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For tissue engineering, nanocellulose-based three-dimensional hydrogel structures hold potential as bio-
compatible support materials for biomimetic scaffolds to regenerate damaged tissues. One challenge of
this material is that nanocellulose does not degrade in the human body. Therefore, different carriers are
needed to locally deliver cellulase in a controlled manner to degrade the scaffold at the same time the
cells grow and proliferate. To achieve this, we developed casein microparticles (CMPs) as delivery vehicles
as they are non-toxic and have high porosity with a stable structure at physiological pH values. The poro-
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sity of the CMPs was first tested by diffusion experiments with fluorescently labelled dextrans of different
sizes as model molecules, demonstrating inward diffusion of dextrans up to 500 kDa. The CMPs continu-
ously release active cellulase, resulting in the degradation of the nanocellulose hydrogel over a time of 21
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Introduction

Cellulose nanofibrils (CNFs) have the potential to work as 3D
scaffold materials in the biomaterials field for tissue engineer-
ing, 3D printing, wound dressing, or medical implants.'™
CNFs are normally isolated from the cell walls of wood and
plants and are a renewable feedstock, which makes them more
economical than other materials.»” In general, nanocellulose
materials are biocompatible,>® non-cytotoxic,” and support
cell growth.®™° They also have low immunogenicity in vivo."*
However, CNFs do not degrade in the human body or under
standard cell culture conditions in vitro. Therefore, in vitro,
CNF hydrogels with a nanomesh structure have been crushed
with a grid in pieces after which the CNF parts reannealed
into a 3D construct resulting in macropores.’ These larger
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pores then supported cell growth which was not possible in
the initial CNF hydrogels.

Another way to create space inside CNF hydrogels for cells to
grow is to degrade the structure in a controlled manner. The
cellulase enzyme degrades cellulose in an orthogonal manner
without affecting mammalian cell processes as cellulase is not
toxic and not naturally present in the body.">"* This is in con-
trast to the degradation mechanism usually used in 3D natural
or synthetic hydrogels for cell growth, which mainly relies on
matrix metalloprotease (MMP)induced degradation.’* It is
known that natural hydrogels like fibrin or collagen may degrade
too rapidly in vivo to support tissue formation,'” while synthetic
materials lead to synthetic degradation products. The degra-
dation products of CNFs on the other hand are non-toxic sugars.

In particular, cellulase from Trichoderma reesei is stable for
a long time and shows degradation of nanocellulose in a phys-
iological pH range from 6 to 7.4. This enzyme has been used
to degrade CNF structures after a cell monolayer was formed to
achieve free-standing cell layers.® Still, in vivo, the temperature
and pH sensitivity of cellulase could be a challenge. One possi-
bility would be to pre-treat a cellulose-based scaffold before
implantation in vivo.'® Another possibility would be the inte-
gration of an enzyme carrier system in the nanocellulose bio-
material, which releases the enzyme over the long term."” This
encapsulation or immobilization could protect the cellulase.

Cellulase has a total enzyme length of 18-21.5 nm and a
diameter of 4-6.5 nm,"®' thus larger pores are needed to
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release it. Different materials have been investigated for cellu-
lase immobilization, such as mesoporous silica,”**" Au-doped
magnetic silica nanoparticles,*” and superparamagnetic chito-
san microspheres,”>* or alginate for encapsulation."”** Still,
these materials have some drawbacks, for example, they need a
combination of different materials or high production temp-
erature resulting in high cost, have high variability in their par-
ticle sizes, are not stable over long time frames, or have not yet
been tested for their biocompatibility. In this report, we test
CMPs for cellulase encapsulation and delivery to degrade CNF
hydrogels over time. These microparticles can be produced
chemically,®® by enzymatic crosslinking®” or via spray drying.”®
If produced from the main milk component by the use of
pectin polysaccharides, the casein microparticles are especially
interesting due to their production under gentle conditions at
pH 6.8%° and their sponge-like structure with a raspberry-like
surface morphology that resembles casein micelles.*’™?
The main ingredients in the preparation - casein and pectin -
are also used in the pharmaceutical and food industries.**3*
The caseins are organized into casein micelles in aqueous
solutions and, with the addition of pectin, they undergo
phase separation and depletion flocculation.>**> CMPs are
produced via film drying followed by enzymatic hydrolysis of
the pectin film matrix. They are especially interesting for drug
delivery due to their volume change caused by swelling at
different pH values,® which has been demonstrated with
a-tocopherol by mixing it into the solution during pro-
duction.®® As their synthesis process does not require enzy-
matic crosslinking, thermal treatment, or high pressure, we
hypothesize that they are also suitable for encapsulating
enzymes. CMPs are spherical with diameters between 5 and
50 pm and are stable at 4 °C for up to 21 days in a Bis-Tris
buffer solution.>*>® They do not show any significant struc-
tural changes when stored for up to 72 hours, retaining stabi-
lity without visible degradation.’” Their stability increases
under acidic conditions but the CMPs swell and disintegrate at
highly alkaline pH values. The latter process takes seconds at
pH 14, minutes at pH 11, and hours at pH 8.>**® Another way
to stabilize CMPs is the addition of calcium ions in the solu-
tion. 0.1 mM CacCl, stabilizes the CMPs at a high alkali pH
value of 11 for around 50 minutes, while without it, they disin-
tegrated within 15 minutes. Higher concentrations of >10 mM
CacCl, resulted in no swelling of the CMPs at pH 11 over a time
course of >1 h.**

In this study, we test the potential of using CMPs to encap-
sulate and release cellulase to degrade CNF hydrogel scaffolds
during 3D cell growth (Fig. 1). We first investigate these pro-
cesses with dextrans of different sizes as a model molecule
and determine different diffusion coefficients. We then
embedded CMPs inside a CNF hydrogel to examine whether
the CMPs are able to release active cellulase by observing CNF
degradation and calculating the decrease in the hydrogel size.
Furthermore, we confirm that the produced cellulase-contain-
ing CMPs are not toxic for cells and add them to a 3D CNF
hydrogel containing cells. This demonstrates that cellulase
release from the CMPs enables L929 fibroblast cells to grow in
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Fig. 1 A schematic illustration of the production of cellulase-containing
CMPs to locally deliver cellulase inside a CNF hydrogel to degrade the
structure and support 3D cell growth.

3D over a culture time of 21 days as the CNF hydrogel is slowly
degraded.

Materials and methods
CMPs preparation

The CMPs are prepared according to Zhuang et al.>® and opti-
mized according to Schulte et al*' In short, a dispersion of
casein micelles (10% (w/w)) was prepared by dissolving casein
micelle concentrate powder MC 80 (Milei GMBH, Leutkirch im
Allgdu, Germany) in simulated milk ultra-filtrate solution
(SMUF). The SMUF solution was prepared based on the proto-
col of Dumpler et al.*>® The casein micelle solution was stirred
for 1 h at room temperature (RT), 4 h at 4 °C, and 1 h at 37 °C.
The pectin solution (2%) was prepared by adding pectin
powder into a BisTris + CaCl, buffer (pH 6.8) and stirring the
mixture at 80 °C for 2-3 h until it became a clear solution. To
prepare the casein-pectin solution (10 g), BisTris + CaCl,
buffer (pH 6.8, 4.28 g) was mixed at room temperature with
the casein solution (4.07 g), the pectin solution (1.5 g) and, if
needed, the cellulase enzyme (0.15 g) to obtain a 3% (w/w)
casein and 0.3% pectin solution. A 70 mm glass Petri dish was
filled with 3.9 g of the casein-pectin solution and placed
under a drying hood overnight for film formation. Enzymatic
hydrolysis with a pectinase solution was performed at 47 °C
for 2 h in an automatic shaker (160 rpm). After cooling down,
the clear solution was collected and centrifuged (22 °C, 1500
RCF, 10 min). The supernatant was removed, PBS was added at
a concentration of 0.5 g L™, and the CMPs were stored in the
fridge (4 °C) for further use.

Characterization of the diffusion properties of CMPs

The diffusion properties of the CMPs were characterized with
FITC-dextran molecules (40 kDa, 70 kDa, 500 kDa, and

This journal is © The Royal Society of Chemistry 2025
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2000 kDa) via the fluorescence recovery after photobleaching
(FRAP) technique using confocal laser scanning microscopy
(CLSM) on a Leica TCS SP8 microscope (Leica Microsystems,
Germany). The CMPs were incubated in an aqueous solution
of FITC (0.5 mg mL™") overnight. The bleaching experiments
were performed using a 63x glycerol objective and the 488 nm
line of an argon-ion laser operating at 80% output power. A
region of interest (ROI) was set on the microgel and a time
series of digital images (512 x 512 pixels) were recorded with
an interval of 1.292 s using a highly attenuated laser beam
(1.3% transmission). After recording 30 pre-bleach images, a
circular area with a diameter of ca. 10 um was bleached at
maximum laser intensity (100% transmission) for 1.292 s.
Other time series of 100 post-bleach images with the same set-
tings were recorded. The FRAP data analysis was performed
according to Kittel et al.*°

SDS-PAGE, bicinchoninic acid (BCA), and EnzCheck assays for
indirect cellulase loading measurement

The encapsulated cellulase (Sigma c¢2730) was indirectly
measured using SDS-PAGE, BCA, and an EnzCheck assay.

For the SDS, samples were mixed with the loading buffer
and incubated for 10 min at 95 °C. Then, different volumes
were loaded onto the 4-20% gradient gel (140 V for 70 min)
and the proteins were visualized by Coomassie staining. For
the SDS, 1 mL CMPs solution was spun down and resuspended
in 250 pl to increase the concentration (4x concentrated). The
CMPs did break apart during heating.

The total soluble protein concentration of the cellulase and
the intact CMPs samples was determined by the BCA assay
(Pierce BCA Protein Assay Kit, 23225) following the manufac-
turer’s instruction for the MTP format (Greiner BIO-ONE,
Microplate, 96-well, PS, F-Bottom, Clear, 655101). Bovine
serum albumin (BSA) was used to generate a standard curve.
Absorbance was measured using a CLARIOstar Plus (BMG
Labtech) plate reader.

The activity of cellulase in the intact CMPs samples with
and without cellulase loading was determined using the
EnzCheck cellulase substrate (Invitrogen, E33953) following
the manufacturer’s instructions at pH 5. The assay was per-
formed in the MTP format (Greiner BIO-ONE, Microplate,
96-well, PP, F-Bottom, Black, 655209). A serial dilution of cellu-
lase was used to generate a standard curve ranging from
2.67-2734 ng mL™" (protein concentration based on the BCA
assay). After incubation for 30 min at RT, the fluorescence was
measured using the CLARIOstar™® (BMG Labtech) plate
reader at an excitation of 339/10 nm and an emission of 452/
10 nm.

Preparation of the CNF suspension and hydrogel formation

A 1.0 wt% suspension of CNF was prepared by the group of
Prof. Walther according to Isogai et al® by the TEMPO-
mediated oxidation under alkaline conditions (pH = 10.5) for
30 min of a softwood kraft pulp and subsequent homogeniz-
ation at pH 8.5 with an MRT model CR5 pressure microfluidi-
zer, applying 2 passes at 1400 bar and 2 passes at 1000 bar.

This journal is © The Royal Society of Chemistry 2025
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The resulting apparent viscosity degree of polymerization
(DPv) is 600 and the content of carboxyl groups is 0.85 mmol
g”'. Due to the TEMPO-mediated oxidation, the carboxyl
groups of the CNF are deprotonated and therefore negatively
charged under physiologically mimetic conditions, i.e., PBS or
media at pH 7.4. When in contact with cations, the anionic
CNF interfibrillar network stabilizes, forming an integer hydro-
gel that no longer exhibits shear-thinning behavior.” The
hydrogel dimensions formed here are around 5 mm in dia-
meter and 0.5 mm in height per well.

Hydrogel degradation comparing free cellulase with cellulase
encapsulated in CMPs

For the degradation experiment, cellulase was encapsulated in
the CMPs as described above. A solution with the same stock
concentration of free cellulase, empty CMPs, and CMPs con-
taining cellulase was added to 10 pL of nanocellulose and
incubated in PBS or DMEM over 21 days while constantly re-
adding PBS or DMEM to avoid evaporation. It was imaged
every 2-3 days using an Opera Phenix Plus High-Content
Screening System (PerkinElmer, USA) with a 10x air objective
in brightfield mode and Z-stacks of 300-350 um thickness.

Cell culture

L929 mouse fibroblasts (passage 8-12, obtained from
Deutsche ~ Sammlung von  Mikroorganismen  und
Zellenkulturen GmbH, DSMZ ACC-2) were cultured in tissue
culture flasks with Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) containing 10% fetal bovine serum (FBS,
Biowest or Gibco) and 1% antibiotic/antimycotic solution
(AMB, Gibco). The cells were cultured at 37 °C in 5% CO, in a
humidified environment.

Live-dead assay

To determine the influence of CMPs on cells, 1.929 fibroblasts
were seeded in 24-well plates and incubated for 1 or 5 days
with serial dilution of 0.5 g L™" cellulase-loaded CMPs in
DMEM. Cell viability was assessed by live/dead staining
according to the manufacturer’s instructions (Invitrogen,
Thermo Fisher) and images were recorded using the Opera
system. To analyze the percentage of living cells, the green
cells are compared to the total number of cells in brightfield
mode.

Proliferation assay (MTS assay)

For the MTS assay, around 1 x 10" cells are seeded in each
hydrogel in a 24-well plate with a serial dilution of 0.5 g L™
cellulase-loaded CMPs and cultivated for 1 day. The MTS
working solution is prepared with cell culture media (1000 pL)
and MTS reagent (200 pL). The solution containing growth
media is removed and replaced with the MTS working solu-
tion. The sample is incubated in the dark for 2-4 h at 37 °C.
100 pL of the solution is added to a 96-well plate (3x for each
well). Then it is measured using a microplate reader (Synergy
HT from BioTek) at 490 nm.

Biomater. Sci, 2025, 13, 2435-2443 | 2437
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Nanocellulose-cell-CMPs model

To add the CMPs together with the cells into a nanocellulose
gel, the CMPs were first centrifuged at 1500 rpm for 10 min,
and the PBS was removed. 1 x 10* cells were stained with
Vybrant DiO (488, Thermo Fisher) solution, added to the
CMPs without mixing, and then centrifuged at 300 rpm for
5 min. After removing the media, the CMPs and cells were
pipetted with 10 pL nanocellulose to form a mixture. The
same was done with CMPs or just cells as controls. The nano-
cellulose-cell-CMPs mixture was pipetted into a well plate and
medium was added. The cells were imaged for 0 d to 21 d on
the Opera Phenix Plus High-Content Screening System
(PerkinElmer, USA) with a 10x air objective in brightfield
mode, a 488 nm laser, and Z-stacks of 300-350 pm thickness.

Data analysis

To visualize the effect of the free or encapsulated cellulase on
the nanocellulose gel, a mathematical model for the size loss
over time was established assuming that nanocellulose gel size
decreases monoexponentially (eqn (1)).

Size-model.

Size(t) = a - e b*, (1)

where a is the size at ¢t = 0 and b is the degradation rate. To
analyze the growth of L929 fibroblast cells in nanocellulose in
the presence of CMPs with cellulase, a volume model was
established (eqn (2)).

Volume-model.

Volume(t) = volume,—y 4 a(1 — e %), (2)

where, in this case, a is the total increase in the volume and b
is the growth rate.
A linear model is fitted via eqn (3) and shows that the cell
volume correlates with the degradation of nanocellulose.
Linear model.

Cell volume = —144.88 x size of nanocellulose + 23 483.9.

(3)

Image processing and analysis

The samples are imaged using a PerkinElmer Opera Phenix
Plus system with a 10x air objective. Z-stacks of 300-350 pm
thickness are acquired for each sample. These images are cap-
tured using the appropriate excitation wavelengths and the
emission signals are captured using suitable detection sCMOS
sensor cameras. The obtained z-stacks are evaluated using the
Harmony analyzing program or Image]J-Fiji.

Statistical analysis

Statistical data analysis was performed using OriginPro 2022
using a one-way ANOVA with pair comparisons using Tukey’s
methods. The p-value below 0.05 is considered a significant
difference (p* < 0.05; p** < 0.01; p*** < 0.001).
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Results and discussion
FITC-dextran release from CMPs

As cellulase is a large enzyme,'®'? it needs to be encapsulated

in capsules that over time provide sufficiently large pores in
the range of 40-60 nm so as not to hinder the diffusion and
release of the cellulase."®

The synthesized CMPs, produced via a previously described
method,***! are almost perfectly spherical with diameters in
the range of 5-50 pm and are known to swell depending on
the pH level. Inside, they have a granular, porous structure,
which is formed by a gel network of pm-sized building blocks,
interspersed with water channels of the same size (Fig. 2A and
ESI Fig. 1A-Dt}). As CMPs are quite porous with a sponge-like
structure,’’ the diffusion of different-sized fluorescein isothio-
cyanate (FITC)-dextran molecules (40-2000 kDa) through the
pores of the CMPs is first analyzed. The prepared CMPs are
incubated in solutions with different-sized FITC-dextran mole-
cules overnight and images are taken using confocal laser
scanning microscopy. This demonstrates that the FITC dextran
molecules of 40-70 kDa completely fill the particles, those of
500 kDa partially, and those of 2000 kDa much less
(Fig. 2B-E). After incubation, we performed fluorescence recov-
ery after photobleaching (FRAP) to determine the diffusion
coefficients. In the case of FITC-dextran of 40-70 kDa, the
molecules directly diffused back inside the spot after bleach-
ing, so their diffusion coefficients were not detectable due to
this fast recovery. With Stokes radii between 4.5 and 5.8 nm,
these dextran molecules are also much smaller than the cellu-
lase to be encapsulated. For the 500 and 2000 kDa FITC-
dextran molecules with dimensions of approximately 14.7
and 27.0 nm, the diffusion coefficients are calculated to be
164 + 28 pm” s~ and 28 + 2 um? s™', respectively (Fig. 2F).
These diffusion coefficients are higher than those measured
for dextran molecules inside PEG microgels of much smaller

B: 40 kDa dextran

C: 70 kDa dextran

D: 500 kDa dextran E: 2000 kDa dextran

8

na. |
40KkDa  70kDa 500 kDa [2000 kDa|
Dextran size

Fig. 2 CMPs after incubation with the different sizes of FITC dextrans.
A: brightfield image of a single partcle; B—E: FITC dextran (dark area
indicates single particle) with 40 kDa (B), 70 kDa (C), 500 kDa (D), and
2000 kDa (E); scale bars: 5 ym, F: diffusion coefficient D of FITC in
CMPs (n.d.: not detectable); n > 5 CMPs; p** < 0.01.

This journal is © The Royal Society of Chemistry 2025
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mesh size than the CMPs (e.g. diffusion coefficients in the
range of 4-10 pm?® s™' for 40-70 kDa FITC-dextran).’® The
results suggest that cellulase should be trapped inside the
CMPs during synthesis, with the ability to diffuse out when
incorporated into CNF hydrogels.

Degrading the CNF hydrogel by embedding cellulase-loaded
CMPs

Cellulase is encapsulated inside CMPs by mixing cellulase
with casein-pectin inside a BisTris buffer. The resulting aggre-
gates of casein micelles with entrapped cellulase are solidified
into cellulase-loaded CMPs during film drying before they are
isolated from the film matrix by enzymatic hydrolysis.

The presence of cellulase in the CMPs formulations is indi-
cated in SDS-PAGE (ESI Fig. 2A}). However, since cellulase
(and pectinase as well) are not pure enzymes (both technical
enzymes naturally produced by fungi), no single band corres-
ponding to the cellulase at ~68 kDa (calculated size of
cellulase) is observed. Therefore, the cellulase loading capacity
in the CMPs cannot be quantified by SDS-PAGE. In the future,
cellulase could be produced recombinantly leading to higher
purity and a defined activity profile. The supernatant fraction
containing unincorporated cellulase also demonstrated a
dominant band at ~68 kDa, indicating that cellulase is used in
excess during the fabrication process, which needs to be
further optimized. To determine the amount of loaded
cellulase in the CMPs, an indirect measurement was, there-
fore, performed. Directly after the fabrication procedure, the
intact cellulase-loaded CMPs (total protein concentration of
~0.5 mg mL ") contained on average ~35 pug mL™" active cellu-
lase as measured using a fluorescent cellulase substrate
(ESI Fig. 2Bt). Together with the measurements of the total
protein amounts inside the empty and cellulase-loaded
CMPs (ESI Fig. 2C¥), this indicates a loading capacity of ~20
weight/weight% of cellulase in the particles (Fig. 3B). The low
level of enzyme activity in the empty CMPs is caused by
the pectinase that is used to produce the CMPs (ESI Fig. 2D¥).
The Aspergillus niger organism, which produces pectinase
also produces a cellulase with a molecular weight of
~28 kDa,”” which was detected by the reactivity assay.
The difference in total soluble protein concentration between
the empty CMPs and cellulase-loaded CMPs agrees well with
the quantified cellulase concentration based on the activity
assay.

To investigate if active cellulase is released from the CMPs,
cellulase-loaded CMPs (Fig. 3A) are embedded inside CNF
hydrogels, and the hydrogel dimensions are observed over 21
days at 37 °C in PBS and DMEM. The hydrogel is marked with
a black line and the black dots in the surrounding liquid are
CMPs that were not completely embedded in the hydrogel as
they immediately detached from the hydrogel after immersion
in the liquid (Fig. 3C and D). The degradation kinetics with
cellulase-loaded CMPs is compared with that of empty CMPs
or free cellulase (cellulase added directly to PBS or DMEM at
the same total concentration as the cellulase-loaded CMPs). It
is apparent, after 21 days at 37 °C in DMEM, that the CNF gel

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Effect of cellulase-loaded CMPs encapsulated inside the CNF
hydrogels with empty CMPs and free cellulase as controls. A: CMPs
filled with cellulase, scale bar: 20 pm; B: weight of cellulase per weight
of CMPs; C: CNF gel area (black line) at dO incubated at 37 °C in DMEM;
small dots are CMPs filled with cellulase; D: CNF area (black line) after
d21 incubated with CMPs (cellulase) at 37 °C in DMEM, scale bar 2 mm;
quantification of the CNF gel dimensions in DMEM (E) and in PBS (F) at
37 °C incubated with CMPs loaded with cellulase (black square), empty
CMPs (red circles) or free cellulase (blue triangles) with the model fit for
loaded CMPs (brighter black squares) and nanocellulose with free cellu-
lase (brighter blue triangle); n = 3 CNF hydrogels per condition.

shrinks following the addition of CMPs loaded with cellulase
(Fig. 3C and D). If there are empty CMPs in the gel, the hydro-
gel does not degrade at all during 21 days neither in PBS nor
DMEM. The free cellulase degrades the gel more rapidly com-
pared with cellulase-loaded CMPs, as in this case the cellulase
has to be released first. After its release, it is clear that the
cellulase is active and degrades the hydrogels efficiently

Table 1 Parameters of formula (1) for CMPs with cellulase and free
cellulase

Cellulase-

loaded Free

CMPs in cellulase

DMEM In PBS in DMEM In PBS
Parameter value
a 98.2% 98.4% 93.2% 96.2%
b 1.44x1072h™ 6.6x10*h™ 2.27x107°h™ 1.49x10°h™*
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(Fig. 3E). The same trend is visible in PBS (Fig. 3F), with a
slightly lower degradation rate compared to that in the DMEM
(~28% of the gel degraded in PBS after 21 days versus 53% in
DMEM). This is unexpected as the addition of CaCl, to the
medium has previously been shown to decrease the swelling of
the CMPs at pH 11 and prevent the swelling process comple-
tely at pH 8.>"

The faster CNF hydrogel degradation is likely caused by the
higher activity of cellulase at lower pH, which was demon-
strated before.® This is confirmed by the fact that free cellulase
also degrades the CNF hydrogel faster in the medium com-
pared to PBS (~55% of the gel degraded in PBS after 21 days
and 66% in DMEM). As cellulase is an enzyme and thus a cata-
lyst, the hydrogels continue to degrade over time.

During enzymatic degradation, the size of the nanocellulose
hydrogel initially decreases linearly after which degradation is
observed to proceed more slowly (Fig. 3D and E). All kinetics
with pure cellulase or CMPs-encapsulated cellulase fit a mono-
exponential function (see eqn (1) in the Materials and
methods section). The fit parameters for degradation in
DMEM or PBS are shown in Table 1.

From the reciprocal values of the determined rates, b,
characteristic times can be determined after which nanocellu-
lose has shrunk to 37% of its initial value. This demonstrates

View Article Online
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that for both buffer systems, the encapsulation of the cellulase
in CMPs can extend the duration of degradation by 200 h, i.e.
approx. 8 days compared to the free enzyme.

Cell viability and proliferation assay

Before mixing the CMPs with cells in nanocellulose, they are
first tested for their effect on cell viability and proliferation in
2D. For this, dilutions of CMPs from 0.5 g L™" to 0.125 g L™
are tested with L929 fibroblasts and cultivated for 1 day to
analyze cell viability and proliferation and 5 days for
viability. Fig. 4 shows that cell viability is not affected by the
CMPs at any of the concentrations tested both on day 1 and day
5. The percentage of live cells is calculated as the ratio of
green cells and cells counted in brightfield mode as the red
BOBO-3-Iodide stain interacted with the CMPs (ESI Fig. 2A-
D¥). As the CMPs (without cells) interfere with the MTS pro-
liferation assay, we only performed the proliferation assay after
24 h. The MTS levels indeed increase in the presence of more
CMPs, which makes it difficult to interpret the data but when
subtracting the particle background level, it looks like cell pro-
liferation is not hindered (ESI Fig. 2Et). This fits well with the
literature where casein micelles were also proven to be non-
toxic to cells.*

0.5g/L CMP | 0.25g/L CMP [0.125g/L CMP |

live dead d1

:d5 | =

positive negative

0.5/L CMP | 0.25g/L CMP [0.125g/L CMP| positive | negative
live dead d5

Fig. 4 Live/dead assay. A: cells cultured for d1 with 0.5 g L™ CMPs and stained with live dye (green) with their corresponding brightfield picture (B);
D: cells cultured for d5 with 0.5 g L™* CMPs and stained with live dye (green) with their corresponding brightfield picture (E), scale bar: 200 pm;
quantification of viability after d1 (C) and after d5 (F). The positive control are cells without CMPs in the media and for the negative control, DMSO is
added to the cells without CMPs one minute before the assay to sacrifice the cells; n = 3; p*** < 0.001.
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L929 cell growth in the nanocellulose gel in the presence of
CMPs with encapsulated cellulase

As nanocellulose hydrogels do not degrade in water, cells
embedded inside these gels do not have the space to spread or
grow. Here, we study the use of CMPs as a local delivery system
for cellulase to degrade the hydrogels and support cell growth
inside a nanocellulose gel. L929 fibroblasts and cellulase-
loaded CMPs are both mixed within the nanocellulose. With
the addition of media, the nanocellulose crosslinks, and the
cells are cultivated for 21 days while being live-imaged to
analyze their growth. The L1929 fibroblasts, stained with a
Vybrant stain, are seeded in nanocellulose with cellulase-
loaded CMPs, empty CMPs, or without CMPs. To analyze the
L929 cell growth inside the nanocellulose hydrogels, the total
cell volume is measured in 3D confocal image stacks. As
shown in Fig. 5, only in the presence of cellulase-loaded CMPs
do the cells spread and grow, as demonstrated by the increase

E ng.CMPs

i
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in total cell volume (Fig. 5H). Cells with empty CMPs and
without CMPs do not show any growth and remain round
(Fig. 5C-F). Here, it is clear that the number of cells increases
inside CNF with cellulase-loaded CMPs during the 21 days of
culture (Fig. 5G). Compared to this, the number of cells stag-
nates and even decreases without the presence of CMPs or
empty CMPs. As the amount of Vybrant staining decreases in
the cells with each doubling, it could be that not all cells were
detected during the counting. Also, the total cell volumes do
not increase in these cases as the L929 cells alone are not able
to degrade the nanocellulose (Fig. 5H). The cellulase released
from the CMPs, therefore, is proven to be active, resulting in
nanocellulose degradation, providing space for the cells to
spread and increase their volume (Fig. 5A and B). To better
analyze 1929 cell growth inside the nanocellulose hydrogels in
the presence of cellulase-loaded CMPs, a volume model is
established (see eqn (2) in the Materials and methods section).
The used parameters are shown in Table 2.

B cellulase-loaded CMPs

2.0E+4 I empty CMPs
no CMPs

= 1.5E+4

1.0E+4

5.0E+3

Number of vybrant stained cells O

21

Time [days]

2.0E+4
1.8E+4
1.6E+4

1.4E+4
cellulase-loaded CMPs

empty CMPs

no CMPs

fit (cellulase-loaded CMPs)
extrapolated (cellulase-loaded CMPs)

1.2E+4

1.0E+4

total cell volume [um®]

B.OE+3 41+ == *

0 20 s 60 80
Time [days]

2.0E+4
= cellulase-loaded CMPs

1.8E+4
1.6E+4

i
1.4E+4 - ]

1.2E+4

1.0E+4

total cell volume [um?]

8.0E+3

40 50 6 70 8 90 100
Dimensions CNF hydrogel [%]

Fig. 5 Nanocellulose-cell-CMPs model. A—F: cells are cultured for 21 days and stained with the Vybrant dye. Both the green fluorescent images,
zoomed-in from the green fluorescent images, and overlay pictures with the brightfield images are shown. Cells are cultured in a nanocellulose
hydrogel with cellulase-loaded CMPs (A and B), empty CMPs (C and D), and without CMPs (E and F), scale bar: 200 ym and 50 pym for the zoomed-
in; G: number of Vybrant stained cells after 0 and 21 days for cellulase-loaded CMPs (dark grey), empty CMPs (medium grey), and no CMPs (light
grey); H: quantification of total cell volume pm? for cellulase-loaded CMPs (black square), empty CMPs (red circle), and no CMPs (blue triangle),
including a model fit for the total L929 cell volume over time in nanocellulose with cellulase-loaded CMPs (black line) and its extrapolation (thin
grey line); and I: the scatter plot (black line) of the total cell volume compared to the nanocellulose size for the gels embedded with cellulase-
loaded CMPs; n = 3 CNF hydrogels.

This journal is © The Royal Society of Chemistry 2025 Biomater. Sci, 2025, 13, 2435-2443 | 2441


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01508h

Open Access Article. Published on 13 2025. Downloaded on 01.11.2025 7:50:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 2 Parameter volume model

Parameter Value
Volume,, 8979.83 um?

a 10469.52 pm®
b 2.33x10° h™

For ¢t —» oo, the cell volume will approach a value of Volume,
+a=19449.35 um”.

Assuming the model is correct, the cells would reach 37%
of this maximum cell number/expansion after 3 = 429h, i.e.
around 18 days. When plotting the total cell volume as a func-
tion of the size of the nanocellulose hydrogels embedded with
cellulase-loaded CMPs from Fig. 3, a linear model (Fig. 5I) is
fitted via eqn (3) (see Materials and methods) and shows that
the cell volume correlates with the degradation of nanocellu-
lose. It is important to mention that in the presence of the
cells, the hydrogels did not shrink as much but became softer
from the inside out, providing space for the cells to grow. This
could be explained by the fact that in the presence of cells, the
media, and thus the released cellulase, are replaced with fresh
media every 3-4 days. In addition, it is known that cells locally
produce acids and that the cellulase activity increases at lower
pH values, which can enhance the activity of the enzyme
inside the gel where the cells are located. Furthermore, the
cells will produce extracellular matrix proteins, which can
stabilize the 3D cell construct. As different tissues need
different degradation rates, different concentrations of cellu-
lase-loaded CMPs could be added to the CNF hydrogel, as it
has been demonstrated before that the degradation kinetics of
CNF hydrogels depends on the cellulase concentration.®

Conclusions and outlook

This report demonstrates the efficient production and use of
CMPs to locally deliver active cellulase inside nanocellulose
hydrogels to trigger degradation and support 3D cell growth.
The CMPs are porous and facilitate the release of dextran
molecules < 2000 kDa as a model molecule of cellulase. When
cellulase-loaded CMPs are embedded inside nanocellulose
hydrogels, the hydrogels degrade gradually over a time course
of 21 days, demonstrating that the enzyme is successfully
encapsulated in the microparticles and released over time. The
enzymatic degradation of the nanocellulose can be delayed by
approximately 8 days through the use of cellulase-loaded
CMPs compared to cellulase added to the buffer or media via
the CMP structure-related release process. CMPs added to the
media are non-toxic and do not hinder cell proliferation. The
degradation of nanocellulose with embedded cellulase-loaded
CMPs and the increase of total cell volume of growing 1929
cells can both be analyzed by a mono-exponential function.
The characteristic times for both processes estimated by the
model fits are very close. The process variables of total cell
volume and size of the nanocellulose hydrogel are negatively
correlated with each other, i.e. the more the nanocellulose is
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degraded, the more the cells can grow. This provides a system
that can be adapted to a wide range of applications. Past
research demonstrated easy non-toxic methods to further
stabilize the particles via heat treatment or the addition of
calcium,?” but further studies are needed to understand the
changes in particle morphology and the mechanisms that
affect structural integrity to evaluate possible limitations of
this delivery system. We demonstrated that confocal
microscopy is a suitable method for this structural analysis. In
addition, simulations can be performed to predict the release
kinetics at different pH values, such as for the human diges-
tion system. In this study, we demonstrate that the CMPs can
be used as a delivery system with potential applications in
food, drugs, or biomedicine to encapsulate, protect, and
release bioactive compounds. In future studies, CNF hydrogels
incorporated with the enzyme-loaded CMPs will be tested
in vivo to analyze cell infiltration into these 3D hydrogels.
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