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1. Motivation

The development of dynamic covalent hydrogels offers
a promising opportunity for advancing tissue
engineering, regenerative medicine, and injectable
biomaterials. These materials !provide remarkable
versatility and tunable mechanical properties, allowing
them to experience reversible covalent bond formation
that can be finely adjusted in response to external
stimuli. This makes them highly suitable for applications
such as drug delivery systems, cell scaffolds, and
responsive ~ wound  healing  materials. = The
biocompatibility and no-cytotoxicity behavior of
dynamic covalent hydrogels are critical for supporting
cell growth and function, ensuring that they do not
induce toxicity or immune rejection. Nevertheless,
understanding how these materials respond to various
mechanical forces, such as pressure, shear, and
temperature, remains a key challenge. This study
investigates the rheological?, microfluidic and
cytocompatibility behavior of these hydrogels, focusing

on their stability and functionality under physiological
conditions. By optimizing these materials, this research
opens the door to the development of dynamic
hydrogels that are well-suited for a wide range of
biomedical applications. Specifically, two types of
dynamic hydrogels, APBA-GL and PBA-GL, were
examined under varying pressure conditions. This
research seeks to advance the understanding of dynamic
hydrogels and explore their vast potential in the field of
biomaterials, offering new avenues for the development
of advanced therapeutic tools.?

Figure 1: Schematic representation of the hydrogel
network formed by four-arm PEG precursors,

functionalized respectively with phenylboronic acid
(PBA, in blue) and gluconolactone (GL, in red).



Reversible PBA-GL interactions serve as crosslinking
points, giving rise to a stable three-dimensional matrix
with potential stimuli-responsive properties adapted
from!

15 REGENER,,, ;

Hyqg, &
"Oco//a ™ O/O’l((\
S

Figure 2: This figure highlights the diverse applications
of hydrogels in drug delivery, tissue engineering,
regenerative medicine, biosensors, contrast agents, and
implants, showcasing their versatility in biomedical and
industrial contexts. Adapted from *.

2. Materials & Methods

2.1 Materials

In this study, a range of materials were utilized to
prepare and analyze dynamic covalent hydrogels, as
well as to assess their biological and mechanical
properties. PEG (polyethylene glycol), a 4-arm
macromer, was used to provide the structural backbone
for the hydrogels. The functional groups GL
(gluconolactone), PBA (phenylboronic acid), and APBA
(ortho-aminomethylphenylboronic acid) were
incorporated into the hydrogel network to facilitate
dynamic covalent bonding and modulate the physical
properties of the hydrogels. To maintain the appropriate
pH during the experiments, Hepes (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) was used as a pH 8
buffer, while P (phosphate) served as a pH 7.5 buffer.

For biological assessments, the study also utilized
Matrigel, a commercial gel to support cell culture,
Alamar Blue for evaluating cell viability, DAPI (4,6-
Diamidino-2-Phenylindole Dihydrochloride) to stain cell
nuclei, and Phalloidin 555 to visualize the actin filaments
within cells. Fetal Bovine Serum (FBS) was incorporated
into the culture medium to provide essential growth
factors and nutrients. Additionally, Rhodamine B, a
fluorescent dye, was employed to enhance contrast

under fluorescence microscopy, enabling a better
visualization of the samples. Microfluidic analysis was
also performed using silver-coated glass microbeads (1-
7 um), which were introduced to visualize flow profiles
and particle movement within the microfluidic chip.
These materials collectively supported the design,
analysis, and biological validation of dynamic covalent
hydrogels, aiding in the study’s exploration of their
potential applications in tissue engineering and
regenerative medicine.

2.2 Hydrogels formation

The formation of dynamic hydrogels was optimized to
achieve the desired composition and structural
properties. To synthesize a specified volume of PBA-GL
at a target concentration, two separate solutions were
prepared in equal volumes. The required volume of each
solution was calculated and used to determine the
optimal mass of PEG-PBA. A slight excess of PEG-PBA
was measured to ensure accurate pipetting and
handling. The PEG-PBA was then combined with a
calculated quantity of buffer to dilute it to the target
weight percentage, ensuring the hydrogel’s final
composition supported structural integrity and
functionality. The buffer volume was calculated and
added to the PEG-PBA solution, which was then
vortexed and centrifuged for thorough mixing and
removal of air bubbles. This process was repeated for
PEG-GL to ensure consistency across the two PEG
derivatives. In the final stage, the PEG-PBA and PEG-GL
solutions were combined with a small amount of
microbeads and Rhodamine dye to enhance flow
visualization and fluorescence contrast. The mixture was
vortexed and centrifuged to ensure a uniform and stable
hydrogel network, ready for further experimentation.

Table 1: Gel Formulation.

PEG APBA/PBA GL
Compounds APBA/PBA
solvent [mL] [mg]
[mg]
2.50% 2.40 93.60 2.50
3.00% 3.20 103.36 3.32
3.50% 3.60 99.20 3.70
4.00% 4.02 96.48 451
4.50% 4.55 96.56 4.70
5.00% 5.12 97.28 5.20

2.3 Microfluidic setup configuration and
loading

The microfluidic apparatus was designed for precise
control of the gel's behavior under varying pressure
conditions. Equipped with an Elve Flow pressure pump
controlled by an OB1 controller, the system allowed for
accurate pressure adjustments throughout the




experiment, with dual pressure sensors ensuring
continuous flow stability. The setup, capable of reaching
a maximum pressure of 6000 mbar, was ideal for
observing the gel's transition from a liquid-like to a
solid-like state under controlled experimental
conditions. The system included two main reservoirs
one for purified water and the other for the prepared gel
connected to the microfluidic chip via flexible tubing.
The PDMS chip featured dual inlets for independent
control of water and gel flow, enabling the observation
of the gel's behavior under various pressures and flow
rates. Gel loading was achieved by gradually increasing
the pressure within the gel reservoir, followed by the
maintenance of a constant pressure to ensure uniform
gel flow and phase transitions. Real-time monitoring
was performed using pressure sensors and imaging
techniques, with tracers like rhodamine and microbeads
enhancing flow visualization. Data acquisition provided
insights into the relationship between applied pressure,
gel concentration, and the gel's rheological behavior. The
experimental setup was carefully calibrated and
consistently inspected to ensure accurate and
reproducible results across multiple trials.

Figure 3: Set up configuration.

2.3.1 Post processing data

For post-processing the experimental data, a MATLAB
code was developed to analyze videos recorded from the
microfluidic setup. The code tracked particle motion
within the gel, calculating particle velocities which were
then compared to a model equation for non-Newtonian
fluids.
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The equation involved the streamwise velocity u(y),
power-law index (n), pressure gradient (G), and
consistency coefficient (m). This enabled a precise
analysis of the gel's flow behavior, identifying whether

it behaved as a Newtonian fluid, shear-thickening, or
shear-thinning under different experimental conditions.

2.4 Cell-material interaction

To assess the biocompatibility of the gels, the response
of the 3T3 cell line was tested on gels prepared at 3.5 wt%
and 4.5 wt%. Various coatings were applied to enhance
cell adhesion, with all procedures conducted under
sterile conditions.

2.4.1 Gel formation

The gel formulations were prepared under sterile
conditions in a laminar flow hood. PEG APBA and PEG
GL powders were weighed outside the hood, and the
corresponding solutions were prepared as follows: for
the 3.5 wt% PEG APBA gel, 1.75 g of PEG APBA was
dissolved in 50 mL of HEPES buffer; for the 4.5 wt% PEG
APBA gel, 2.25 g of PEG APBA was dissolved in 50 mL
of HEPES buffer. For the 3.5 wt% PEG GL gel, 3.50 mg of
PEG GL was dissolved in 10 mL of HEPES buffer, and
for the 4.5 wt% PEG GL gel, 3.77 mg of PEG GL was
dissolved in 10 mL of HEPES buffer. The pH of all
solutions was adjusted to 7.4 to match the cellular
environment. Equal volumes of PEG APBA + buffer and
PEG GL + buffer (100 pL each) were transferred into a
96-well plate and centrifuged at 3200 RCF for 5 minutes.
PBS was then added to the wells.

2.4.2 Coating formation

Various coatings were tested to enhance cell adhesion,
including fibronectin and two concentrations of gelatin
(1% w/v and 5% w/v). 1% gelatin was chosen as the
optimal coating. Gelatin was dissolved in mQ water,
autoclaved, and filtered, then applied to the well plate
for at least 6 hours before cell seeding.

2.4.3 Cytotoxicity test and adhesion

The 3T3 cells were cultured at a density of 5000 cells/cm?
on the previously prepared gels and on a commercial
Matrigen gel. The cytotoxicity test was performed in a
96-well plate under different experimental conditions:
3.5 wt% PEG APBA and GL gels coated with 1% gelatin,
gel-only, and cell-only controls. In each well, 100 uL of
Phenol-Free Media was added, and after 30 minutes of
incubation, the background was measured using the
HIDEX reader. Then, 100 uL of a Phenol-Free Media and
Alamar Blue solution was added to each well, and the
HIDEX reader was used again for experimental
measurements. For the cell adhesion test, three
conditions were assessed: cells on a 3.5 wt% gel using a
transwell system (gel in suspension), cells only as a
control, and cells with a commercial gel (Matrigen) for
comparison. Cell viability was measured using the
HIDEX instrument after incubation with phenol red-free
medium. After 45 minutes, the medium was aspirated,
and a solution of AlamarBlue and phenol red-free
medium was added to each well. After 2 hours of
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incubation, the HIDEX measurement was repeated to
evaluate cell viability and adhesion.

2.4.4 Fixation and immunostaining

Cell fixation was performed by first removing the
culture medium and then adding 100 uL of 4%
paraformaldehyde (PFA) solution to each well, ensuring
full coverage. The plate was incubated for 15 minutes at
room temperature, followed by three washes with
phosphate-buffered saline (PBS), leaving PBS in the
wells after the final wash. A staining solution was
prepared by diluting DAPI (1:1000) and phalloidin 555
(1:1000) in 998 UL of 5 wt% bovine serum albumin (BSA)
solution. After removing the PBS, 100 uL of the staining
solution was added to each well, and the cells were
incubated for 30 minutes at room temperature in the
dark. Following staining, the cells were washed three to
five times with PBS.

Table 2: Fluorescent staining dilutions and buffer

Biomarker [Function IAmount [Buffer
Nuclear stain to .
DAPI . . 1:1000 [BSA 5 wt% in PBS
visualize DNA
Phalloidin [Actin filament .
. 1:1000 [BSA 5 wt% in PBS
555 stain

3. Discussion and results

3.1 Microfluidic characterization

In this study, APBA/PBA-GL gels were subjected to a
range of pressures within a microfluidic system to
observe the transition from liquid-like to solid-like

behaviors. This experiment revealed that the
transformation thresholds are highly concentration and
pressure-dependent. ~ Notably, = APBA-GL  gels

demonstrated the ability to transition at lower pressures
compared to PBA-GL gels at equivalent concentrations,
suggesting a more efficient network structure in APBA-
GL gels potentially due to differences in chemical
composition or network interactions. At lower gel
concentrations, specifically between 3.0 to 3.5 wt%, the
gels retained liquid-like properties until subjected to
higher pressures, indicating that higher gel
concentrations facilitate earlier transitions to solid-like
states due to increased network cohesion and crosslink
density (Figure 4, 5). These observations underscore the
complex interplay between gel concentration, applied
pressure, and the resulting mechanical properties,
providing preliminary but valuable insights into the
design of tunable materials for applications that require

precise mechanical responsiveness under varied
environmental conditions.
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Figure 4: Effect of concentration on the critical pressure
required for the transition from liquid-like to solid-like
behavior in PBA-GL gels. The red crosses represent
solid-like behavior, and the blue circles represent liquid-
like behavior.
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Figure 5: Effect of concentration on the critical pressure
required for the transition from liquid-like to solid-like.

3.1.1 Tracking particles analyses

The particle tracking analysis was implemented to
obtain precise and quantitative information about
particle flow dynamics under varying pressures and gel
concentrations. While video analysis (Figure 6) provided
qualitative insights into the liquid-to-solid transition,
tracking allowed for the extraction of particle velocities
and the identification of flow profiles across the channel.

Figure 6: Micrograph of the analyzed sample, showing
particles in the channel.

To achieve this, a MATLAB-based code was employed,
assigning a red marker (red asterisk) to each particle in
consecutive video frames. Video frames were processed
sequentially to detect and track particles over time.
Initially, each frame was converted to grayscale, rotated
for alignment based on a specified angle, and then
cropped to focus on a region of interest.
The detectParticles function was used to identify particles
within the cropped frame, and their positions were
stored for further analysis. A red asterisk marker was
assigned to each detected particle in consecutive video
frames, allowing for clear visualization. The
displacement of each particle, Ax, between consecutive
frames was calculated along with the time interval, At, to
determine the particle velocity using the equation:

Ax(frame(n + 1) — frame(n)
Uparticle = 1 (2)

frame rate

These velocity calculations were stored for each particle,
and the particle positions were visualized by overlaying
the positions on the frames. For each unique y-position,
the mean particle velocity was also computed, providing
insights into flow profiles across the channel. The
tracking code operates with a high degree of precision
for the majority of particles (Figure 7).

Figure 7: Particle tracking

3.1.2 Fitting flow profile

To achieve this, the channel was segmented into
sections, and within each section, the number of particles
was calculated and grouped by velocity intervals to form
a distribution. The most representative velocity was
identified based on the highest concentration of particles
in each segment. This process was applied across all
sections, resulting in the red trend shown in the figure,
which aligns with our expectations (Figure 8).
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Figure 8: Distribution of particle velocities across the
channel with the most representative velocity for each
section highlighted (red dots).

Following this segmentation and particle velocity
distribution analysis, the Power Law Model °>was
applied to evaluate the rheological behavior of the gel.
Since the index n was not specified, the velocity profile
equation was used to interpret the flow behavior:

1
H[ n+1 n+1

T

n |G
n+1im

u(y) =

where u(y) represents the particle velocity as a function
of the Y-coordinate, G/m is a constant dependent on the
applied pressure and the geometry of the system, n is the
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flow index to be determined, h is the half-width of the
channel, and y represents the position along the channel
width (y = + h). This formulation allows for identifying
the gel's behavior as Newtonian when n equals 1, shear-
thinning if n is less than 1, and shear-thickening if n is
greater than 1. The fitting results indicate a very high
quality of the fit and clear dependence of the flow
index n on the applied pressure. At alower pressure of P
= 850 mbar (Figure 9), the flow index n is relatively low,
with a value of n =0.2136, indicating pronounced shear-
thinning behavior. As the applied pressure increases to P
= 1560 mbar, P = 3000 mbar(Figure 10), andP
5000 mbar, the flow index progressively increases to n =
0.665,n = 0.680, andn = 0.7924, respectively. This
gradual increase innsignifies a reduction in shear-
thinning behavior, suggesting that the gel's internal
structure becomes more resistant to deformation and
shear under higher pressures. As the flow index
approachesn=1, the material transitions closer to
Newtonian behavior, which is characteristic of ideal
liquids. This behavior reflects a state where the system
exhibits reduced shear dependence, but it does not

necessarily indicate a shift toward solid-like behavior.
Instead, it highlights a balance between the gel's
structural network and the applied stress.
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Figure 9: Fitting of experimental data at P = 850 mbar and
3000 mbar.

3.2 Cytocompatibility characterization

3.2.1 Cytotoxicity Assessment of the 3.5 wt%
Hydrogel Using Alamar Blue Assay

The cytotoxicity of the 3.5 wt% hydrogel was assessed
using the Alamar Blue assay, with data derived from
three independent replicates. The results, presented in
the figure 11, indicate that the hydrogel does not induce
significant toxicity in 3T3 cells, as cell viability remains
above 75%. Specifically, the cells cultured in the
hydrogel displayed a slightly lower viability compared
to the control group (cells alone), but still within
acceptable thresholds for biocompatibility (>70%, as
defined by ISO 10993-5 standards). When compared to a
commercial gel, the viability of cells in the hydrogel was
comparable, suggesting that the hydrogel supports
cytocompatibility to similar extent. The results indicate
high cell viability across all conditions, demonstrating
the biocompatibility of the developed gel compared to
the commercial counterpart. This minor variability
might also reflect interactions between the cells and the
dynamic covalent bonds within the hydrogel network.
Such interactions could introduce subtle mechanical
stresses or influence cellular metabolic activity, leading
to slight deviations in cell viability. Despite this, the
similarity in results between the hydrogel and the
commercial gel reinforces the potential of the 3.5 wt%
hydrogel as a safe and effective biomaterial.
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Figure 11: Cell viability assessment after 48 hours for
different conditions.

3.2.2 Evaluation of Cell Adhesion Using Gelatin-Coated
and Uncoated Hydrogel

The experiment analyzed the hydrogel after its
formation, focusing on the selected coating (1% gelatin)
and the behavior of 3T3 cells cultured under three
conditions: cells cultured on gelatin-coated hydrogel and
cells, uncoated hydrogel and cells, and a control group
with cells alone. Data obtained from three independent
replicates reveal significant differences in adhesion and



viability between these conditions. The comparison
highlights the effectiveness of the gelatin coating in
supporting cell adhesion and viability. Cells cultured on
the gelatin-coated hydrogel exhibit a marked
improvement in viability compared to the uncoated
hydrogel. The gelatin coating likely mimics extracellular
matrix (ECM) properties by introducing functional
groups, such as arginine-glycine-aspartic acid (RGD)
sequences, which are critical for integrin-mediated cell
adhesion. This enhanced interaction promotes
cytoskeletal reorganization and stronger attachment,
resulting in higher viability levels. Conversely, the
uncoated hydrogel shows significantly lower viability,
indicating poor cell adhesion. This may be due to the
synthetic hydrogel's lack of biochemical cues and its
potential to create a microenvironment with suboptimal
mechanical properties or surface chemistry for cell
attachment. The control group, where cells are cultured
without any hydrogel, demonstrates the highest
viability, reflecting the optimal conditions of a natural
microenvironment. This result emphasizes the
importance of providing biochemical and mechanical
cues for successful cell-material interactions. The
relatively wide standard deviation in the uncoated
hydrogel condition highlights variability in cell
adhesion, which could stem from uneven surface
properties or inconsistent cell distribution across the
hydrogel. Given that adhesion is being tested here,
visual observations were also taken into account to
complement the viability results. The lower viability in
the uncoated hydrogel condition could be attributed to
fewer cells attaching to the hydrogel surface, as observed
microscopically. Alternatively, for those cells that did
attach, their viability appeared compromised, possibly
due to the lack of supportive biochemical and
mechanical cues. These findings confirm that gelatin
coating significantly enhances the bio-interface of the
hydrogel, making it more suitable for biomedical
applications where cell adhesion and viability are
critical.

3.2.3 Cell morphology

To evaluate the interaction between 3T3 cells and the
hydrogels, immunostaining was performed using DAPI
to stain the nuclei (blue) and phalloidin to label actin
filaments within the cytoskeleton (green). In the control
condition with cells alone (Figure 12), the cells exhibit an
elongated, spindle-like morphology, characteristic of
healthy, adherent fibroblasts. The actin cytoskeleton is
well-organized, with prominent stress fibers extending
throughout the cytoplasm. This morphology and
cytoskeletal arrangement reflect robust attachment to
the substrate and optimal cell spreading, suggesting that
the environment in this condition provides the necessary
biochemical and mechanical cues for cellular
homeostasis. In the commercial gel condition (Figure 15),
the cells display a similarly elongated and well-spread

morphology, comparable to the control. The actin
filaments are clearly visible, forming defined stress
fibers that span the cell body. This indicates that the
commercial polyacrylamide-based gel, which was
coated with gelatin (a protein rich in extracellular matrix
[ECM] motifs such as RGD sequences), successfully
mimics the native cellular environment. The gelatin
coating enables effective adhesion, spreading, and
cytoskeletal organization. However, it is important to
note that the commercial gel itself is synthetic and not
inherently bioactive, with its ECM-like properties arising
from the applied coating. These features support cell
survival and function, as evidenced by the alignment of
actin filaments and the maintenance of typical fibroblast
morphology. In contrast, the 3.5 wt% PEG hydrogel
(Figure 12) shows a notable difference in cell
morphology. While the hydrogel was also coated with
gelatin, the cells appear less spread, adopting a more
rounded shape with reduced cytoskeletal organization.
The actin filaments are shorter, less defined, and lack the
alignment observed in the other conditions. This
morphological change suggests weaker adhesion to the
hydrogel surface, potentially due to differences in how
well the gelatin coating is adsorbed or attached to the
PEG hydrogel backbone compared to the commercial
gel. The rounded morphology might also indicate
mechanical stress or suboptimal interactions between
the hydrogel and the integrins on the cell surface,
leading to impaired focal adhesion formation and
disrupted  cytoskeletal = dynamics. Additionally,
differences in mechanical properties between the PEG
and polyacrylamide gels may play a role in cell behavior
under these conditions. Biologically, these observations
highlight the importance of substrate properties in
influencing cell behavior. While the gelatin coating on
the commercial polyacrylamide gel creates a supportive
microenvironment for cellular adhesion and cytoskeletal
arrangement, the same coating on the PEG hydrogel
appears less stable or strongly attached, resulting in
suboptimal cell spreading and cytoskeletal organization.
This variability could stem from differences in the
chemical or mechanical properties of the gel backbones,
affecting the adsorption and retention of the gelatin
coating. These findings suggest that additional
modifications, such as improving the stability of the
gelatin coating or incorporating ECM-mimicking
peptides directly into the PEG hydrogel matrix, could
enhance its bioactivity. Overall, the images provide
valuable insights into how the physical and biochemical
properties of the substrate, including the stability and
effectiveness of the coating, affect cell morphology and
cytoskeletal dynamics.



Figure 12: Gel 3.5 wt% and cells (above) and commercial
gel and cell(below).

4. Conclusion and Outlook

This study advances the understanding of dynamic
covalent hydrogels by integrating microfluidic
characterization with biological evaluations, providing a
comprehensive assessment of their mechanical and
biological performance. The use of a microfluidic setup
enabled precise analysis of viscoelastic properties,
revealing liquid-to-solid transitions and non-Newtonian
flow behavior, which were validated through
rheological studies. This detailed characterization
enhances our ability to tailor hydrogels for specific
applications. Biologically, the hydrogels demonstrated
excellent cytocompatibility, with cell viability exceeding
70%, and their surface modification improved 3T3 cell
adhesion. The comparison with commercial ECM-based
gels underscored the importance of biochemical cues in
optimizing synthetic materials. Additionally, the study
identified an optimal 3.5 wt% hydrogel concentration for
physiological gelation, balancing biocompatibility and
mechanical strength. These findings emphasize the
potential of dynamic covalent hydrogels in injectable
and tissue-engineering applications. Future research

should refine their formulation, expand microfluidic
testing for in vivo-like conditions, and explore 3D cell
encapsulation to enhance biomimetic properties. In
conclusion, this study establishes dynamic covalent
hydrogels as promising candidates for biomedical
applications. The combination of tunable mechanical
properties, cytocompatibility, and adaptability under
stress makes these materials highly versatile. By
addressing the outlined challenges and opportunities,
future developments in this field have the potential to
revolutionize the design and implementation of
biomaterials in tissue engineering and regenerative
medicine.
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