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ABSTRACT: The diversity and safety of nanofibrillated cellulose
(NFC) hydrogels have gained a vast amount of interest at the
pharmaceutical site in recent years. Moreover, this biomaterial has a
high potential to be utilized as a protective matrix during the freeze-
drying of heat-sensitive pharmaceuticals and biologics to increase their
properties for long-term storing at room temperature and transportation.
Since freeze-drying and subsequent reconstitution have not been
optimized for this biomaterial, we must find a wider understanding of
the process itself as well as the molecular level interactions between the
NFC hydrogel and the most suitable lyoprotectants. Herein we
optimized the reconstitution of the freeze-dried NFC hydrogel by
considering critical quality attributes required to ensure the success of
the process and gained insights of the obtained experimental data by
simulating the effects of the used lyoprotectants on water and NFC. We
discovered the correlation between the measured characteristics and molecular dynamics simulations and obtained successful freeze-
drying and subsequent reconstitution of NFC hydrogel with the presence of 300 mM of sucrose. These findings demonstrated the
possibility of using the simulations together with the experimental measurements to obtain a more comprehensive way to design a
successful freeze-drying process, which could be utilized in future pharmaceutical applications.

KEYWORDS: nanofibrillated cellulose hydrogel, trehalose, sucrose, freeze-drying, rheology, residual water content,
molecular dynamics simulations, ptychographic X-ray computed tomography

1. INTRODUCTION

Nanofibrillated cellulose (NFC) hydrogel is a natural bio-
material, whose biocompatibility, noninvasive properties, and
hydrophilicity have aroused interest in many research sites, such
as in 3D cell culturing and biomedical applications.1,2

Furthermore, the optimization of the drying of NFC hydrogel
into a highly porous aerogel has been a subject of research3,4 to
be utilized in various chemical applications as well as in
pharmaceutical ones. However, the tendency of the hydrophilic
fibrils of the nanocellulose to form irreversible hydrogen bonds
between each other and aggregate during the drying process
have created obstacles in the drying trials of NFC5 and prevents
the reconstitution back to hydrogel. Although previously NFC
hydrogel has been successfully dried into a porous aerogel form,
its applicability to be later reconstituted back to hydrogel with
preserved material-specific properties has not been compre-
hensively evaluated. This stands as a motivation to further study
freeze-drying and successful reconstitution of this material. To
better achieve the optimal freeze-drying protocol and recon-
stitution for native NFC hydrogel a detailed understanding of
the interactions between NFC, water, and utilized lyoprotec-

tants at the atomic scale would provide the means to optimize
this method for different pharmaceutical approaches.
In general, freeze-drying is considered as one of the major

formulation techniques in the biopharmaceutical industry to
improve the shelf life of thermosensitive products, such as
vaccines.6 In addition, freeze-drying has been studied for long-
term preservation and more feasible transportation of
biomaterials and even living substances, such as cells.7 The
optimized freeze-drying cycle consists of three main steps: (1)
freezing where the water of the sample is frozen until the fully
freeze-concentrated form is reached, (2) primary drying where
the frozen parts are removed via sublimation under a vacuum
and below a glass transition temperature (Tg′), and (3)
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secondary drying where the unfrozen water of the sample is
desorbed at elevated temperatures.6 The first things to
determine after the freeze-drying process and possible long-
term storage are cake appearance and reconstitution, which are
one of the quality attributes of the freeze-dried (FD) samples to
ensure the success of the process.8

Since the sample is exposed to a taxing freeze-drying process,
lyoprotectants are often required to preserve the characteristics
of the sample and to ensure the successful reconstitution of the
material later.9−11 Lyoprotectants act as thermodynamic
stabilizers and/or kinetic stabilizers. Thermodynamic stabilizers
have an ability to replace the hydrogen bonds of water, known as
the water replacement hypothesis, whereas kinetic stabilizers
form a highly viscous, degradation reducing matrix around the
sample, considered as the glass dynamic hypothesis. Sugars, such
as trehalose (α-D-glucopyranosyl-α-D-glucopyranoside) and
sucrose (β-D-fructofuranosyl-α-D-glucopyranoside), are com-
monly used as lyoprotectants as they have high glass transition
temperatures and hydrogen bonding abilities. From here on
these disaccharides are referred to as biomolecules. In addition
to sugars, other small molecules with lyoprotective properties
have been utilized in freeze-drying. These for instance include
alcohols, amino acids, and organic solvents. Optimization of the
quantity of the suitable lyoprotectants, taking into account
sample-specific quality attributes, such as isotonicity, rheological
features, desired residual water content, and morphology, is
often based on the trial-and-error approach, which requires a
vast amount of experimental data.12 Furthermore, according to
the opinion of Patel et al.8 the ambiguity in understanding the
specific quality attributes of the FD sample challenges the
optimization of the freeze-drying process, which is why they
should be more properly defined.
In our previous study, we showed that anionic nanofibrillated

cellulose (ANFC) hydrogel could be FD and reconstituted after
with preserved rheological properties, which reflected a
recovered drug release profile.13 Although potential results
were obtained, careful optimization of the freeze-drying process
was lacking which led to the samples containing a too high water
content according to the criteria stated by May et al.:14 “For
most products levels of residual moisture should be low, usually
from less than 1.0 % to 3.0 %, so that the viability, immunologic
potency and therefore the stability of the product is not
compromised over time”. Besides, residual water content is to be
one of the major critical quality attributes of the FD product as
noted by Kauppinen et al.15 Residual water has a major impact
on, for instance, the storage stability of the FD sample as well as
on the reconstitution and preservation properties, which is why
it should be accurately quantified and optimized. Furthermore,
especially when designing freeze-drying protocol suitable for
cells and biologics the critical quality attributes are not limited to
the outcome but also the optimization of the environment
surrounding them during the process. The importance of
understanding these aspects was noticed in another study of ours
where NFC hydrogel was utilized in the freeze-drying of
hepatocellular carcinoma 3D cell spheroids.16 Due to the lack of
full awareness of the effects of the interactions between the cells,
their extracellular matrix and lyoprotectants during freeze-
drying, as well as the absence of the comprehensive quality
attributes for the FD sample, there were challenges in preserving
the functionality of these 3D cell spheroids.
Due to the complexity of freeze-drying, there are few studies

that explore the process starting from the microscopic aspect by
simulating the molecular level interactions between the active

component, water, and used lyoprotectants utilizing different in
silico models.9,12,17 Understanding the behavior of the used
lyoprotectants, such as the conformation and hydrogen bonding
ability, could open new opportunities in the designing of
formulations for freeze-drying and even in optimizing the
desired water content for the biologics. Molecular dynamics
(MD) simulations have been suggested as a new approach to
explain and predict outcomes of the freeze-drying processes,12

which could minimize the time and costs compared with the
optimization based only on the obtained experimental data.
To summarize, multiple aspects in the optimization of the

freeze-drying process have been studied by utilizing different
quality attributes of the FD sample and by simulating the
molecular level interactions between the lyoprotectants and the
sample formulation to be FD. However, as far as we are aware,
there have not been any studies with biomaterial, biologics, or
biomolecules, in which all these aspects have been concerned,
starting from the standard characterization, such as cake
appearance, residual water content, or via rheological and
morphological analysis into more complex atomistic MD
simulations of the studied system.
In this study, we aimed to optimize the freeze-drying and

reconstitution of native NFC hydrogel with biomolecules by
understanding the preservation of the physicochemical charac-
teristics and rheological properties as well as the morphology
utilizing the obtained information from atomistic molecular
dynamics simulations. This provides valuable information on
how the understanding of the behavior of biomaterial,
biomolecules, and water should be combined to the designing
process of freeze-drying. We hypothesized that the MD
simulations could be utilized to understand the successful
freeze-drying and subsequent reconstitution of native NFC
hydrogel with the optimized quantity of biomolecules.

2. EXPERIMENTAL SECTION
2.1. NFC Hydrogel Preparation. Native nanofibrillated cellulose

(NFC) hydrogel (GrowDexⓇ) was provided by UPM, Biomedicals,
Finland, with a fiber content of 1.5% (m/v). The selection of the final
biomolecules was based on the optimization process presented in the
Supporting Information (SI), Figure S1. The final biomolecules used in
this study, D-(+)-trehalose dihydrate and sucrose, were purchased from
Sigma-Aldrich, U.S.A. The studied NFC hydrogel formulations were
prepared by mixing different concentrations of biomolecules with
ultrapure water, which were then combined with NFC hydrogel to the
total fiber content of 0.8% (m/v). The total concentration of the
biomolecules inNFChydrogel formulations was between 100 and 1000
mM. NFC hydrogel formulations were then homogenized by mixing
them with the vortex, and samples with higher concentrations than 600
mM of the biomolecules were mixed with the syringe technique based
on the protocol from Paukkonen et al.13 NFC hydrogel with a fiber
content of 0.8% (m/v) without any biomolecules was used as a control.

2.2. Freeze-Drying Protocol. To optimize freeze-drying temper-
atures, the glass transition temperatures of maximally freeze-
concentrated samples (Tg′) of all the NFC hydrogel formulations
and the control were measured with differential scanning calorimetry
(DSC; Discovery 2500, TA Instruments, Germany). Samples were
pipetted to hermetically sealed T-Zero pans (40 μL). Measurements
were carried out by first decreasing the temperature from +40 to −80
°C and then heating 10 °C/min to +20 °C with a cell purge gas flow
(N2) 50 mL/min. Temperature and heat flow was calibrated with
indium. Glass transition temperature measurements were done as
triplicates, and results were analyzed with TRIOS software (TA
Instruments, Germany).

Freeze-drying was performed with a laboratory-scale freeze-dryer,
Lyostar II (SP Scientific Inc., U.S.A.). The freezing step was performed
by decreasing temperature 1 °C/min to−47 °C for 2 h, after which the
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pressure was decreased to 50 mTorr and temperature was increased 1
°C/min to−42 °C. Primary drying was determined with a comparative
pressure measurement using a capacitance manometer (absolute
pressure, CM) and the Pirani gauche (relative vacuum). After the
Pirani value had decreased under the capacitance value, freeze-drying
was then continued to the secondary drying where the temperature was
gradually increased 1 °C/min from−42 to +20 °C. The sample volume
was 0.2 or 1.75 mL depending on the intended experiment. NFC
hydrogel formulations and control were FD in Schott Toplyo injection
vials (Adelphi) with a volume of 2 or 6 mL depending on the sample
size. Vials were closed with rubber Daikyo D Sigma freeze-drying
stoppers (Adelphi) at dry nitrogen atmosphere. After the freeze-drying
all-aluminum crimp seals (West Pharmaceutical Services) were placed
on the vials. FD samples were stored at +4 °C before further
experiments.
2.3. Cake Appearance and Reconstitution. After freeze-drying,

the elegance of the formed cakes was evaluated, and the FD NFC
hydrogel formulations and the FD control were reconstituted with
ultrapure water until the starting volume immediately after opening the
cap of the vial. The rate of the reconstitution of the dry samples into
hydrogel and preservation of the uniformity were evaluated. Air bubbles
in the reconstituted hydrogels were removed with 1 min centrifugation
(1000 rpm, 200 rcf).
2.4. Physicochemical Properties. The physicochemical proper-

ties of the reconstituted FD samples were studied by measuring the
osmotic pressure and pH, which were compared with the results before
the freeze-drying. Osmotic pressure was measured with a manual
freezing point osmometer (Osmomat 3000, Gonotech, Germany). The
osmometer was calibrated for 0 mOsmol/kg with ultrapure water and
100−850 mOsmol/kg with calibration standards (NaCl, Gonotech).
pH was measured with pH paper (Macherey-Nagel, Germany).
2.5. Rheology. Viscosity, shear loss modulus (G″), and shear

storage modulus (G′) measurements were performed with HAAKE
Viscotester iQ Rheometer (Thermo Scientific, Karlsruhe, Germany).
The instrument included the Peltier system for temperature control,
and all of the measurements were done at 24 °C. Data from the
rheological measurements were analyzed with HAAKE RheoWin 4.0

software (Thermo Fischer Scientific, U.S.A.) and with OriginPro
(OriginLab, U.S.A.). The samples were left to equilibrate to room
temperature before the measurements. Measurements were taken after
the reconstitution of the FD samples and compared with the ones taken
before the freeze-drying.

For the shear viscosity measurements, plate-on-plate geometry (1
mm gap) with parallel 35 mm diameter steel was used. The shear rate
was increased from 0.1 to 1000 s−1, and the results were observed with
16 time points. Oscillatory frequency sweep analysis was performed
with double gap geometry (4 mm gap) with parallel 25 mm diameter
steel. Before the measurement, constant amplitude sweeps were
performed for the determination of the linear viscoelastic region.
Constant angular frequency ω = 1 Hz with oscillatory stress between 1
× 10−4 - 500 Pa was used. Based on the linear viscoelastic region, the
chosen oscillatory stress was τ = 1.5 Pa and the angular frequency range
was 0.6−18.5 rads−1. The results from the moduli were observed with
24 time points.

2.6. Residual Water Content. Residual water contents of the FD
NFC hydrogel formulations and the FD control were measured with an
automatic coulometric Karl Fischer titrator (Metrohm, 899 Coul-
ometer, Switzerland). Hydranal (Coulomat AG, Fluca) was used as a
solvent in the measurements. FD samples were mixed with 1 mL of
methanol and drawn into a syringe with a volume of 0.8 mL, which were
injected into a bath flask of the Karl Fischer titrator. Results were given
in micrograms of water and the water content of pure methanol was
taken into account as a blank in the calculations. Mass percent and mole
fraction of the residual water content in the FD samples were calculated
manually. The molecular weight of NFC was considered as the
molecular weight of the glucose monomer in the calculations and the
mole fraction of water was theoretically calculated to be over 99% in all
of the NFC hydrogel formulations and the control before freeze-drying.

2.7. Scanning Electron Microscopy (SEM). The morphology of
the FD NFC hydrogel formulations and the FD control was studied
with a scanning electron microscope Quanta FEG250 (SEM, FEI
Company, U.S.A.). The sample preparation was done manually by
cutting the FD sample with tweezers for detection of the inner structure
and surface analysis of the sample. Samples were placed on two-sided

Figure 1. (A) Snapshot of the hydrophobic plane MD system at a starting point and (B) at equilibrium after the addition of biomolecules (sucrose in
this example). Nonwater molecules are rendered as sticks and colored according to atom type. Carbon atoms of cellulose are green and pink for
sucrose, oxygen atoms are red, and hydrogen atoms white. Water is rendered as a transparent surface.
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carbon tape with silver paint. Before the imagining, samples were
sputtered with platinum for 25 s with an Agar sputter instrument (Agar
Scientific Ltd., U.K.). Samples were imaged in a high vacuum with 6−7
kV and 2−4 spot size.
2.8. Ptychographic X-ray Computed Tomography (PXCT). FD

NFC hydrogel formulation including 300 mM of sucrose and FD
control were studied with ptychographic X-ray computed tomography
(PXCT),18 conducted at the coherent small-angle X-ray scattering
beamline of the Swiss Light Sources (SLS), PSI, Switzerland, using the
OMNY instrument.19 The measurements were conducted at a
temperature of about 90 K using a photon energy of 6.2 keV. A Fresnel
zone plate with a diameter of 220 μm, an outermost zone width of 60
nm, and a focal distance of 66 mm was used to define a coherent,
structured illumination onto the FD sample.20 Near-field ptychography
measurements were performed with the sample placed at 9.5 mm
downstream of the focus, where the illumination on the sample had a
size of about 32 μm. Ptychographic projections were recorded by
scanning the FD sample in the beam following a Fermat spiral pattern
with an average step size of 4 μm. At each scanning position, we
acquired X-ray diffraction patterns with an in-vacuum Eiger 1.5 M
detector (detector group, PSI), placed 7.204 m downstream of the FD
sample.
The data recorded from ptychography scans were processed to

obtain 2D projections of the sample. For this purpose, near-field
ptychographic reconstructions were performed using the ptychoSh-
elves package (Coherent X-ray Scattering Group, PSI)21 with a
combination of the difference map algorithm followed by a maximum
likelihood optimization algorithm.22 X-ray ptychography is often
performed in the far-field, for which ptychographic algorithms were
originally written. Near-field ptychography uses similar algorithms,
except for the propagation of the wave-field to the detector, as described
in the previous work.23,24 The pixel size of the images was 99.0 nm,
determined by the geometrical magnification on the detector.
Ptychographic scans were repeated at different incidence angles of

the FD sample with respect to the X-ray beam in regular angular steps
ranging from 0° to 180°. The projections were aligned, and 3D
tomograms were computed using a modified filtered back-projection
reconstruction with a GPU-based Matlab routine.25 The 3D resolution
of the resulting tomograms was estimated by Fourier shell correlation
(FSC). Tomographic reconstruction from phase projections provides a
quantitative 3Dmap of the electron density within the specimen.26 The
3D rendered volumes were visualized using the VolumeViewer of Fiji.27

The coding of the parallel samples and the parameters of the scans of
the presented FD samples are shown in more detail in the SI, Table S1.
2.9. Atomistic Molecular Dynamics Simulations. To inves-

tigate the interactions between trehalose or sucrose andNFC, atomistic
molecular dynamics (MD) simulations were carried out. Three plane-
like simulation systems were constructed: cellulose in a crystalline
morphology to determine the binding free energies, one with a
hydrophobic surface and one with a hydrophilic surface, and cellulose in
an amorphous morphology to determine the effects of sugars on water
penetration. The systems were built with the help of the cellulose-
builder toolkit and the protocol of Bregado et al.28 Construction of the
simulation systems andMD analyses are described in more detail in the
SI. Figure 1 shows the MD system at the beginning of the simulation
and at equilibrium after the addition of the biomolecules.
2.9.1. Simulation Force Field and Parameters. The CHARMM36

force field was used for the cellulose, trehalose, and sucrose parameters,
obtained from CHARMM-GUI for GROMACS.29 TIP3P model was
used for water.30 For final production runs a v-rescale thermostat at 300
K was used with a coupling constant of 1.0 ps and a semi-isotropic
Parinello-Rahman barostat at 1.0 bar with a 5.0 ps coupling
constant.31,32 Lennard-Jones interaction cut-offs were set to 1.0 nm
and electrostatics were described with a Particle-Mesh Ewald
summation scheme with a 1.2 nm cutoff.33 The final production
simulations were run with the GROMACS simulation package
(2020.1) with a time step of 2 fs with the leapfrog algorithm.34

Minimizations utilized the steepest descent algorithm.
2.9.2. Solvation of Systems and the Addition of Biomolecules.

After the equilibration of the cellulose planes, the periodic boundary

condition box’s z-dimension was tripled in size, and the cellulose plane
recentered on it. Water solvation was carried out with gmx solvate,
which resulted in 2851 water molecules for crystalline systems and 3123
for the amorphous system. Solvated NFC systems were simulated
without biomolecules to equilibrate the number of hydrogen bonds
between the water and cellulose. Ultimately, solvated NFC simulations
were continued until 1 μs. The amorphous and the hydrophilic
crystalline systems were in equilibrium after ∼500 ns and the
hydrophobic crystalline system after ∼200 ns. Consequently,
biomolecules were randomly placed into the water phase. Therefore,
two new systems were generated from each NFC system with 300 mM
of trehalose or 300 mM of sucrose. This resulted in amorphous systems
having 30 biomolecules and hydrophobic and hydrophilic crystalline
systems 24. Furthermore, to gauge the repeatability of the simulations,
we performed duplicates of the amorphous and hydrophobic crystalline
systems containing biomolecules. After minimization, all systems were
run until 1 μs. Again, the number of hydrogen bonds between cellulose
and water was used as a metric for equilibration. All systems apart from
one equilibrated readily so the starting point for analyses was set to 40
ns. The system with a hydrophobic plane and 300 mM of trehalose
equilibrated after ∼600 ns. Thus, this system was simulated until 1.1 μs
to get 500 ns long equilibrium trajectories for analysis of each system.
The equilibrium plots are presented in the SI, Figure S3.

3. RESULTS

According to the NFC hydrogel optimization criteria described
in the SI, Figure S1, the presented data concentrates on the last
two most suitable NFC hydrogel formulations, including 300
mM of trehalose and 300 mM of sucrose, which had the highest
Tg′ values (SI Table S2). The data of the residual water contents
included also the results of the other NFC hydrogel formulations
to evaluate more clearly the mole fraction differences of water.

3.1. External Appearance Showed Similarities be-
tween the FD NFC Cakes. The appearances of FD NFC cakes
were evaluated after freeze-drying to confirm the success of the
process. The elegant white solid cakes were obtained with the
FD NFC hydrogel formulations including 300 mM of trehalose
or sucrose. Surprisingly, the FD control had a similar cake
appearance compared with these two FD NFC hydrogel
formulations, and only a slight difference in the cake structure
could be observed (Figure 2). However, after the reconstitution,
the differences between the samples including 300 mM of the
biomolecules and the control could be observed. With the
presence of 300 mM of the biomolecules, the color of the cake
changed to transparent immediately after reconstitution, and
hydrogel was formed after 2 min of gentle, manual stirring,
whereas the control formed aggregates, which were impossible
to homogenize. To remove formed air bubbles inside of the
successfully reconstituted FD NFC hydrogel formulations, the
samples were centrifuged, after which they corresponded
precisely to the ones before the freeze-drying.

3.2. Rheological Properties of the NFC Hydrogel Were
Preserved with the Presence of Sucrose. To ensure the
preserved structural properties and homogeneity of the FD and
subsequently reconstituted samples, rheological measurements
were implemented, which are sensitive to the changes of these
features. The results were compared with the ones before the
freeze-drying process. Before the freeze-drying, viscosity and
viscoelasticity did not differ whether the biomolecules were
added or not into the NFC hydrogel (Figure 3A,B). However,
after the reconstitution of the FD samples, rheological properties
showed significant differences between the control and the
samples including 300 mM of trehalose or sucrose. Unlike in the
control, linearly decreasing shear viscosity as well as elastic
properties, where G′ was above G″, were preserved with the
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presence of these biomolecules. A slight decrease in both the
viscosity and the G″ in viscoelastic measurements could be
observed with the reconstituted FD NFC hydrogel formulation
including trehalose whereas the one with sucrose showed equal
results in the rheological properties before and after the freeze-
drying and reconstitution.
In addition to the slight differences between the biomolecules

in preserving the rheological features of the NFC hydrogel, the
calculated residual water contents showed variation between the
FD samples including trehalose or sucrose. All the FD NFC
hydrogel formulations showed the mass percent of the residual
water content to be under 1.6% (Figure 3C). To illustrate in
more detail the proportion of water in the dried form, mole
fractions of water were calculated. This revealed differences
between the FD samples as observed from Figure 3C. When the
concentration of trehalose was increased, the mole fraction of
water was relatively stable with a range between 8.27% and
11.4%. The mole fraction of water in the FD NFC hydrogel
formulation with sucrose was increased with increasing sugar
concentration from 4.95% to 18.6%. This was a stronger increase
compared with the ones including trehalose. In the concen-

tration range of 100 and 300 mM the proportionality between
the increasing sucrose concentration and water amount could be
observed. A slight plateau in the mole fraction of water is seen in
the concentration range of 300 mM-700 mM of FD NFC
hydrogel formulation with sucrose.

3.3. Organized and Homogeneous Microstructure of
the FD Cake with the Presence of Sucrose. Morphology
was evaluated from the FDNFC hydrogel formulation including
300 mM of trehalose or sucrose and the FD control utilizing
scanning electron microscopy (SEM). Differences in the
structure between the FD samples can be observed from the
SEM micrographs in Figure 4A. The FD control (above)
showed an accumulated, lamellar structure, which differed
significantly from the FD NFC hydrogel formulation including
sucrose (below) or trehalose (SI, Figure S5). With the presence
of sucrose, a more organized structure was observed with
symmetrical pores compared with the FD control, which was
also observed from the SEM micrographs taken from the FD
NFC hydrogel formulation including trehalose.
Differences between the morphology of the most promising

FD NFC hydrogel formulation with 300 mM of sucrose and the
FD control were assessed in more detail by determining the 3D
structure and electron densities with PXCT. 3D structure of the
FD control presented in Figure 4B (above, control 1) showed a
highly unorganized surface with distinguishable microfibre
structure that could also be observed from the cross-section
images of this tomogram where the width of the structures
varied with the mean being 380 nm (Figure 4C, above).
Interestingly, a high variation between the measurements of the
parallel samples of the FD control was detected, both
morphological and regarding the observed electron densities.
As shown in the SI, Figure S6, instead of themicrofibre structure,
the parallel sample (control 2) showed a homogeneous bulk
structure with a nonhomogenous outer layer having both lower
and significantly higher electron densities. These higher
densities presented as white regions were connected to the
outer zones and had a mean electron density value of 0.8 Å−3.
The findings of the FD control differed significantly from the FD
NFC hydrogel formulation including 300 mM of sucrose that
had evenly formed 3D structure (Figure 4B, below, FD NFC
sample with sucrose 1). Furthermore, the electron density range
was narrow throughout the FD sample with sucrose (Figure 4C,
below), which was from 0.4 to 0.5 Å−3. The similar features of
the observed properties were presented in the parallel sample
(SI, Figure S7A,B, FD NFC sample with sucrose 2). No regions of
pure water were observed in any of the FD samples (0.33 Å−3).35

3.4. Atomistic Simulations Revealed Differing Inter-
actions between the Molecular Components in the
Different NFC Systems. To gain insight into the differences
between the behavior of trehalose and sucrose in the NFC
systems, MD simulations were performed and interactions
between the biomolecules and cellulose were evaluated. Two
main properties were investigated: attraction of the biomole-
cules on cellulose fibers and the effect of biomolecules in the
penetration of water molecules into the cellulose matrix. During
the simulations spontaneous peeling of singular fibers was
observed after adjustment of the biomolecules.
The binding free-energy results for biomolecules showed a

similar trend in all NFC systems (amorphous, crystalline
hydrophilic, and crystalline hydrophobic). Namely, the results
in Figure 5A show that trehalose molecules had a lower
attraction (ΔGbind = −1.38 − (−2.79) kJ/mol) to the NFC
surface when compared to sucrose (ΔGbind = −1.63 − (−3.12)

Figure 2. NFC hydrogel appearance before freeze-drying, after freeze-
drying, and right after reconstitution before the air bubble removing.
Samples contained 1.75 mL of NFC hydrogel (control, left), NFC
hydrogel formulation with 300 mMof trehalose (middle), and with 300
mM of sucrose (right). Differences between the control and the NFC
hydrogel formulations with sugars could be observed after the
reconstitution of the FD sample: aggregation of the control could be
observed from the edges of the vial while two other samples formed
homogeneous hydrogels equal to the one before freeze-drying. The
uneven surface of the FD cakes is caused by the movement of the
hydrogel form before they were dried. Abbreviations: NFC =
nanofibrillated cellulose, form. = formulation, mM = millimolar.
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kJ/mol). By taking the average value from the duplicate systems
and calculating the relative difference between the means,
sucrose had a∼22% higher attraction to cellulose than trehalose
in the hydrophobic cellulose plane system. The corresponding
differences in the hydrophilic crystalline and the amorphous
plane systems were ∼11% and ∼20%, respectively. Analysis of
the hydrogen bonds between NFC and biomolecules revealed
that there was not a significant difference between the number of
hydrogen bonds of the biomolecules. Importantly, however, in
all systems sucrose formed consistently∼7−8% fewer hydrogen
bonds with water when compared to trehalose (SI, Table S3).
This finding is also in accordance with the binding free energies
of these sugars.
The penetration of water molecules into the NFC system was

studied in the amorphous systems. Water molecules penetrated
the amorphous cellulose plane readily, unlike the sugars despite
their attraction to the cellulose-water interface. Without

biomolecules, on average 263 (±7 SD) water molecules resided
inside a 2 nm slice of amorphous cellulose. Trehalose did not
show any effect on the penetration (263 ± 5 and 262 ± 5),
whereas the presence of sucrose increased the water penetration
to an average of 277 (280± 13 and 274± 8), which corresponds
to an increase of ∼5%. These results are visualized with the
attractions of the biomolecules in Figure 5B.

4. DISCUSSION

Different drying methods for NFC hydrogel have been applied
to obtain aerogel with an intact nanoscale structure and 3D
network.3,4 In addition, subsequent reconstitution of the FD
TEMPO [(2,2,6,6-tetramethylpiperidin-1-yl)oxyl]-oxidized
NFC (ANFC) hydrogel has been studied, where the surface
charge density of the NFC fibrils has decreased the aggregation
of the structure and this way has facilitated the freeze-drying

Figure 3. (A) Shear rate viscosity and (B) oscillatory frequency sweeps before freeze-drying and after the reconstitution of the FD cake of the NFC
hydrogel (control, left), theNFC hydrogel formulation with 300mMof trehalose (middle) and with 300mMof sucrose (right). Standard deviations in
the viscosity measurements from left to right were in between 0.002 and 1.8, <0.001−1.6 and <0.001−1.6 before freeze-drying and <0.001−0.5, 0.02−
4.1 and 0.002−2.0 after freeze-drying. Standard deviations in the oscillatory frequency sweeps in average from left to right were in between 2.1 and 4.3
(G′) and 0.7−2.6 (G″), 4.1−5.3 (G′) and 0.9−3.1 (G″), and 7.6−11 (G′) and 0.5−4.2 (G″) before freeze-drying and 6.1−12 (G′) and 2.3−3.3 (G″),
3.3−6.5 (G′) and 0.4−2.4 (G″), and 7.5−13 (G′) and 1.0−2.3 (G″) after freeze-drying. (C) Mass percent and mole fraction of water over the
concentration of trehalose and sucrose in FD NFC hydrogel formulation. Graphs represent mean ± S.D., n = 3. Abbreviations: NFC = nanofibrillated
cellulose, form. = formulation, FD = freeze-dried/freeze-drying, G′ = shear loss modulus, G″ = shear storage modulus, mM = millimolar.
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process when compared to native one.13 However, with the
comprehensive optimization of the freeze-drying process and by
finding the optimal quantity of the biomolecules, we have shown
now, for the first time, that the properties of the native NFC
hydrogel after the freeze-drying and reconstitution can be
preserved without further chemical modifications. Moreover,
atomistic molecular dynamics simulations were utilized in
studying the interactions between NFC and biomolecules
(trehalose and sucrose) relevant in the present freeze-drying
process. However, we must stress here that it is not possible to
simulate the complex process of freeze-drying by employing
atomistic or even superatom MD simulations at the moment
since the size and time scales (the rate of temperature decrease
or increase during the freeze-drying process in our case was 1 K/
min) associated with the process are currently out of reach of
atomistic MD simulations. For example, simulating a large NFC
system with the dimensions of hundreds of nanometers,
decreasing content of water, morphological changes of NFC
and the formation of water crystals taking place during the
lengthy freeze-drying process in subzero temperatures is not
possible with the current methodological and technological
arsenal. In addition, such simulations are not feasible even with
smaller system sizes (as reported in our article) because of the
very low dynamics and diffusion of molecules when nearing the
target freeze-drying temperatures reported here (∼233 K). In
addition, the classical standard atomistic force fields (no
electronic polarization) commonly used with lyoprotectants
are usually parametrized in temperatures well above 273 K, and
it is therefore expected that non-natural behavior of
lyoprotectants is taking place when these classical force fields
are used in drastically different ways than their parametrization
temperatures. Therefore, we examined a small NFC patch/fiber
in water with different biomolecules mimicking the conditions of
the systems before freeze-drying at room temperature, that is

without a systematic removal of water or change in temperature.
In this way we believe that we can still gather valuable
information explaining some of the experimental results as
shown and discussed in our article. Importantly, the simulation
results highlighted that the sugars induced differences in the
binding strength, hydrogen bonding, and the amount of water in
the not FD system, which has not been studied before. Despite
the simulations having not been carried out in conditions that
resemble FD NFC, the results provide insight into the observed
experimental data, which could be utilized in the designing of the
formulations for freeze-drying in the future.
Although specific reasons for the lyoprotective properties of

different excipients, especially for sugars, have not been truly
clarified, different theories have been created to describe the
behavior.9−11 Commonly used lyoprotectant, trehalose, has
been suggested to have the best capability in preserving the 3D
structure of the macromolecules, such as proteins, during freeze-
drying due to its superior ability in displacing the hydrogen
bonds between water and the sample. However, this statement
did not reflect our results that showed sucrose to be more in line
with this theory. Reconstituted FD NFC hydrogel formulation
with 300 mM of sucrose preserved the linear viscosity properties
and similar viscoelastic features more efficiently than the one
with trehalose. One reason for the better preservation properties
of sucrose might be the higher attraction to nanocellulose fibers
when compared with trehalose. This was evidenced by the MD
simulations indicating higher free energy of binding for sucrose
to the NFC surface in both crystalline systems that showed
identical results in the bonding properties of the biomolecules.
Hence, sucrose interacted more strongly with NFC forming a
tighter, more uniform structure and perhaps this way had higher
protectivity than trehalose. Higher interaction of sucrose was
accompanied by a lower propensity of forming hydrogen bonds
with water. We were not able to detect a difference between the
hydrogen bonding of sucrose-NFC and trehalose-NFC through
our simulations, suggesting that the increased attraction is
caused by other interactions - or that the used simulation size
was not sufficient. Regardless, as mentioned, sucrose had a lower
number of hydrogen bonds to water than trehalose, which
factors into the attraction results. The same type of phenomenon
where sucrose was more attracted to the active component and
displaced the water bonding was observed in the study of
Prestrelski et al.,36 in which residual water content was decreased
in the sucrose-water solution after freeze-drying with an
increasing amount of dry protein.
In addition to the water replacement hypothesis, trehalose is

claimed to entrap water molecules more efficiently than other
sugars and, in this way, it results in higher residual water content
after the freeze-drying.11 However, FD NFC hydrogel
formulations including 300 mM or higher concentration of
sucrose had a higher amount of residual water when compared
with the ones including trehalose. Moreover, our results showed
proportionality between increasing sucrose concentration and
higher residual water content in the concentration range of 100
mM-300 mM, which was not the case with trehalose. These
results agreed with the simulated water penetration of the
amorphous NFC system, which was increased with the addition
of sucrose. One explanation for the differences registered in the
residual water contents might be, again, in the attraction
preferences of these biomolecules: the higher the attraction of
the biomolecule on the NFC surface was, the more water
molecules were penetrated inside the NFC system. Since
sucrose showed a higher attraction than trehalose to NFC, it

Figure 4. (A) SEM images of the FD NFC hydrogel (control, above)
and the FD NFC hydrogel formulation with 300 mM of sucrose
(below). (B) Images of the 3D rendered volume of the FD samples
(different parallel samples than the samples shown in panel A) shown
by VolumeViewer of ImageJ obtained from PXCT data sets. (C) Slices
through the tomograms of the FD samples shown in panel B. The
grayscale in the upper corner shows electron densities (units Å−3). The
tomogram slice corresponding to the FD NFC hydrogel formulation
with 300 mM of sucrose showed a homogeneous electron density
throughout the sample (0.44−0.52 Å−3). Abbreviations: NFC =
nanofibrillated cellulose, FD = freeze-dried, mM = millimolar.
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captured water to a lesser extent, which was freely entered inside
the NFC system while trehalose bonded more with water
outside the system. This means that, although hydrogen bonds
with water were formed in both systems, the location of them
affected the final residual water content. The bound water with
trehalose might be more feasibly desorbed during the freeze-
drying than with sucrose where the lower amount of water
molecules was bonded with the sugar andmore entered inside of
the NFC system where stronger hydrogen bonds might have
been formed. These observed differences between sucrose and
trehalose could partly be explained by differences between the
experimentally measured partition coefficient values (log P) of
trehalose and sucrose noticed in the study of Mazzobre et al.37

log P value describes the lipophilicity of the substance, which is
known to be low for trehalose and sucrose indicating relatively
high water solubilities. LogP value of sucrose was observed to be
slightly higher (−3.30 ± 0.03) than with trehalose (−3.77 ±
0.05) at 20 °C, suggesting that sucrose would have lower
hydrophilicity and this way seek less proximity to water
molecules and more with the amorphous hydrophobic sites of
nanocellulose. This was in correlation with the biomolecule-
water hydrogen bonding number abilities. To summarize, it
might be that the addition of sucrose into the system enables

stronger hydrogen bonding with water and this way increases the
residual water content by interacting more strongly with the
NFC than in the case of trehalose. The increasing concentration
of sucrose was observed to be proportional with the increasing
water content, which might saturate after a certain NFC/sugar
ratio.
Both FD NFC hydrogel formulations formed organized

porous structure evidenced by the SEM images, which could be
explained by the formation of ice crystals during freeze-drying.4

Moreover, obtained PXCT images showed the FD NFC
hydrogel formulation including sucrose to be homogeneous by
having evenly formed 3D structure as well as the electron density
in the narrow range throughout the whole sample. The
homogeneous structure and organized porosity of the aerogel
with the presence of sucrose might be valuable parameters to
follow when considering the reconstitution back to the hydrogel.
These results differed significantly from the FD control, having
an unorganized structure and varying electron densities.
Moreover, it is important to note that the differences between
the observations of the parallel samples of the FD control refer to
the low reproducibility and the changed properties of the sample
after the freeze-drying without the presence of the suitable
lyoprotectant.

Figure 5. (A) Free energy difference between the NFC and biomolecules in all systems (amorphous and crystalline). Error bars are standard deviations
produced from block averaging. Simulations in the amorphous system and hydrophobic system were implemented as duplicates (darker colored bars).
(B) Schematic figure of the water penetration into the NFC system including 300 mM of trehalose (left) or 300 mM of sucrose (right). Change in the
number of water molecules is compared to the pure water system with water molecules of 263 (±7). In the trehalose system, the number of penetrated
water molecules was 262± 5 and 263 ± 5, whereas in the case of sucrose the number was 280 ± 13 and 274± 8. The number of water molecules was
calculated within 1 nm of the xy-plane formed by the center of mass of cellulose in amorphous systems. The black arrows represent lower attraction
between the sugars and cellulose chain and the red ones represent a strong attraction. Abbreviations: NFC = nanofibrillated cellulose.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c00739
ACS Appl. Bio Mater. 2021, 4, 7157−7167

7164

https://pubs.acs.org/doi/10.1021/acsabm.1c00739?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00739?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00739?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00739?fig=fig5&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Based on this study, freeze-drying and reconstitution with
preserved properties of native NFC hydrogel were most
successful with the formulation including 300 mM of sucrose
as a lyoprotective biomolecule. Having sucrose as the only
biomolecule with NFC hydrogel brings many benefits compared
to other studied lyoprotectants; by eliminating the NFC
hydrogel formulations having lower Tg′ temperatures, primary
temperature could be increased from−50 to −42 °C. This has a
major impact from the time consumption and financial point of
view since even 1 °C increase in the sample during freeze-drying
could decrease the primary time up to 13%.38 Besides, based on
the MD simulations studies, the ability of water to penetrate
more into amorphous NFC including sucrose than into the one
with trehalose could be an advantage in the prevention of
denaturation and the formation of the plasticizing effect into the
FD system as well as in more feasible reconstitution of the FD
NFC hydrogel. Based on the mass percent of the water in the FD
sample with sucrose was however low enough to be stated as a
dry product. Moreover, porous, organized morphology and
physicochemical properties, such as iso-osmotic solution, pH
neutral environment, and nontoxicity of NFC hydrogel
formulation with sucrose could be utilized when considering
further pharmaceutical applications for instance in freeze-drying
of biologics and cells in the biomaterial in question.

5. CONCLUSION
For the first time, native NFC hydrogel was successfully FD and
subsequently reconstituted with the presence of optimized
biomolecule concentrations. NFC hydrogel formulation includ-
ing 300 mM of sucrose showed the most optimal preservation
properties and enabled the formation of elegant, FD cake with a
highly porous and organized structure with even electron
densities throughout the FD sample. The experimental results
were following the results produced by the atomistic molecular
dynamics simulations and differences between the behavior of
the biomolecules could be observed. Therefore, this study also
demonstrated that a concerted use of MD simulations and
experimental methods will enable a more feasible and
comprehensive way to design the formulation and to predict
possible outcomes in more complex freeze-drying applications
of pharmaceuticals.
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