemical adaptability, alginate has been used to culture a
variety of mammalian cells including but not limited to
macrophages, fibroblasts, and stem cells in 3D con-
structs.' 22 72¢ Changing the cross-linking mechanism and
molecular weight of alginate has similarly enabled control over
its mechanical properties such as porosity, elastic modulus, and
stress relaxation at the macroscale.””

Microgels have emerged as a group of versatile tools in
bioengineering, enabling a variety of applications in mecha-
nobiology, tissue engineering in vitro, on-demand drug
delivery, and therapeutic cell transplantation in vivo.'~” Both
natural and synthetic hydrogels have been used to generate
microgels with tailored properties. For example, polyethylene
glycol (PEG) based microgels, decorated with cell-adhesion
ligands, have been used as building blocks to generate three-
dimensional (3D) cell-carrying scaffolds with precisely
regulated porosity and intracellular spacing.'”"" The modu-
larity of this approach has enabled spatial patterning in the
assembled scaffolds thus allowing investigations on immune
cell behavior and stem cell differentiation in 3D.”'" In parallel,
alginate- and polyacrylamide-based microgels have been used
as stress sensors in tumor spheroids, enabling a real-time
measurement of cell-generated traction forces at a microscale
resolution in 3D cell culture environments.'”"* Microfluidic —
strategies have been used to directly encapsulate individual Received: November 28, 2024 e
mammalian cells into alginate microgels, which acted as Revised:  February 12, 2025 ;
therapeutic cargo carriers in vivo."* Transplanting alginate- Accepted:  February 12, 2025
encapsulated stem cells in a mouse model increased their Published: February 24, 2025
circulation time in vivo by at least 2 orders of magnitude,

leading to a drastic increase in the therapeutic performance of
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For example, ionically
cross-linking alginate with increasing concentrations of divalent
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ions (e.g, Ca?") allowed control over Young’s moduli within a
range of 1—-550 kPa.”>* Integrating other polymers such as
polyethylene glycol into ionically cross-linked alginate enabled
precise regulation over stress relaxation processes, independent
of the elastic modulus.”” Tonic cross-linking has been
particularly advantageous due to its compatibility with the
microfluidic production of microgels. The process commonly
involves the generation of droplets carrying uncross-linked
alginate and nanoparticles, which release divalent ions (e.g,
Ca’", Ba’, Sr**) to cross-link alginate chains when the aqueous
stream comes into contact with the oil phase carrying a dilute
acid.’® A variety of alginate microgels with application-specific
properties have been engineered with this approach. Despite
these advances, the range and regulation of mechanical
tunability remain limited at the microscale.

Part of the challenge here is effectively measuring the
mechanical properties of microgels in a reliable manner.
Measurements at the macroscale have traditionally relied on
rheological methods to characterize the elastic moduli and the
viscosity of alginate hydrogels.”””*” The influence of molecular
weight, choice of cross-linking method, and the degree of
cross-linking on the viscoelastic properties of macroscale
alginate hydrogels have been investigated in detail.*"**** As a
result, reliable protocols on how to conduct mechanical
characterization and prepare precise formulations to reach
specific viscoelastic properties in alginate gels have been
established.””*> The application of surface-based techniques
such as atomic force microscopy (AFM) and nanoindentation
further corroborated these findings, while providing new
methods to investigate local changes in the surface properties
of macroscale alginate hydrogels.***” In contrast, methods
established for macroscale systems are often incompatible with
microgels due to the small size of the structures in question.
Strategies relying on AFM have been implemented instead to
mechanically characterize microgels. However, interpreting the
measurements is often challenging due to undesirable probe-
sample interactions, leading to surface remodeling and
chemical instability of microgels in changing aqueous environ-
ments.”* ™" The latter is particularly relevant for ionically
cross-linked alginate microgels, due to the dynamic cross-links
that are susceptible to the presence of other ionic species.
There is currently a lack of reliable measurement strategies
compatible with microgels, and addressing this challenge is
necessary to further advance their capabilities.

Recognizing this need, we developed a cantilever-based
mechanical characterization method using ionically cross-
linked alginate microgels. A commercially available stage-top
nanoindentation system, the Chiaro Nanoindenter from Optics
11, coupled with a fluorescent microscope, was employed to
conduct indentation on the microgels. The system allowed in
situ visualization and tracking of the microgels throughout the
measurements. Utilizing microfluidics, we fabricated alginate
microgels with exceptional uniformity that served as a
reproducible and reliable benchmark for mechanical testing.
This approach enabled the production of homogeneous
microgels, and different species of microgels with average
sizes ranging from 26.0 + 2.9 to 36.3 + 1.3 ym were achieved
by changing the microfluidic channel geometry. We then
systematically applied in situ nanoindentation measurements to
determine the Young’s moduli of alginate microgels and
conducted dynamic mechanical analysis (DMA) to map their
viscoelastic properties. Overall, our measurements revealed a
strong influence of cross-linker concentration and ionic

strength of the aqueous media on the elastic moduli of
alginate microgels, which varied from 0.2 + 0.1 to 19.9 + 3.0
kPa. A wide range of parameters was tested to understand the
potential influence of sample-to-substrate attachment, probe
size and stiffness, and indentation depth and speed on the
measured elastic moduli. While sample preparation and
indentation parameters significantly influenced the measure-
ments, the probe size did not affect the results. Based on our
results, we provide a list of guidelines for reliable character-
ization of microgels.

B METHODS AND MATERIALS

Preparation of Microfluidic Devices. Microfluidic devices with
channel geometries ranging from 10 to 30 ym were fabricated using
soft lithography with SU-8 3050 photoresist (Kayaku Advanced
Materials), as previously described.'**' The spin coating process
involved two steps: first, the wafer was spun at 500 rpm for 10 s with
an acceleration of 100 rpm/s, followed by a second spin coating step
at 4000 rpm for 30 s with an acceleration of 300 rpm/s to achieve a
uniform 25 pm thick layer. It was then soft-baked at 95 °C for 15 min.
The UV exposure dose was maintained at 250 uJ/ cm?, and the
samples were baked at 68 °C for 2 min, followed by a gradual ramping
of the temperature over 15 min to 95 °C. The temperature was then
maintained at 95 °C for 5 min to completely cure the photoresist.
Once the master was developed, polydimethylsiloxane (PDMS, Dow
Corning) was mixed with the cross-linker at a 10:1 ratio. The PDMS
mixture was degassed, poured onto the master, and cured at 65 °C for
at least 1 h. After curing, the PDMS layer was carefully removed from
the master, and inlets and outlets were punched using a 1 mm biopsy
punch (Kai Medical). The negative imprint was bonded to a glass
surface using plasma ashing (Piezobrush PZ3, Relyon Plasma
GmbH). The devices were flushed with a water-repellent chemical
(Rain-X) to enhance the fluid flow.

Alginate Preparation. High molecular weight alginate (I-1G, 280
kDa) was obtained from KIMICA and used as the base material for
preparing three types of functionalized alginate: RGD-functionalized
alginate, Rhodamine B-functionalized alginate, and biotin-function-
alized alginate. For the functionalization processes, carbodiimide
chemistry was employed using 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS)
(Thermo Fisher Scientific). The alginate was dissolved in 2-(N-
morpholino)ethanesulfonic acid (MES) buffer at a 1% concentration.
For RGD functionalization, the integrin-binding RGD peptide
(Gly)4—Arg—Gly—Asp—Ser—Pro (GGGGRGDSP, Peptide 2.0) was
added to the solution at a degree of substitution (DS) of 20 relative to
the molar amount of alginate, based on a previously established
protocol.® The amount of RGD in RGD-modified alginate was
targeted to be 71.4 mM, calculated based on the desired substitution
level and the molecular weight of alginate (280 000 g/mol). To
achieve this, 142.31 mg of RGD peptide (63.5% purity, molecular
weight 758.75 g/mol) was added per gram of alginate. Conjugation
was facilitated assuming a coupling efficiency of 60%, using solutions
of sulfo-NHS and EDC in MES buffer, which were prepared fresh at
final concentrations of 1.26 mM (274 mg/1 g alginate) and 2.53 mM
(4842 mg/1 g alginate), respectively. For fluorescent labeling,
functionalization was performed using Rhodamine B Lissamine
(Thermo Fisher Scientific) to target a DS of 2, following the same
procedure. For the biotin functionalization, EZ-Link Amine-PEG3-
Biotin (Thermo Fisher Scientific) was added to the alginate solution
at a DS of 20 similarly. The reaction was allowed to proceed for 20 h
at room temperature in the presence of EDC and sulfo-NHS,
facilitating the covalent attachment of the functional groups to the
alginate backbone. All three types of alginates were prepared
separately. To purify these alginates, we dialyzed them against
decreasing concentrations of sodium chloride for 3 days, followed by
treatment with activated charcoal. The purified alginate solution was
then filtered through a 0.22 ym membrane and lyophilized at —50 °C
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for 1 week using a benchtop freeze-dryer (FreeZone 4.SL, Labconco,
USA). The lyophilized alginate was stored at —20 °C until further use.

Preparation of Calcium Carbonate (CaCO;) Nanoparticles.
Prior to use, CaCOj; nanoparticles (CalEssence, PCC70) were
sterilized using an autoclave at 121 °C for 20 min (Varioklav).
Sterile CaCO; (PCC70) was weighed to 14—16 mg and placed in a
1.7 mL microcentrifuge tube. The CaCO; was suspended in 600 uL
of Dulbecco’s Modified Eagle Medium (DMEM) and sonicated for 15
s at 70% amplitude (Fisherbrand Model 120 Sonic Dismembrator).
The probe was wiped with ethanol before use to ensure proper
sonication. The CaCO; suspension was diluted with 23 mL of
DMEM and centrifuged at S0 rcf for S min at 20 °C. The top 20 mL
of the supernatant was collected and subjected to a second
centrifugation at 1000 rcf for 5 min. The supernatant containing
dissolved particles was aspirated using a 200 uL pipet tip attached to
an aspirator. The remaining particles were resuspended in complete
DMEM to achieve a 10 mg/mL (99,91 mM) concentration, resulting
in a 1.5 mL final volume.

Microgel Fabrication. Two types of microgels were fabricated in
this study: RhB-functionalized alginate carrying microgels (M1) and
plasmonic gold nanorod (Au-nanorod) loaded microgels (M2). To
begin, dried alginate was reconstituted at 2 wt % in MES buffer. RhB
microgels were prepared by using RhB-functionalized alginate. For
AuNP microgels, a mixture of 80% RGD-functionalized alginate and
20% biotin-functionalized alginate was used, with gold nanorods
added to a final concentration of 4.875 mg/mL. This mixture was tip-
sonicated for 1S s at 60% amplitude using a Fisherbrand Model 120
Sonic Dismembrator to ensure homogeneous dispersion of the
nanorods. The microfluidic setup consisted of a microfluidic chip with
a cross-junction design*' and syringes holding the aqueous and oil
phases, connected via polytetrafluoroethylene (PTFE, VWR) tubing.
The aqueous phase consisted of the previously prepared alginate
mixtures (1 wt %), CaCO; nanoparticles (20.8 mM), and a buffer
solution medium comprising 130 mM NaCl, 2 mM CaCl,, and 25
mM HEPES, referred to as bead buffer (BB). The oil phase consisted
of fluorinated oil HFE 7500 (Novec 7500 engineered fluid, 3M),
fluorinated surfactant Pico-Surf (Sphere fluidics), and 0.037 vol %
acetic acid (Sigma). The acetic acid in the oil phase dissolves the
CaCO; nanoparticles following the pinching-off process at the
junction site, releasing calcium (Ca®") ions to cross-link the alginate.
The cross-linker concentrations of 21.8 and 40.5 mM Ca** were
calculated based on the initial amount of CaCO; added during the
cross-linking process in the presence of 2 mM CaCl,-containing bead
buffer. All CaCOj; nanoparticles present in the droplets were assumed
to completely dissolve. The total Ca** concentration per microfluidic
fabrication process was calculated by summing the Ca** contribution
from the bead buffer and the Ca*" released from dissolved CaCOs,
considering the experimental volumes. The resulting concentrations
were calculated as 3.1 mM for prepolymer solutions containing S yL
of CaCOj solution, 21.8 mM for 50 L CaCOj; solution, and 40.5
mM for 95 uL CaCO; solution. The aqueous phase was loaded into a
1 mL syringe, while the oil phase was placed into a 3 mL syringe. Both
syringes were loaded onto a single syringe pump (Darwin Micro-
fluidics), and the microfluidic process was conducted at flow rates of
2, 4, 6, 8, and 10 uL/min. The resulting microgels were collected and
demulsified using 1H,1H,2H,2H-perfluoro-1-octanol (PFO, Sigma),
and stored in water or bead buffer at 4 °C for further use.

Microscope Setup and Imaging Analysis. Experiments were
conducted using a Leica DMI8 inverted microscope with S, 10, and
40X air objectives. A 16-bit black and white CCD camera (Leica) was
used for image acquisition. Leica LAX software was used to operate
the microscope and conduct fluorescent imaging. The exposure time
for the microgel size analysis was set to 300 ms for fluorescent
microgels and 50 ms for bright-field imaging across all samples. The
open-source Fiji ImageJ2 software was used to quantify the size of all
microgels, where an automatic thresholding method was used to
analyze the fluorescent images of RhB-microgels, and circumference
detection was done manually on microgels without fluorescent
alginate by relying on brightfield images.

Rheological Measurements and Macrogel Fabrication. All
rheological measurements were performed using a commercial shear
rheometer (MCR302, Anton Paar) equipped with a planar bottom
plate (P-PTD200/56, Anton Paar) and a parallel-plate measuring
geometry (PP2S, Anton Paar). For time-dependent measurements,
the storage modulus (G’) and loss modulus (G”) were recorded at a
fixed frequency of 1 Hz over a duration of 10 min, with a data
acquisition interval of 30 s. The plate separation was set to 400 um
with a sample volume of 240 yL, and measurements were conducted
at room temperature. To prepare M1-type macroscale prepolymer
mixtures, 2 wt % of RhB alginate was diluted to 1 wt % with CaCO;
nanoparticles and bead buffer (final concentration 21.8 mM Ca* or
40.5 mM Ca®"). Immediately after mixing, the viscoelastic response of
the material was assessed by recording the viscoelastic moduli over
time in torque-controlled mode (M = 0.5 uN-'m). Additionally,
frequency-dependent measurements were conducted over a range of
0.1 and 10 Hz to determine the dynamic mechanical properties of
macroscale alginate gels. Before every frequency sweep, a pre-
experiment was carried out to guarantee a linear material response,
after which the shear strain was set to 1.5 times the average shear
strain obtained in S repetitions at an oscillatory torque of 0.5 yN-m.
M1 alginate macrogels were then fabricated, containing 500 uL of 2
wt % RhB alginate, diluted to 1 wt % by adding CaCO; nanoparticles
and bead buffer. Two cross-linking strategies were followed, one
involved the passive dissolution of CaCO; nanoparticles via 0.037%
acetic acid in surrounding media, and the other relied on the actively
initiated dissolution of the cross-linker particles using 200 mg/mL
glucono-6-lactone (GDL, Sigma-Aldrich) in the prepolymer mixture.
To prepare passively cross-linked M1-type macrogels, 2 wt % of RhB
alginate was diluted to 1 wt %, with CaCOj; nanoparticles and bead
buffer (final concentration 21.8 mM Ca®"), and left to cross-link in
HFE 7500 oil (Novec 7500 engineered fluid, 3M) containing 0.037
vol % acetic acid (Sigma) over 12 h. For GDL-cross-linked M1
macrogels, 200 mg/mL GDL was added to 2 wt % RhB alginate in
addition to CaCOj; and bead buffer (final concentration 21.8 or 40.5
mM Ca*). After mixing for 30 s, GDL gradually released calcium
ions, resulting in gel formation over 12 h.

Nanoindentation. The mechanical properties of all microgels
were investigated using a microscope-compatible stage-top nano-
indenter (Chiaro, Optics11 Life). Probes with tip sizes of 3 and 11
um, and stiffness values of 0.5 and 0.025 N/m, were used for all
nanoindentation measurements. Specifically, combinations of 3 ym
and 0.54 N/m, 11 ym and 0.55 N/m, 3 ym and 0.021 N/m, and 11
p#m and 0.018 N/m were utilized. Indentation was performed to a
depth of 1000 nm at an indentation speed of 1250 nm/s. Dynamic
mechanical analysis (DMA) was performed with an indentation depth
of 10000 nm for viscoelastic measurements to ensure a measurable
response. At this depth, the indentation tip oscillated at the reported
frequencies with an amplitude of 100 nm for S periods. Prior to
nanoindentation measurements, microgels were adhered to the
bottom of the well plate by using poly-L-lysine (PLL, Merck) to
prevent movement during testing. For this purpose, PLL was
dissolved in water at concentrations of 0.05, 0.1, and 0.5 mg/mL.
Then, 3 uL of dissolved PLL was added to the well plate surface. The
PLL-treated well plate was then placed on a hot plate at 35 °C for 30
min. Any excess PLL was removed by gently pipetting off the
remaining liquid to ensure complete drying. After drying, microgels
were seeded into the PLL-treated area with the addition of deionized
water, microgel storage media, or cell media. After sufficient time was
allowed for the microgels to settle and adhere to the PLL-coated
surface, nanoindentation measurements were performed. The force—
indentation curves were fitted using the Hertzian contact model via
the Optics11 Data Viewer software. The effective elastic modulus
(E.g) was calculated using eq 1,

p _ _3F
T 4R (1)
where F is the applied load, R is the indenter tip radius, and h is the

maximum indentation depth. Assuming a Poisson’s ratio of v = 0.49,
Young’s modulus was finally calculated using eq 2,
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Figure 1. Microfluidic fabrication of alginate microgels. (a) Schematic diagram of microfluidic fabrication of homogeneous alginate microgels, using
acetic acid containing oil phase. The prepolymer mixture consisting of uncross-linked alginate and CaCOj; nanoparticles is pinched off at the T-
junction site. The subsequent dissolution of CaCO; nanoparticles enables free Ca** cations that cross-link the microgel droplets. (b) Representative
images of M1-type microgels consisting of RhB-functionalized alginate, sorted according to Ca®* cross-linker concentration and channel size (scale
bars: 30 ym). (c) Analysis of microgel size for M1- and M2- type microgels is plotted for two different cross-linker concentrations in 20 and 30 y#m

channel devices (n = 400 for M1, n = 100 for M2).

E=Eq4(1 -1 ()

The Hertzian model was applied to the loading curve, utilizing the
Optics 11 analysis software. 90% of the maximum force detected
during the indentation was used to ensure a reliable fit. The Hertzian
model was selected based on its suitability for soft tissues within the
0—35 kPa range.”* Additionally, Dynamic Mechanical Analysis
(DMA) was employed to characterize the viscoelastic properties of
alginate-based microgels, specifically assessing their suitability for
applications in drug delivery and stimuli-responsive systems.*> Key
parameters measured included the storage modulus (E’), indicative of
elastic response, and the loss modulus (E”), which reflects energy
dissipation. The phase angle (§) also provided insight into the balance
between elastic and viscous responses.’® The experimental setup
involved nanoindentation with an M2-type microgel configuration
using an indentation tip lowered to a 10 ym depth to ensure adequate
engagement with the microgel surface. Oscillatory testing was
conducted at a peak amplitude of 100 nm across frequencies of 1,
2, 4, and 10 Hz, with a relaxation interval of 2 s between frequency
steps.

Statistical Analysis. Data are presented as means + standard
deviation, based on at least three independent measurements.
Statistical testing for paired data utilized a paired Student’s t-test
following confirmation of normal distribution. When the data was not
normally distributed, the Wilcoxon Signed-Rank Test was applied for
paired comparisons. For comparisons involving multiple groups, one-
way ANOVA was employed, with Tukey’s test used for posthoc
analysis to identify specific group differences. Two-way ANOVA was
performed to evaluate both main effects and interactions when
assessing the effects of multiple factors. Statistical significance
thresholds were set to nonsignificant (ns), *P < 0.0S, **P < 0.01,
and ***P < 0.001. Analyses and graphing were carried out using
OriginPro2021b.

B RESULTS AND DISCUSSION

Fabrication of Alginate Microgels with Varying Size
and Cross-linking Density. We used a previously established
microfluidic platform to fabricate alginate microgels'® and
produced different groups of alginate-based microgels with
varying sizes and compositions. We chose this approach
because of its proven ability to control key fabrication
parameters precisely.”"*” Our primary goal was to understand
how parameters such as microgel size, cross-linker concen-
tration, the presence of different functional moieties, the

degree of available cross-linking sites on alginate chains, and
sample preparation affect the mechanical properties of alginate
microgels. Considering the wide range of applications of such
microgels, it was crucial to investigate the influence of different
formulations on the nanoindentation measurements.

The microfluidic fabrication process involved the flow of two
immiscible streams, where the aqueous phase carried alginate
solution and the cross-linker CaCO; nanoparticles, while the
oil phase carried a weak acid (Figure la). Ionic cross-linking
was briefly initiated when mixing alginate solutions with
CaCOj; nanoparticles due to the spontaneous dissolution of
the particles (Figure S1). However, once droplets were formed
at the T-junction site, the acetic acid in the oil phase
completely dissolved the CaCOj; nanoparticles, enabling the
release of all free Ca®*, which simultaneously finalized the
cross-linking of alginate chains. Using this approach and by
varying the microfluidic channel dimensions, we produced
microgels consisting of RhB-functionalized alginate (M1) with
different sizes (Figure 1b). Including the fluorescent molecule
RhB in the alginate microgels enabled the detection and
tracking of microgels during imaging that were otherwise
completely transparent and indiscernible in brightfield mode.
We chose a relatively low DS value to keep the alginate
network as close as possible to its unmodified state. The
resulting M1-type alginate microgels exhibited a high signal-to-
noise ratio during fluorescence microscopy, making it easy to
visualize and track them during imaging (Figure 1b). M1
microgels fabricated using a 20 ym-wide channel at 21.8 mM
of Ca®* concentration had an average diameter of 26.0 + 2.9
pum, whereas increasing the channel size to 30 ym with the
same recipe resulted in microgels with an average diameter of
36.1 + 4.1 um. Increasing the concentration of Ca** to 40.5
mM, while maintaining the channel size at 20 ym, led to a
slight increase in microgel diameter of 29.0 & 2.5 um. Utilizing
the same recipe and microfluidic devices with a 30 ym channel
size yielded M1 microgels with a diameter of 37.0 + 1.3 ym.
All Ml1-type microgels exhibited uniform fluorescence,
although increasing the concentration of free Ca®* led to
microgels with brighter RhB signal, most likely due to
improved inclusion of the RhB-alginate during cross-linking.
The reported calcium ion concentrations are based on the
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Figure 2. Mechanical characterization of alginate microgels using nanoindentation. (a) Real-life image of the nanoindentation system is shown,
indicating the nanoindenter arm, ferrule, and the attached cantilever. Microgels are placed in a multiwell plate for the measurements. (b) Schematic
of the nanoindentation setup using a 6-well plate, with Poly-L-Lysine (PLL) as a substrate coating, nanoindentation probe depicted in gray,
microgel depicted in orange with A, indicating maximum indentation depth. (c) Young’s moduli of M2-type microgels, with varying sizes and
cross-linker amounts (7 = 30 per condition, ***P < 0.001, two-way ANOVA).

theoretical assumption of complete uptake and cross-linking.
However, in practice, cross-linking efficiency may be affected
by factors such as ion diffusion limitations, steric hindrance,
and reaction kinetics. When the concentration of Ca** ions in
the aqueous phase was reduced to 3.1 mM within the 30 ym
channel, the resulting microgels exhibited non-uniform
morphology with poorly defined edges (Figure S2). This
finding indicated that the cross-linker concentration necessary
to maintain microgel integrity was above 3.1 mM. Systemati-
cally increasing the flow rate during fabrication from 2 to 10
#L/min in a 30 um channel device resulted in smaller
microgels (314 + 2.9 ym) at 8 uL/min (Figure S3). In
contrast, microgels fabricated at all other flow rates revealed
similar average sizes (Figure S3). This finding may have
resulted from using a single syringe pump for processing
solutions at different speeds due to the difference in the syringe
sizes used for the aqueous and oil phases. At a flow rate of 8
p#L/min, minor discrepancies in the flow rates were likely
introduced by each syringe despite a constant speed setting,
potentially leading to increased localized shear forces or
hydrodynamic effects, resulting in smaller microgel sizes.
Conversely, this mismatch may have been mitigated at higher
flow rates.

We next sought to understand the influence of differences in
microgel formulation on the morphology of the resulting
microgels. Integrating biomolecules, peptides, and stimuli-
responsive nanoparticles has enabled a wide variety of
applications such as stem cell culture, tissue engineering, and
microrobotics.*"*”*® However, the influence of changes in
alginate modification and the inclusion of metallic nano-
particles on the mechanical properties of the resulting
microgels is unknown. To address this, we fabricated M2-
type microgels consisting of heavily functionalized alginates
with biotin, the cell-binding RGD peptides, and plasmonic
gold (Au) nanoparticles (Figure S4). The presence of Au-
nanoparticles within the microgels had a minimal impact on
the size distribution (Figure 1c). M2-type microgels, produced
using 20 ym channels and a Ca®>" concentration of 21.8 mM,
had an average diameter of 29.6 + 0.9 yim, compared to 26.0 +
2.9 um for nonfunctionalized microgels—a difference of
approximately 13.8% (Figure 1c). Similarly, M2-type microgels
fabricated using a 30 ym channel width, under the same cross-
linker conditions, were found to have an average diameter of

36.3 + 1.3 um, a size difference of 0.55% compared to M1-type
microgels. Taken together, these findings showed that the
primary factor in determining microgel size was the channel
size, while differences in formulation and cross-linker
concentration did not necessarily influence microgel size.
Impact of Size and lonic Cross-Linking on Microgel
Stiffness. Having characterized the size and morphology of
the microgels, we focused our efforts on investigating the
mechanical properties of the microgels using a probe-based
approach. We used a stage-top nanoindenter coupled to a
fluorescence microscope to conduct the indentation measure-
ments on microgels placed in a six-well plate (Figure 2a).
Prior to measurements, the surface of the well plates was
coated with a thin layer of Poly-L-Lysine (PLL) that acted as a
biocompatible adhesive,” preventing microgel movement
during the measurement (Figure 2b). Surface treatment with
PLL was crucial, providing mechanical stability during
nanoindentation. The absence of the microgel adhesive layer
caused microgels to slip off the surface during indentation,
preventing the acquisition of reliable indentation curves with a
linear response (Figure SS). Moreover, the concentration of
PLL for this process needed to be carefully adjusted, given that
the cationic polymer has been used as a secondary cross-
linking agent to strengthen the integrity of the hydrogel
network in cell-carrying microgels.'* Indeed, high concen-
trations of PLL beyond 0.5 mg/mL induced secondary cross-
linking in M2-type microgels, permanently altering microgel
size and density (Figure S6). Insufficient removal of PLL
following the coating step similarly caused a clearly visible
difference in the microgel size (Figure S6). On the other hand,
PLL concentrations less than 0.1 mg/ mL were insufficient in
adhering microgels to the well plate surface, leading to
microgel movement during the measurement (Video S1).
Indentation measurements conducted this way either failed
during the approaching step or resulted in incomplete force-
strain curves. The optimal working concentration for PLL was
identified as 0.1 mg/mL. In addition, complete removal of PLL
by drying the substrate over a hot plate was necessary to
prevent undesirable secondary cross-linking. Measurements
were then conducted in deionized water to establish a baseline
of the mechanical properties, free from external ions that might
affect the cross-linking. Starting at the pole of the microgel, we
mapped its curved surface in 1-ym steps (Video S2). While the
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microgel exhibited local deformation during the indentation
process, its overall size stayed constant throughout the
measurements, evidenced by in situ fluorescence imaging
(Video S2). Within the first S ym from the microgel pole, the
measured average Young’s modulus stayed constant at 5.4 =+
0.08 kPa (Figure S7). Beyond this region, a noticeable drop in
stiffness was observed, likely due to incomplete indentation by
the spherical tip. At these areas, the round geometry of the tip
resulted in only partial engagement with the microgel surface.
To ensure consistency, all subsequent measurements were
carefully restricted to the pole region of the microgel.

Considering the potential influence of probe size and
stiffness, we performed measurements using cantilevers with
varying tip sizes (3 and 11 pm) and stiffness values (0.5 and
0.025 N/m). All probes revealed similar results with minor
deviations of 0.3 kPa (Figure S8). Softer probes (~0.02 N/m)
were more susceptible to noise and thus harder to calibrate; we
therefore continued the measurements with the stiffer probes.
These tests adhered to manufacturer recommendations,
maintaining indentation depths below 16% of the tip radius
and within 5—10% of the sample thickness.*’

Having developed a robust indentation method, we next
evaluated the reliability of our measurement approach. For this
purpose, macroscale alginate gels were prepared using
RhodamineB-labeled alginate at a final concentration of 1 wt
% and ionically cross-linking the prepolymer mixture via the
dissolution of CaCOj; nanoparticles, following the formulation
for M1-type microgels. In contrast to the microfluidic process,
the acid glucono-6-lactone (GDL) was included in the
prepolymer mixture at 200 mg/mL concentration prior to
casting the alginate macrogels for efficient cross-linking. Failure
to include GDL in the prepolymer mixture prior to macrogel
casting resulted in poorly cross-linked alginate gels, indicating
the necessity for an actively initiated cross-linker dissolution
process for efficient cross-linking at the macroscale (Figure
S9). Alginate macrogels prepared via GDL were then
characterized using a commercial shear rheometer in deionized
water, which revealed storage moduli of 3.5 + 0.4 kPa at 21.8
mM Ca®* and 7.0 + 0.6 kPa at 40.5 mM Ca®, respectively
(Figure S9). These values correspond to Young’s moduli of
10.7 + 1.0 and 21.3 + 2.1 kPa for 21.8 mM Ca** and 40.5 mM
Ca™, respectively. These measurements were in complete
agreement with those carried out using nanoindentation on
corresponding microgels. We recorded Young’s moduli of 11.8
+ 1.4 and 23.3 + 1.3 kPa in deionized water for Ml-type
microgels fabricated using 21.8 and 40.5 mM Ca®', respectively
(Figure S10). Both micro- and macrogels exhibited a S0%
increase in average stiffness with increased calcium cross-linker
concentration. Taken together, these results proved the
measurement reliability of our nanoindentation approach.

For further measurements, M2-type microgels were
exclusively used, as they contain the modified alginate with
an RGD integrin-binding peptide for cell adhesion and gold
nanorods, creating an active microgel system that is more
suitable in vitro culture conditions, in contrast to the static M1-
type microgels. We investigated the influence of microgel size
and cross-linker concentration on the Young’s moduli of M2-
type microgels. The average stiffness of microgels produced at
21.8 mM of Ca®" concentration was measured to be 8.4 + 1.0
and 9.8 + 0.8 kPa, corresponding to microgel sizes of 29.6 +
0.9 and 36.3 + 1.3 um (Figure 2c). Similar observations were
made with M2-type microgels fabricated at 40.5 mM Ca®*
concentration, where the microgel size did not influence

microgel stiffness. In contrast, comparing the different cross-
linker concentrations for M2-type microgels within the same
size range revealed a drastic change in the microgel stiffness
(Figure 2c). As expected, the average Young’s moduli of M2-
type microgels produced at 40.5 mM Ca®* was increased
drastically by over 45%, reaching 14.4 + 1.3 kPa (20-um
channel) and 14.5 + 1.0 kPa (30-um channel). Our
observations match well with previous reports on macroscale
alginate gels with similar composition, exhibiting stiffness
within a range of 5—65 kPa.”' >

We briefly evaluated the possible influence of inorganic
nanoparticles on the overall stiffness of the microgels.
Incorporating Au nanoparticles into the microgels significantly
affects their stiffness, as determined by a Wilcoxon signed-rank
test (P < 0.001, *** Figure S11). When measured in bead
buffer, the mechanical properties of M2-type microgels without
gold nanorods (0.6 + 0.1 Pa) indicate a stiffer network than
M2-type microgels with gold nanorods (0.5 + 0.1 Pa).
Although the reduction is subtle, this reduction in stiffness
indicates that functionalization with gold nanorods introduces
minor modifications to the ionic cross-linking network.

Presence of CaCl, and NaCl in Measurement Medium
and Its Effect on Young’s Moduli of Alginate Microgels.
Calcium chloride (CaCl,) has been an essential source for
maintaining and storing ionically cross-linked alginate micro-
gels.*”>> Moreover, CaCl, and NaCl are basic components in
cell culture media for various mammalian cell types, such as
Dulbecco’s modified Eagle’s medium (DMEM). We conjec-
tured that it was essential to understand how varying
concentrations of CaCl, affect microgel stiffness, considering
the differences in the concentration of CaCl, across different
cell culture media tailored to different cell types. We therefore
investigated changes in the mechanical properties of M2-type
microgels under different concentrations of CaCl,, particularly
focusing on the strengthening effects of calcium ions on the
alginate matrix. The M2-type microgels were specifically
selected due to their integration of the RGD sequence,
which facilitates cell adhesion via integrin binding, as well as
nanoparticles embedded for laser actuation. These nano-
particles allow precise control over thermal and mechanical
stimuli in mechanobiology studies, making the M2 microgel
system ideal for in vitro cell culture applications where both
mechanical modulation and bioactivity are essential.”*' We
hypothesized that microgels with the highest Young’s modulus
would be generated at a concentration of CaCl,, where the
molar ratio of Ca** ions in solution to carboxyl groups of
alginate participating in ionic cross-linking was 1:1. Alginate is
a copolymer consisting of mannuronate (M) and guluronate
(G) acid residues, where only the carboxyl groups in the G
blocks are accepted to participate in ionic cross-linking.'”>*>*
The alginate used in this study had an M-to-G block ratio of
0.6S, meaning that 39.4% of the monomer units are M-blocks
and 60.6% are guluronic acid G-blocks.™ Cross-linking occurs
specifically through the G-blocks, as calcium ions bind to the
carboxyl groups on these blocks, forming ionic bridges.
Importantly, every monomer unit in alginate, whether an M-
block or a G-block, contains one carboxyl group. To calculate
the optimal CaCl, concentration for cross-linking, we
considered the total concentration of carboxyl groups
(Ccarboxyt) in the alginate solution, using eq 3,

CCaClz(opt) =0.65 x CCarboxyl (3)
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Figure 3. Nanoindentation measurements and schematic models of M2-type alginate microgels, in CaCl, and NaCl environments. (a) Normalized,
calculated optimal CaCl, cross-linking ratio shown in red, with the highest theoretical cross-linking at 45 mM CaCl,. Nanoindentation
measurements of M2-type microgels (fabricated at 21.8 mM Ca®* concentration) are plotted in black and tested at CaCl, concentrations of 0, 0.5,
1, 2, 25, 40, 45, 50, 75, and 100 mM. (b) Schematic egg-box model depicting ionically cross-linked alginate polymers. Full utilization of binding
sites is illustrated at SO mM CaCl,, with higher concentrations leading to overcrowding and subsequent network weakening. (c) Nanoindentation
measurements of M2-type microgels, produced at 21.8 and 40.5 mM Ca®* concentrations, in deionized water and 1 mM NaCl show significant
softening of the microgels with NaCl (n = 15 per condition, ***P < 0.001, one-way ANOVA). (d) Schematic egg-box model illustrating chemical
binding competition between Na* and Ca®* ions, with network depolymerization at elevated Na* concentrations.

where Cc,cp,(opr) 18 the optimal CaCl, concentration in the

H(opt
aqueous phase, 0.65 is the target molar ratio of Ca** ions to
available carboxyl groups, and Ccyox is the concentration of
carboxyl groups in the alginate solution. Given that Ceypoxy in

our microgel fabrication is 0.0124 mmol, Cc,copy Was

calculated to be 0.008 mmol. The substance amount was
adjusted to the volume of the alginate solution (1 wt % of 120
uL) and calcium-rich buffer was used to reconstitute the
alginate, resulting in a CaCl, concentration of 45 mM in the
aqueous phase. This concentration achieved the ideal ratio of
Ca’ ions to carboxyl groups in the alginate, providing
maximum ionic cross-linking and optimal microgel stiffness.
As shown in Figure 3a, this optimal ratio of 0.65 was
normalized to 1.0 on the graph, represented by a red line.
Here, we assumed that the microgels would preserve the
concentration of Ca®" inside the hydrogel network. However,
in practice, we expected a softening effect due to the diffusion
of ions. Moving left or right from this optimal concentration
(45 mM CaCl,) resulted in suboptimal cross-linking, as either
lower or higher Ca** concentrations reduce the stiffness of the
microgels. Excessive Ca** ions would alter the hydrogel’s
mechanical behavior, as higher ion concentrations oversaturate
the available carboxyl binding sites within the alginate network.
This phenomenon was reported to lead to decreased
elongation at break and lower swelling capacity, weakening
the macrogel structure and reducing mechanical strength.57
We tested M2-type microgels (21.8 mM of Ca®") using in
situ nanoindentation and observed that in deionized water (0
mM of CaCl,), the average Young’s modulus was 7.3 + 0.3 kPa

13519

(Figure 3a). When a small amount of CaCl, (0.5 mM) was
added to the medium, microgel stiffness decreased by 39% to
4.5 + 0.8 kPa. Introducing Ca** ions at low concentrations in
the aqueous media may have led to partial dissociation of the
existing bonds, due to the dynamic nature of ionic cross-linking
in alginate networks. However, as CaCl, concentration in the
media was increased to 1 and 2 mM, microgel stiffness was
partially recovered, reaching average Young’s moduli of 5.9 +
0.5 and 6.6 + 0.7 kPa, respectively. Further increasing the
CaCl, concentration to 25 mM in media caused a drastic
stiffening effect, increasing the average Young’s modulus by
90% to 12.6 + 2.0 kPa compared to the baseline value.
Microgel stiffness increased progressively with higher CaCl,
concentrations, reaching an average Young’s modulus of 18.2
+ 2.5 kPa at 40 mM, 19.9 + 3.0 kPa at 45 mM, and 19.2 + 4.1
kPa at S0 mM (Figure 3a). The highest stiffness value was
observed at 45 mM, reflecting a 167% increase compared with
lower concentrations. These results suggest that optimal cross-
linking occurred at 45 mM CaCl,, aligning closely with our
theoretical predictions (Figure 3a, red line). We additionally
investigated changes in the stiffness of M2-type microgels
initially cross-linked at 40.5 mM Ca®, in the presence of 40
mM CaCl,. The Young’s modulus of 40.5 mM Ca®" cross-
linked microgels was 18.7 & 3.7 kPa, closely aligning with the
stiffness observed for 21.8 mM Ca®* cross-linked microgels in
40 mM CaCl, (182 + 2.5 kPa). The results suggest that
independent of starting calcium cross-linker conditions,
microgels reach the same equilibrium cross-linking in the
presence of high amounts of CaCl,. Interestingly, measure-
ments on M2-type microgels revealed a softer network
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Table 1. M2-Microgel Stiffness and Size at Different NaCl/CaCl, Concentrations

NaCl and CaCl concentrations Youngs modulus (kPa)

deionized water 73 +03

0 mM NaCl/2 mM CaCl, 6.6 + 0.7 -

1 mM NaCl/2 mM CaCl, 87 +23 +
10 mM NaCl/2 mM CaCl, 5.5 +09 -
100 mM NaCl/2 mM CaCl, 0.6 + 0.3 -
0 mM NaCl/50 mM CaCl, 192 + 4.1 +++
1 mM NaCl/50 mM CaCl, 144 + 6.6 ++
10 mM NaCl/50 mM CaCl, 6.5 + 0.7 -
100 mM NaCl/50 mM CaCl, 11.1 + 3.8 +

0 mM NaCl/100 mM CaCl, 83+ 1.3 +

1 mM NaCl/100 mM CaCl, 84 + 68 +
10 mM NaCl/100 mM CaCl, 8.6 + 0.9 +
100 mM NaCl/100 mM CaCl, 169 + 3.4 +++

stiffness trend

baseline

number of measurements microgel size (um) N size analysis

14 363 £ 1.3 100
22 323+ 12 495
22 333+ 1.0 517
16 34.6 + 1.8 487
15 36.1 + 1.0 508
16 289 + 1.0 39S
18 333 +£23 429
14 329 + 24 479
17 339 £ 20 342
11 289 + 0.9 258
33 312 + 1.5 849
21 29.0 + 0.9 620
37 292 + 09 883

compared to what we initially estimated. This result was likely
due to the diffusion of some Ca®* ions from the network into
aqueous media. As expected from theoretical calculations,
increasing CaCl, concentration in media beyond the optimal
cross-linking point to 75 mM led to a large decrease in
microgel stiffness (10.7 + 1.6 kPa). This trend continued at
100 mM CaCl,, where the average Young's modulus of M2-
type microgels was measured to be 8.3 + 1.3 kPa. These results
show that overcrowding of binding sites disrupted optimal
cross-linking (Figure 3b).

Next, we investigated the influence of sodium chloride
(NaCl), which acts as a chelating agent on the ionic bonds
within alginate networks.”*” Using the same setup and
methodology as in the previous experiments, we examined how
varying concentrations of NaCl affected the mechanical
properties of M2-type microgels. As expected, the introduction
of 1 mM NaCl in the aqueous media led to a significant
softening of the microgels (Figure 3c), which exhibited an
average Young’s modulus of 4.3 + 0.9 kPa as opposed to
measurements in deionized water (7.2 + 0.9 kPa). We did not
observe any significant difference in Young’s moduli of M2-
type microgels fabricated at 21.8 and 40.5 mM Ca® in the
presence of 1 mM NaCl (Figure 3c). Increasing the NaCl
concentration to 10 mM led to a loss in the structural integrity
of microgels, which were ultimately completely dissolved at 20
mM (Video S3). These observations prove the competition
between Na* and Ca? ions for binding sites within the alginate
network and the chelating effect of free Na' in the aqueous
environment causing network dissociation (Figure 3d). At
concentrations above 10 mM, Na* ions likely outcompete Ca**
ions for binding sites within the alginate matrix, effectively
disrupting the cross-linked structure that provides mechanical
stability.

Interestingly, the dissociation behavior of macrogels under
similar conditions displays both similarities and differences in
time scale and concentration sensitivity. Macroscopic alginate
gels exposed to physiological levels of NaCl (0.15 M) showed
significant reductions in mechanical properties within 15 h,
with compressive modulus dropping by 63% and shear
modulus by 84% according to previous reports.”” Beyond
this time scale, no further degradation was observed,
suggesting a stabilization of the dissociation process over
approximately 1 week.”” Comparatively, in microgels, the
softening and dissolution occur at lower NaCl concentrations
and on a shorter time scale, with complete dissociation
observed at only 20 mM NaCl. It suggests that microgels’

higher surface area-to-volume ratio facilitates faster and more
complete ionic exchange, making the structure more
susceptible to disruption. Furthermore, while macrogels
maintain some degree of structural integrity despite significant
modulus reduction at physiological NaCl concentrations,
microgels are completely destabilized at much lower thresh-
olds.

Synergistic Effects of CaCl, and NaCl on Microgel
Stiffness. To fully understand the behavior of microgels in
complex environments, we conjectured that it was crucial to
consider the combined effects of CaCl, and NaCl on microgel
stiffness because these salts often coexist in physiological
conditions. The size of the M2-type microgels was first
analyzed across different CaCl, concentrations and varying
levels of NaCl. The average microgel size decreased slightly to
32.3 + 1.2 pym in the presence of low amounts of CaCl, (2
mM), compared to a starting size of 36.3 + 1.3 ym in
deionized water (Table 1). Introducing NaCl under these
conditions led to minor swelling, with the diameter rising to
33.3 + 1.0 gm at 1 mM NaCl and reaching 34.6 + 1.8 ym at
10 mM NaCl in the presence of 2 mM CaCl,. However, at 100
mM NaCl, the microgels expanded to an average size of 36.1 +
1.0 um, suggesting that high NaCl concentrations promote
swelling, potentially due to osmotic effects or competitive
binding with Ca®". Removing NaCl from the aqueous media
completely while increasing the CaCl, concentration to 50 mM
led to a substantial decrease in the microgel size (28.9 + 1.0
um). Introducing NaCl into the mixture at low concentrations
(1 mM) caused an increase in microgel size reaching 33.3 +
2.3 pm. From this point onward, microgel size remained
unchanged even at much higher NaCl concentrations up to
100 mM. Our findings show that the influence of NaCl on
microgel swelling was effectively moderated by the presence of
CaCl,. The swelling behavior caused by NaCl in solution was
inhibited at 100 mM CaCl, concentration, where the microgel
size remained constant within a range of 1-100 mM NaCl
concentration (Table 1). The presence of large amounts of free
Ca’" in solution counteracts the swelling effect caused by Na*
presence, likely due to increased cross-linking density that
maintains the microgel structure despite the presence of Na*
ions.

Having evaluated the morphological changes induced by
ionic species in media, we next investigated the corresponding
changes in the microgel stiffness (Figure S12). The average
Young’s modulus of M2-type microgels was reduced to 6.6 +
0.7 kPa in the presence of 2 mM CaCl,, which was increased to
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Figure 4. Viscoelastic analysis of M2-type alginate microgels. (a) Phase angle measurements for 21.8 mM Ca*" M2-type microgels across varying
NaCl concentrations (0, 1, 10, and 100 mM) and CaCl, levels (blue squares: 2 mM CaCl,; red circles: SO mM CaCl,; green triangles: 100 mM
CaCl,) at frequencies of 1, 2, 4, and 10 Hz. (b) Young’s modulus measurements of 21.8 mM Ca** M2-type microgels in deionized water (DI) and
bead buffer (BB), repeated over five cycles. (c) Schematic representation of reversible stiffness modulation in microgels for deionized water and

bead buffer and permanent changes in cell media.

8.7 + 2.3 kPa with the addition of 1 mM NaCl (¥**P <
0.001). However, as NaCl concentration in the aqueous media
was increased to 10 mM, microgel stiffness decreased to 5.5 +
0.9 kPa (***P < 0.001). This trend was significantly enhanced
at 100 mM NaCl, causing a drastic softening effect with the
average Young’s modulus of microgels measured as 0.6 + 0.3
kPa (***P < 0.001). These results clearly demonstrate the
disruptive effect of Na" on the ionically cross-linked alginate
network, corroborated by the increase in microgel size under
the same conditions. However, in the absence of NaCl and in
the presence of 50 mM CacCl,, the microgel stiffness reached
its highest value of 19.2 + 4.1 kPa. At S0 mM CaCl,, a stepwise
reduction in microgel stiffness was observed with a gradual
increase of NaCl concentration from 14.4 + 6.6 kPa at 1 mM
NaCl (**P < 0.01) to a lower value of 6.5 + 0.7 kPa at 10 mM
NaCl (***P < 0.001). Interestingly, further increasing the
NaCl concentration of the surrounding media to 100 mM led
to an increase in microgel stiffness (11.1 + 3.8 kPa), compared
to 10 mM (P > 0.0, ns). From these results, it is evident that
high concentrations of CaCl, provide a means to counteract
the drastic softening effect caused by free Na* ions in solution.
Stiffness measurements conducted on the same microgels in
the presence of 100 mM CaCl, showed similar results (Table
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1). At 100 mM CaCl,, microgels exhibited Young’s moduli of
about 8 kPa with increasing concentrations of NaCl up to 10
mM (P > 0.0S, ns). The significant difference in microgel
stiffness from S0 mM (19.2 + 4.1) to 100 mM (8.3 + 1.3)
CaCl, was likely due to overcrowding of binding sites (***P <
0.001). This finding supports our claim of S0 mM CaCl, being
the optimal cross-linking concentration, taken together with
the constant microgel size under the two conditions. On the
other hand, the introduction of high concentrations of NaCl
(100 mM) likely inhibits overcrowding at the binding sites and
enables more effective cross-linking, evidenced by the recovery
of microgel stiffness (16.9 + 3.4 kPa) to almost its highest
value measured at SO mM CaCl, (19.2 + 4.1 kPa) (***P <
0.001).

The presence of free Ca>* and Na* in the surrounding media
of microgels similarly influenced the viscous behavior of the
microgels. Characterization of the viscoelastic properties of
M2-type microgels via DMA revealed viscous behavior at low
Ca’ (2 mM) concentration in the presence of high amounts of
free Na* in solution, evidenced by the drastic increase in the
phase angle of the microgels reaching 38.1° at a 2 Hz
oscillation frequency (Figure S13). As expected, microgels
exhibited an elastic response at CaCl, concentrations above 50
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Table 2. M2-Microgel Stiffness in Deionized Water, Storage Buffer, and Cell Media

media E (kPa) (N > 10)
deionized water 72 +09
HEPES Buffer (25 mM) 62+ 13
D-glucose (25 mM) 5.5+ 038
bead buffer 0.7 + 0.1
DMEM + FBS (10%) + P/S (1%) 04 £ 0.1
DMEM 02 + 0.1
DMEM w/o NaHCO, 04 + 0.1
DMEM + HEPES 03 £ 0.1
DMEM + HEPES + CaCO; 03 £0.1
DMEM/F-12 <0.1
RPMI 1640 <0.1
mTeSR plus <0.1

diameter (um) (N > 381) measurable pH reversibility

36.0 £ 0.7 yes 7 yes
349 £ 1.0 yes 6.5

33.5+038 yes 6.5

347 £ 1.0 yes 6.5 yes
37.0 £ 1.0 yes 9

384 + 14 yes 9 no
36.1 + 0.9 yes 6

36.0 £ 1.0 yes 7.5

36.1 +£ 0.9 yes 8

373 £ 0.7 no 7

449 £ 13 no 9

36.1 + 1.3 no 8

mM, as indicated by phase angles ranging from 11.6° (50 mM
CaCl,) to 16.5° (100 mM CaCl,) measured at 1 Hz (Figure
4a).

Impact of Storage Liquids and Cell Culture Media on
Microgel Stiffness. We next investigated microgel stiffness in
a range of different buffer solutions and cell culture media,
considering the practical applications of alginate microgels. For
this purpose, we first characterized the Young’s moduli of M2-
type microgels in two buffer solutions we regularly use for
long-term storage of alginate microgels, namely, HEPES buffer
and bead bufter. While the average Young’s modulus of
microgels in HEPES buffer solution was only slightly reduced
compared to those in deionized water (Table 2), microgels
were drastically softened in bead buffer, which consists of 130
mM NaCl, 2 mM CaCl,, and 25 mM HEPES. These results
were in agreement with previously published work on alginate
microgels, which reported average Young’s moduli within a
range of 1—3 kPa, measured by AFM.'*°" It is important to
point out that differences in the molecular weight of alginate,
cross-linker type, and concentration and the presence of
different functional moieties on alginate chains directly
contribute to the measurement results. These differences, in
turn, emphasize the importance of characterization methods
tailored to microgels and their individual implementation. In
pure HEPES buffer at the same concentration (25 mM)
microgel stiffness was measured to be 6.2 + 1.3, which
decreased to 0.7 + 0.1 kPa in the presence of high amounts of
Na' and low amounts of Ca** as expected from previously
discussed measurements. The average stiffness of microgels
was further reduced to a value of 0.2 + 0.1 kPa in the presence
of DMEM, which is used to culture a wide range of
mammalian cells. This substantial decrease is likely caused
by the higher ionic complexity of DMEM, which includes 2
mM CaCl,, 1 mM MgSO,, 5.4 mM KCI, and 110 mM NaCl],
along with additional buffering agents, vitamins, and amino
acids. The presence of all of these different chemical species
disrupts cross-linking of the alginate network, evidenced by the
decrease in stiffness and increase in microgel size.”” The
inclusion of serum proteins, antibiotics, and buffer agents did
not necessarily reverse the softening effect of DMEM (Table
2). Moreover, microgel stiffness further decreased when
DMEM was exchanged with other kinds of cell culture
media agents. In the presence of DMEM/F-12, RPMI 1640,
and mTeSR Plus, microgel stiffness dropped below 0.1 kPa,
below the resolution limit of the nanoindenter. A swelling
effect was simultaneously observed, especially in the presence
of RPMI 1640, likely due to its high osmotic and pH content,

which has been reported to promote water uptake and
weakening in ionic cross-links.*>**** Identifying the drastic
softening effect induced by storage and cell culture media is
crucial, because of the large range of Young’s moduli which has
been shown to influence cell behavior.”°® These results
highlight the importance of choosing the correct media for
characterizing the mechanical properties of ionically cross-
linked alginate microgels. Otherwise, differences in the
composition of liquid media used during fabrication, storage,
and practical applications of alginate microgels could lead to
unreliable measurements.

We next studied the reversibility of the observed changes in
microgel stiffness. For this purpose, microgels treated in bead
buffer were transferred to deionized water and measured
following a 10 min incubation time (Figure 4b), which was
repeated over S cycles. The average Young’s modulus of the
microgels was increased as the microgels were transferred from
bead buffer to deionized water within each cycle. However,
comparing the initial and final stiffness values measured in
deionized water indicated a reduction of about 55% in the
microgel stiffness in an irreversible manner. Interestingly, the
average stiffness of microgels treated only once with cell
culture medium DMEM remained constant even after
exposure to deionized water. These results suggest that
serum proteins and complex media constituents cause lasting
structural changes (Figure 4c), in line with similar reports on
softening in serum-rich hydrogels.®”

B CONCLUSIONS

Here, we investigated the mechanical properties of ionically
cross-linked alginate microgels, by paying close attention to the
presence of mono- and divalent ions in solution. We validated
the chelating effect of NaCl on calcium-cross-linked alginate
microgels and systematically evaluated changes in microgel
stiffness via nanoindentation. The effect of cross-linker
concentration, microgel size, and ionic composition of
measurement medium on the average Young’s moduli of
alginate microgels was characterized in detail, demonstrating
the versatility of our nanoindentation-based measurement
strategy. Overall, nanoindentation enabled robust and reliable
mechanical characterization of microgels, in terms of stiffness
and viscoelasticity, validated by rheology measurements on the
corresponding macrogels. While suitable for most applications,
the spatial resolution for nanoindentation is lower than that
achieved with AFM, potentially limiting the detection of finer
structural details. In addition, the nanoindentation setup that
we used is currently incapable of maintaining the sterile
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conditions necessary for long-term cell studies. Addressing this
particular challenge in the future will ensure the applicability of
the measurement strategy to long-term biological experiments.

We summarize our results in a list of guidelines applicable to
the mechanical characterization of ionically cross-linked
alginate microgels using probe-based techniques.

e Choice of alginate and microgel composition: The
properties of alginate and the formulation used to
fabricate the microgels are important factors that can
influence the mechanical properties of the resulting
microgels. Here, we characterized the Young’s moduli of
microgels fabricated with high molecular weight alginate
(280 kDa) with a M-to-G-block ratio of 0.65, which was
functionalized with biomolecules (e.g, biotin, RGD-
peptides). Microgels produced at 21.8 mM Ca®*
concentration exhibited stiffness values of about 9 kPa,
which increased to an approximate value of 14 kPa at
40.5 mM Ca*. The introduction of inorganic nanoma-
terials in the microgels additionally influenced these
values. However, microgel size did not influence the
mechanical properties.

e Sample preparation prior to nanoindentation: Ensuring
strong microgel adhesion to the measurement surface is
crucial for successful nanoindentation. Functionalizing
the substrate surface with PLL proved to be an effective
strategy for ionically cross-linked alginate microgels used
in this study, however, the concentration of PLL should
not exceed 0.5 mg/L to prevent secondary cross-linking.
We recommend using 0.1 mg/L and complete removal
of excess PLL by drying prior to microgel adhesion.

e Choice of nanoindentation probe: This study used
spherical probes with varying tip sizes (3 and 11 pm)
and stiffness values (0.5 and 0.025 N/m) to evaluate
their impact on measurement precision. While no
changes in the measured stiffness were observed due
to tip size, softer probes (0.025 N/m) introduced higher
noise levels. Probes with a stiffness of 0.5 N/m provided
the most consistent results at indentation depths of 1000
nm. We recommend selecting cantilevers with similar
stiffness and spherical tips with smaller radii compared
to the microgels to enable correct tip positioning.

e Ionic composition of aqueous microgel medium: The
presence of CaCl, promoted cross-linking, while NaCl
induced disruption of ionic cross-links in alginate
microgels. We found that the optimal cross-linking
concentration was achieved at 45 mM CacCl, leading to
stiffness values of about ~20 kPa, which was high
enough to counteract the distruptive effects of NaCl
within a range of 1-100 mM. However, low
concentrations of CaCl, and high concentrations of
NaCl caused a drastic softening effect. Similar
observations were made in different cell culture media,
where alginate microgels exhibited stiffness values less
than 1 kPa. Considering these findings, it is essential to
correctly determine the measurement medium. We
suggest conducting the measurements in media that
correspond to the application of the microgels.
Furthermore, the storage media for alginate microgels
should be carefully selected, to avoid any temporal
changes in microgel stiffness.
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