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ABSTRACT: Biocompatible hydrogels for tissue regeneration/replace-
ment and drug release with specific architectures can be obtained by three-
dimensional bioprinting techniques. The preservation of the higher order
structure of the proteins embedded in the hydrogels as drugs or modulators
is critical for their biological activity. Solution nuclear magnetic resonance
(NMR) experiments are currently used to investigate the higher order
structure of biotherapeutics in comparability, similarity, and stability
studies. However, the size of pores in the gel, protein−matrix interactions,
and the size of the embedded proteins often prevent the use of this
methodology. The recent advancements of solid-state NMR allow for the
comparison of the higher order structure of the matrix-embedded and free
isotopically enriched proteins, allowing for the evaluation of the
functionality of the material in several steps of hydrogel development.
Moreover, the structural information at atomic detail on the matrix−
protein interactions paves the way for a structure-based design of these biomaterials.

■ INTRODUCTION

The continuous development of new biocompatible materials
is opening new frontiers in medicine and new biotechnological
opportunities. Several biomaterials are currently used to
replace/support non-functional tissues like those damaged or
destroyed by injuries or diseases and in controlled drug release.
Materials for tissue regeneration are designed to provide
mechanical support to the surrounding tissue, to stimulate cell
growth, and to modulate the immune response promoting an
extensive cell colonization and matrix reabsorption.1,2

Composite scaffolds with a highly resolved architecture,
incorporating proteins and seeding cells, can be obtained by
three-dimensional (3D) bioprinting techniques starting from
biocompatible hydrogels like those formed by hyaluronic
acid3−7 or mixtures of alginate and gelatine.6,8−13 In this
context, there is an increasing interest in loading proteins on
hydrogels as drugs or modulators of the biological
activity.14−25 The biological function of a protein is strictly
related to its native folding, and the preservation of the higher
order structure (HOS) in the composite biomaterial is crucial
for its therapeutic function. Actually, the interaction of the
protein with the matrix components can alter the protein
structure leading to a loss of activity and immunological effects.
Several biophysical methodologies, such as attenuated total

reflectance Fourier-transformed infrared and fluorescence
spectroscopy, circular dichroism, and differential scanning
calorimetry, are usually used to characterize the protein

component in heterogeneous materials.26−28 However, these
analytical methods measure different aspects of the structure,
either directly or indirectly, and are often not sensitive enough
to small, local changes in the protein fold. Nuclear magnetic
resonance (NMR) and mass spectrometry are well-established
techniques to investigate the preservation of the HOS of
biologics in solution.29−39 Solution NMR has been used
previously on small proteins and peptides embedded in
hydrogels to investigate the folding state in a confined
environment40 and for the structural characterization through
residual dipolar couplings, since hydrogels behave as
anisotropic external alignment media.41−43 However, when
the size of the pores in the gels is too small or strong
interactions between the gel matrix and the cargo protein take
place, the rotational correlation time of the protein in solution
increases and makes solution NMR ineffective in the analysis
of the protein structure at the atomic level.
Recently, solid-state NMR has emerged as a tool to

characterize the protein component and to reveal protein−
matrix interactions in heterogeneous materials. In this respect,
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the use of solid-state NMR has been described to characterize
noncrystalline large protein assemblies,44−50 biomaterials,51,52

bioinspired silica matrix embedding enzymes,53−58 conjugated
proteins,59−62 protein-grafted nanoparticles,63 and vac-
cines.64−66 Here, we prove that solid-state NMR provides
detailed information on the preservation of the HOS of
proteins embedded into two popular matrices used for 3D
bioprinting.
The therapeutic protein E. coli asparaginase-II (ANSII),

clinically used against acute lymphoblastic leukemia, has
recently shown its activity also against solid tumor when
administered in long half-life formulations that reduce
immunological adverse reactions.67

Human transthyretin (TTR) is a physiological protein acting
as a hormone carrier.68,69 Although some genetic variants of
TTR lead to a systemic amyloidosis called familial amyloid
polyneuropathy,70 TTR is a potential drug carrier and has been
recently proposed as a multivalency Fab platform for target
clustering.71

Therefore, these two proteins are suitable models to
investigate how the matrices used for 3D bioprinting interplay
with embedded proteins and are used here to prove the
potential of solid-state NMR (SSNMR) in the characterization
of the protein components during the design of these
composite hydrogels.

■ EXPERIMENTAL SECTION

Sample Preparation and NMR Measurements.
[U-13C-15N] ANSII was expressed and purified as previously
described.59,61−64 The expression and purification protocol of
[U-13C-15N] TTR is reported in the Supporting Information.
All the hydrogels embedding the selected proteins (ANSII and
TTR) were directly generated in Bruker 3.2 mm thin-walls
zirconia rotors with bottom and top caps, starting from the
dried materials prepared by using the different procedures
described below.
The sample of [U-13C-15N] ANSII encapsulated in the

alginate/gelatine hydrogel was prepared by incorporating the
freeze-dried protein (4 mg) into a mixture of 1:1 alginate/
gelatine powders (5 mg) and then by rehydrating the dried
mixture within the rotor.72 A different procedure was used to
prepare the sample of [U-13C-15N] TTR encapsulated in the
alginate/gelatine hydrogel. The dry mixture containing TTR
was prepared by lyophilizing a solution containing all the
components (6 mg of protein and 5 mg of the 1:1 alginate/
gelatine mixture). In both cases, the dried material was packed
in the rotor and hydrated with MilliQ H2O to reach a final
concentration of ∼5−7% w/w for alginate and gelatine. Finally,
a concentrated solution of CaCl2 (to reach a concentration of
100 mM in the rotor) was added to cross-link the hydrogel
materials within the rotor.73,74

A sample of [U-13C-15N] TTR protein encapsulated in the
alginate/gelatine hydrogel was also analyzed by solution NMR.
The gel was prepared by dissolving a mixture of alginate and
gelatine (∼7% w/w) in 600 μL of a solution of TTR (100 μM
in 50 mM MES, pH 6.5, 100 mM NaCl, 5 mM DTT). Then,
the material was transferred in a 5 mm tube and cross-linked
by adding a concentrated solution of CaCl2 (to reach a
concentration of 100 mM) in the NMR tube. The 2D 1H-15N
TROSY-HSQC spectrum recorded on the encapsulated
protein was superimposed with that of TTR collected in
solution (see Figure S1).

The hyaluronic acid hydrogels encapsulating the selected
proteins ([U-13C-15N] ANSII or TTR) were prepared by
packing the rotor with consecutive layers of the freeze-dried
protein (∼4−6 mg) and freeze-dried hyaluronic acid (Jonexa,
7−9 mg), which had been previously dialyzed against MilliQ
H2O to remove the excess of salts. The material was finally
rehydrated with MilliQ H2O (from 10 to 20 μL). Sample
homogeneity was obtained after rotor spinning and supported
by the quality of the spectra that suggests the presence of a
protein experiencing a single environment.
Samples of freeze-dried proteins were prepared as reference.

The free proteins (∼20 and 25 mg of ANSII and TTR,
respectively) were freeze-dried in the presence of PEG1000 (4
and 2.5 mg for ANSII and TTR, respectively); the materials
were packed into a Bruker 3.2 mm zirconia rotor and
rehydrated with MilliQ H2O (∼9 and 16 μL for ANSII and
TTR, respectively). CaCl2 was not present in the samples of
rehydrated freeze-dried proteins.

Silicon plugs (courtesy of Bruker Biospin) placed below the
turbine cap were used to close the rotor and preserve
hydration.
SSNMR experiments were recorded on a Bruker Avance III

spectrometer operating at 800 MHz (18.8 T, 201.2 MHz 13C
Larmor frequency) equipped with a Bruker 3.2 mm Efree
NCH probe-head. The spectra were recorded at 14 kHz MAS
frequency, and the sample temperature was kept at ∼290 K.
The sample of the alginate/gelatine hydrogel encapsulating
TTR was also investigated at a higher spinning frequency (16
and 20 kHz).
Standard 13C-detected SSNMR spectra (2D 15N-13C NCA,

15N-13C NCO, and 13C-13C DARR, mixing time 50 ms) were
acquired on all the samples (except for TTR encapsulated in
the alginate/gelatine hydrogel) using the pulse sequences
reported in the literature.75 2D 13C-13C CORDxy476 was
instead recorded for the sample of the alginate/gelatine

Figure 1. (A, C) 2D 15N 13C NCA and (B, D) NCO spectra of
ANSII-HA (red, top) and TTR-HA (red, bottom) superimposed with
NCA and NCO of the rehydrated freeze-dried reference proteins
(black). The spectra were acquired at ∼290 K, MAS 14 kHz and 800
MHz.
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hydrogel encapsulating TTR at a higher frequency speed (20
kHz), to favor the protein sedimentation.
All the spectra were processed with the Bruker TopSpin 3.2

software package and analyzed with the program CARA.77

■ RESULTS AND DISCUSSION

Analysis of the Preservation of the HOS of the
Proteins Encapsulated in the Hyaluronic Acid Hydrogel
by SSNMR. The selected proteins (ANSII and TTR)

encapsulated in the hyaluronic acid hydrogel (ANSII-HA and
TTR-HA, respectively) were first analyzed by SSNMR. The
1D {1H}-13C cross polarization spectra of ANSII-HA and
TTR-HA show well-resolved and sharp signals with quality
comparable with that of the spectra of the rehydrated freeze-
dried materials (Figure S2).
Despite the limited concentration of the embedded proteins

in the hydrogel, the 2D amide-carbon alpha (2D 15N 13C
NCA) and amide-carbonyl (2D 15N 13C NCO) correlation
spectra of ANSII-HA (Figure 1A,B) and TTR-HA (Figure

Figure 2. (A) Chemical shift perturbations (CSPs) of ANSII-HA with respect to rehydrated freeze-dried ANSII, evaluated according to the formula

( /2) ( /5)C N
1
2

2 2δ δ δΔ = Δ + Δα . The residues experiencing the largest variations have been highlighted in magenta. (B) CSP mapping on the

protein surface (PDB code: 3ECA) with the region with the largest perturbation in magenta. (C) Electrostatic potential generated by APBS plugin
in PyMOL on 3ECA with blue and red representing the regions of positive and negative electrostatic potential, respectively.

Figure 3. (A) Chemical shift perturbations (CSPs) of TTR-HA with respect to rehydrated freeze-dried TTR, evaluated according to the formula

( /2) ( /5)C N
1
2

2 2δ δ δΔ = Δ + Δα . The residues experiencing the largest variations have been highlighted in magenta. (B) CSP mapping on the

protein surface (PDB code: 1BMZ) with the region with the largest perturbation in magenta. (C) Electrostatic potential generated by APBS plugin
in PyMOL on 1BMZ with blue and red representing the regions of positive and negative electrostatic potential, respectively.
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1C,D) are of high quality and comparable, for the number of
cross-peaks detected, with those of rehydrated freeze-dried
proteins. For both proteins embedded in the hyaluronic acid
matrix, the matching of the resonances of the 2D-NMR
spectral fingerprints with those of their own reference allows us
to assess the preservation of the HOS after encapsulation in
the matrix.
The assignment of the 2D 15N 13C NCA and NCO spectra

of ANSII-HA and TTR-HA was easily obtained by comparison
with the 2D 15N 13C NCA and NCO collected for the
rehydrated freeze-dried proteins and also using the information
from the 2D 13C-13C correlation spectrum (dipolar assisted
rotational resonance, DARR) acquired for ANSII-HA and
TTR-HA. The analyses of the chemical shift perturbation
(CSP) of the NCA spectra of the proteins embedded in the
hyaluronic acid hydrogels, with respect to the NCA of the
corresponding rehydrated freeze-dried references, are reported
in Figures 2 and 3. Most CSP values were less than 0.1 ppm for
ANSII-HA and even lower for TTR-HA. The analysis of the

CSPs shows that for ANSII-HA, hydrophobic (Ala, Val, Ile,
Tyr, and Phe) and neutral polar (Thr, Ser, Asn, and Gln)
residues experience the largest effects (Figure 2). Minimal
CSPs were observed in TTR-HA protein where the largest
effects again involve hydrophobic residues and neutral polar
surface patches (Figure 3).

Analysis of the Preservation of the HOS of the
Proteins Encapsulated in the Alginate/Gelatine Hydro-
gel by SSNMR. The same analysis was also performed on the
alginate/gelatine hydrogels encapsulating ANSII and TTR,
respectively (ANSII-AG and TTR-AG). The 1D {1H}-13C
cross polarization spectra of ANSII-AG and TTR-AG show the
same spreading of the resonances of the corresponding
rehydrated freeze-dried analogue. However, in particular for
TTR-AG, the signals feature broader lines than in the
rehydrated freeze-dried protein (Figure S2).
The NCA and NCO correlation spectra collected for ANSII-

AG (Figure 4) are still of high quality and comparable, for the
number of cross-peaks detected, with those collected on
rehydrated freeze-dried ANSII. On the contrary, for TTR-AG,
the fast decay of the NMR signal does not allow us to collect
high quality and well-resolved 2D spectra. However, by
increasing the spinning rate up to 16 and 20 kHz, the signals
become sharper and increase in intensity (Figure S3),
indicating a more efficient protein immobilization. Therefore,
it was possible to acquire a 2D 13C-13C correlation spectrum at
20 kHz, which allowed us to assess the folding state of the
protein in the hydrogel and, after comparison with that
acquired for the rehydrated freeze-dried reference (Figure S4),
confirm the preservation of the HOS after encapsulation. The
structural analysis of TTR encapsulated in the alginate/gelatine
matrix was also attempted using solution NMR. However, all
the signals, but the N- and C-termini (Thr3-Ser8; Lys126-
Glu127), are broadened beyond detection (Figure S1).

Figure 4. (A) 2D 15N 13C NCA and (B) NCO spectra of ANSII-AG
(blue) superimposed with the NCA and NCO of the rehydrated
freeze-dried reference protein (black). The spectra were acquired at
∼290 K, MAS 14 kHz and 800 MHz.

Figure 5. (A) Chemical shift perturbations (CSPs) of ANSII-AG with respect to rehydrated freeze-dried ANSII, evaluated according to the formula

( /2) ( /5)C N
1
2

2 2δ δ δΔ = Δ + Δα . The residues experiencing the largest variations have been highlighted in green. (B) CSP mapping on the

protein surface (PDB code: 3ECA) with the region with the largest perturbation in green. (C) Electrostatic potential generated by APBS plugin in
PyMOL on 3ECA with blue and red representing the regions of positive and negative electrostatic potential, respectively.
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The assignment of the ANSII-AG spectra could be easily
obtained by comparison with the spectra collected for the
rehydrated freeze-dried protein and complemented with the
information from the 2D 13C-13C correlation spectrum
acquired for ANSII-AG. The analysis of the CSP of the
NCA spectrum of ANSII-AG with respect to the NCA of the
rehydrated freeze-dried reference is reported in Figure 5.
The analysis of the CSPs shows that also for ANSII-AG,

hydrophobic (Ala, Val, Ile, Tyr, and Phe) and neutral polar
(Thr, Ser, Ans, and Gln) residues experience the largest effects.
In particular, many threonine residues are affected by
significant CSP, thus suggesting a possible interaction of
these surface residues with the hydroxyl groups of alginate in
the hydrogel.
Collectively, the good superimposition of the spectra and the

small CSPs observed for the two proteins prove the
preservation of their native HOS, thus providing the first
fundamental information on the investigated biomaterial.
Additional information on protein−matrix interactions is
obtained from the line broadening of the signals in the
spectra. For TTR, the large line broadening, its dependence
from the spinning rate, and the small CSPs suggest a weaker
protein−matrix interaction with respect to ANSII protein,
although the different molecular weights may also play a role.
The different behavior is probably related to the different sizes
of the proteins and to the physical−chemical properties of the
surface due to the different amino acid compositions. In this
respect, the observation that hydrophobic and polar neutral
amino acids on the protein surface experience the largest
effects provides a way to design possible chemical modifica-
tions of the matrix in order to tune the protein−matrix
interactions and the properties of the resulting biomateri-
al.78−82

■ CONCLUSIONS
In summary, we demonstrate that 2D-SSNMR spectra can be
exploited to assess the preservation of HOS of proteins when
embedded in matrices used for 3D bioprinting and drug
release. This analytical method can be integrated in the
pipeline for the development of new composite hydrogels
bearing biotherapeutics. In particular, when the assignment is
available, the analysis of the residues experiencing chemical
shift variations can provide information for a quality by design
approach of these innovative biomaterials.
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