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in chain length, end groups, and biofunc-
tionality enhance its usefulness as tissue 
engineered scaffold. In addition, modifi-
cation of the degradation profile of PEG 
enhances the likelihood of adopting PEG as 
it does not require removal if the matrix is 
implanted. One such method, has been the 
introduction of hydrolysable crosslinkers[9] 
and backbones.[4,10] To this end, PEG-
dithiothreitol (PEGDTT) has previously 
been developed as a degradable cell scaf-
fold.[11] However, low viscosity of PEGDTT 
limits the usefulness to pre-cast hydrogels. 
As tissue engineering progresses from cast 
hydrogel matrixes to precision deposition 
via 3D printing, PEG-based precursor solu-
tions do not meet the complex mechanical 
requirements for 3D printing.[12]

Injectable and printable polymer hydro-
gels with tunable physical properties 
can be used for a variety of 3D printing 

and precision deposition processes (i.e., precise delivery of 
therapeutic protein).[13] Methods to enhance printability in 
an hydrogel precursor solution include changes in molecular 
architecture,[14] addition of additives such as nanoparticles,[13,15] 
and/or complete redesign using thermoresponsive hydro-
gels.[16] Specifically, the combination of synthetic polymers, 
such as PEG, and nanoparticles give rise to an interesting class 
of nanocomposite hydrogels that can support cell growth, with-
stand physiological loadings, and may have enhanced print-
ability compared to polymer hydrogels by themselves.[2,17,18]

2D nanosilicates are shown to interact with a range of poly-
mers as well as small molecules and can be used to form a 
shear-thinning hydrogel for 3D bioprinting.[19] For example, 
combining nanosilicates with PEG,[20,21] gelatin,[22] and kappa-
carrageenan[23] result in injectable hydrogels that have been 
used for cell delivery. Nanosilicates modified the shear-thinning 
ability and recoverability of polymer solutions permitting use 
for 3D printing. In addition, these nanosilicate-based hydrogels 
can be used as vehicles for delivery of protein therapeutics due 
to charged characteristics. Nanosilicates can act as plug-and-
play device to sequester a range of therapeutics for prolong 
delivery (>3 weeks).[24]

Combination of a degradable polymer with nanoparticle 
to produce a shear-thinning, printable hydrogel precursor 
solution with therapeutic holds promise for precision thera-
peutic delivery.[1] Hydrogel degradation characteristics and sub-
sequent mesh size influence therapeutic diffusion and delivery 
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Nanoengineered Bioinks

1. Introduction

Hydrogels are an integral component for tissue engineering strat-
egies that aim to recapitulate natural tissues and function.[1–4] 
Polyethylene glycol (PEG)-based hydrogels have been evaluated 
in microfluidics,[5] scaffolds for tissue repair,[6] and disposable 
devices as well as cell scaffold matrixes. Use of PEG is advan-
tageous due to low protein adsorption,[7] and minimal immu-
nogenicity,[8] modifications of physical properties via changes 

Adv. Healthcare Mater. 2019, 8, 1801553

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.201801553&domain=pdf&date_stamp=2019-05-08


© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801553 (2 of 10)

www.advancedsciencenews.com www.advhealthmat.de

to surrounding tissues.[3] The fabrication of degradable hydrogels  
rely on the ester linkage in hydrogel backbone. Previous 
studies have varied PEG compositions to examine in vivo 
degrada tion profiles.[25] For example, PEG has been modified 
with poly (lactic acid) end groups (PLA) to modulate network  
degradation[4,10] and cell adhesion[17a] and proliferation.[26]  
Inclusion of more hydrolytically labile ester groups, as compared 
to the ether present in PEG backbone, presents an established 
strategy for degradation.[27] Diacrylated PEG presents a facile 
approach for modifying the backbone through which a Michael-
like reaction can occur between acrylate and thiol groups present 
in dithiothreitol (DTT). Through precise control of initial reac-
tants, the acrylate crosslinking functionality can be preserved 
while creation a hydrolytically labile ester. Controlling polymer 
chemistry, addition of nanosilicate, and sequestering therapeutics 
can facilitate fabrication of 3D printable therapeutic bioink.[20,28]

Herein, we describe a simple approach to create a hydro-
lytically labile, PEG-based bioink that exhibits a rheological 
profile suitable for precision delivery and 3D printing. Syn-
thesis of hydrolytically labile poly(ethylene glycol)-dithiothreitol 
(PEGDTT) was achieved through Michael-like addition of DTT 
via step growth polymerization. By stoichiometrically imbal-
ancing the reaction towards PEG-diacrylate, the acrylate func-
tionality of the resulting macromer was preserved and the 

resulting hydrogel solutions were UV curable. The addition of 
nanosilicates (Laponite XLG) to PEGDTT imparts shear-thin-
ning properties and render it useful for 3D bioprinting appli-
cations. The high surface area and charged characteristic of 
nanosilicates will be used to sequester protein therapeutics for 
prolong duration within 3D printed structure. Sustained release 
of pro-angiogenic therapeutics such as vascular endothelial 
growth factors (VEGF) from 3D printed structure, is expected 
to promoted rapid migration of human endothelial umbilical 
vein cell (HUVEC). Through combining PEGDTT with nano-
silicates and the inclusion of growth factor, precision deposition 
of hydrogel solutions was possible, resulting in a facile method 
for protein therapeutic patterning.

2. Results and Discussion

2.1. Synthesis of Shear-thinning Bioinks

Polyethylene glycol diacylate (PEGDA) was reacted over-
night with DTT resulting in a hydrolytically labile macromer 
(Figure 1a). The reaction of PEGDA with DTT in DCM was effi-
cient as measured by Ellman’s assay, which showed 99.4% of all 
thiols having been consumed in the reaction. Michael addition 
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Figure 1. Synthesis schematic of shear-thinning bioink. a) A Michael-like addition reaction between PEGDA and DTT to form hydrolytically labile link-
ages into the polymer chain. Blue dots represent DTT linkages. Confirmation of PEGDTT synthesis via NMR spectroscopy (peaks labeled). Nanosili-
cates inclusion creating a nanocomposite hydrogel precursor that can be subsequently crosslinked. b) Shear rate sweep (from 10−3 to 103 s−1) show 
the shear thinning characteristics due to addition of nanosilicates to PEGDTT. Power-law parameters determined from shear-rate sweep of bioink.  
c) Due to low viscosity of PEGDTT, cannot be used for 3D printing, while addition of nanosilicates render printability of bioink.
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reaction between thiol and acrylate groups are widely used 
as summarized by Nair et al.[29] Specifically, we used a base-
catalyzed (triethylamine) Michael addition that facilitates the 
reaction between the thiol (DTT) and electron-deficient vinyl 
group (acrylates on PEG). Complete or nearly complete con-
sumption of DTT is highly important within this reaction; DTT 
has been used to reduce disulfide bonds in proteins and depro-
tect thiolated DNA.[30] The reaction of PEGDA with DTT forms 
a stable macromer (Figure 1). Modification of this facile syn-
thesis yields many macromer compositions that dictates degra-
dation rate, mechanical properties (compressive modulus), and 
swelling properties.[11,31–33]

We have used a low molecular weight PEGDA (3350 g mol−1) 
prior to addition of DTT as this molecular weight can be 
cleared by the body via the kidneys.[34] Hudalla et al. have inves-
tigated the PEG to DTT ratio and demonstrated the synthesis 
process.[11] While Hudulla et al. present a synthesis in phos-
phate buffered saline (PBS), Cereceres et al. present a similar 
synthesis as the one present here.[33] It is suggested by Hudalla 
et al. that reaction reaches completion within 60 min, but due 
to the difference in solvent (dichloromethane as compared to 
PBS) it was allowed to complete overnight yielding PEGDTT 
with 95% acrylation as verified through nuclear magnetic reso-
nance imagining (NMR) (Figure 1a, inset). Using NMR and 
Caruther’s equation, PEGDTT mole cular weight is estimated 
to be between 8000 and 12 000 Da. The control for this reac-
tion was achieved by careful dropwise addition of DTT to the 
PEGDA to allow for complete Michael addition to the PEGDA 
chains and via a stoichiometric imbalance in favor of PEGDA 
was to ensure acrylate terminated macromer.

To obtain shear-thinning bioink, we added nanosilicates (nSi)  
(4% wt. vol−1) to PEGDTT. Our earlier studies have shown 
that 3–4% wt. vol−1 of nanosilicates are required to obtain 
shear-thinning characteristics.[20,21] Addition of lower amount 
(<4% wt vol−1) of nanosilicates to PEGDTT will result low  
viscosity sol, while addition of high amount (>4% wt vol−1) of 
nanosilicates will result in stronger gels that required high force 
for extrusion. Thus, we selected 4% wt vol−1 of nano silicates  
to be added to PEGDTT for bioprinting. Nanoengineered 
bioinks are created for subsequent testing by exfoliating a 
double concentration of nanosilicates in photoinitiator solution 
and then the addition of PEGDTT. To the best of our know-
ledge, there have been no reported bioink using PEGDTT as the 
macromer.

Injectability of precursor solutions through a needle is a 
crucial parameter for 3D printing. High viscosity at low shear 
rate elucidates if the hydrogel will flow freely when placed on 
a surface. Ideally, hydrogel precursor solutions should have a 
decrease in viscosity with an increase in shear rate. PEGDTT is 
a low viscosity solution across all tested shear rates (Figure 1b). 
The addition of nanosilicates at 4% wt vol−1 increases low shear 
rate viscosity while maintaining low viscosity at higher shear 
rates.[35] Power-law rheological models were fit to these data and 
the inclusion of nanosilicates decreases n from ≈1 (Newtonian 
fluid) to ≈0.5 (Figure 1b), suggesting that nanosilicates is the 
cause of shear-thinning behaviors. The ability of nanosilicate 
addition to PEGDTT on 3D printing is evaluated by extrusion 
though needle. PEGDTT is not able to retain its shape after 
printing, while PEGDTT/nSi can be printed in desired shape. 

In the following section, we will evaluate physical and chemical 
characteristics of these bioink formulations.

2.2. Mechanical Stability of Bioink and Crosslinked  
3D Structure

Shear-thinning characteristics of bioink facilitate printing of 
high-fidelity structure, however covalent crosslinking is need to 
obtained mechanically robust structure for long-term stability. 
Bioink formulation (PEGDTT/nSi) demonstrated high print-
ability and the printed structure can be crosslinked after expo-
sure to UV to obtain mechanically stiff network (Figure 2a). 
To quantitatively determine the printability of bioink formu-
lation, we have designed a peak-hold viscosity tests to mimic 
the printing process. In peak-hold test, solutions were exposed 
to sequential shear-rate holds to mimic the rates experienced 
within the printing apparatus (Figure 2b). The recovery of sam-
ples containing nanosilicates was observed while PEGDTT by 
itself remained fluid. Taken together, these data suggest that 
PEGDTT/nSi can be used for precision deposition and printing 
applications.

To determine the stability of bioink, storage modulus (G′) 
and loss modulus (G″) of PEGDTT and PEGDTT/nSi were 
determined via stress and frequency sweeps (Figure 2c). Storage 
modulus is a measure of the elastic, or recoverable energy, in 
the sample while loss modulus is the viscous, or dissipated 
energy, in the sample. Nanosilicates is gel forming at concen-
trations above 3% wt. vol−1 when using low ionic solvent.[36] 
PEGDTT dissolved well in aqueous environments and appears 
fluidic. With an increase in applied oscillation frequency, 
PEGDTT storage modulus increased as a result. Addition of 
nanosilicates results in the solution becoming stiffer and more 
gel-like as indicated by G′>G″. Both PEG/nSi and PEGDTT/nSi 
responded similarly to applied oscillation frequency and within 
a linear viscoelastic region throughout the testing parameters 
(Figure 2c). Oscillation stress further demonstrated that nano-
silicates containing samples are within the linear viscoelastic 
region. Here, yield stresses were apparent with PEG/nSi having 
a higher yield stress than PEGDTT/nSi. Yield stresses were 
71 ± 11 and 64 ± 15 Pa for PEG/nSi and PEGDTT/nSi, respect-
fully and are not statistically different.

After 3D printing, hydrogel precursors were exposed to UV 
light (after 3 min of UV exposure at 365 nm, 7 mW cm−2).  
Stress and frequency sweeps (Figure 2d) of crosslinked 
hydrogels increase due to covalent crosslinking that occurred 
through UV light exposure. Prior to crosslinking, the pre-
cursor solution remained stable through nanosilicates-nano-
silicates interactions. Terminal acrylate π-bonds are converted 
to δ-bonds during crosslinking, increasing the overall stiff-
ness of the hydrogel and making it such that they no longer 
freely flow. PEGDTT/nSi has a lower modulus (G′) than 
PEGDTT which is contrary to literature. However, inclusion 
of nanosilicates immediately exposes PEGDTT to a basic envi-
ronment. While the basic environment is critical for modula-
tion of the degradation, it adversely affects storage modulus. 
Storage modulus of crosslinked PEGDTT/nSi remained higher 
than of uncrosslinked PEGDTT/nSi. Crosslinking is a neces-
sary step for prolonged localization of PEGDTT hydrogels.

Adv. Healthcare Mater. 2019, 8, 1801553
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2.3. Swelling and Degradation of Covalently Crosslinked 
Hydrogels

PEG-DTT degrades at the β-thio ester linkage created during 
the Michael addition and swells considerably due to entropy 
decrease surrounding free chain movement.[11,33] Depending 
on the original molecular weight of PEG used in the reaction 

and the ratio of PEG:DTT during the reaction, swelling and 
degradation of hydrogels can be controlled.[11] Here, we focus 
on one composition of PEG-DTT with a 3:2 (PEG:DTT) ratio 
during synthesis and the addition of nanosilicates to the 
matrix. PEG-DA was used as a control hydrogel; furthermore, 
PEG-DA was incorporated into PEG-DTT hydrogels at 25% 
weight ratio increments (PEG:PEG-DTT) while maintaining 
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Figure 2. 3D printing of shear-thinning bioink. a) Schematic showing interaction of PEGDTT and nanosilicates before and after crosslinking. Inset 
show printability of PEGDTT/nSi bioink. b) Schematic of printing process through barrel, needle, and on printing bed. Peak hold experiments to mimic 
flow during 3D extrusion-based printing. Rheological sweeps (frequency and oscillatory stress sweeps) of c) precursor solutions and d) crosslinked 
hydrogels. Note: maroon squares = PEGDTT (10% wt vol−1)/nSi (4% wt vol−1), red circles = PEG (10% wt vol−1)/nSi (4% wt vol−1), blue triangles = 
PEGDTT (10% wt vol−1), full colored shapes indicate storage modulus (G′), and open shapes indicate loss modulus (G″).
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an overall 10% (wt vol−1) polymer concentration to demon-
strate degradation control after synthesis of macromer 
(Figure 3a). Samples were 1 mm thick (height) by 5 mm diam-
eter for swelling and degradation studies. Changes in surface 
to volume ratio of sample, in-fill density, and ratio between 
sample/solvent can alter the degradation time of 3D printed 
structure. Nanosilicates (4% wt vol−1) were included as experi-
mental treatments. 100% PEG-DTT/nSi samples degraded at 
an appreciable time scale (7 d). Control hydrogels of PEG-
DTT swell and degrade by day 21 where they are completely 
absent from solution. Inclusion of PEG-DA into the hydrogels 
resulted in longer lasting hydrogels due to the lack of PEG-DA 
degradation during the investigated timescale. Therefore, 
replacing PEG-DTT with PEG-DA can be used to modulate the 
swelling or degradation kinetics.

During degradation studies, PBS solution was replaced 
every 24 h. As PBS was replaced, free chains are removed from 
the samples thereby reducing the swollen weight of samples. 
Composition of 100% PEG-DTT and 100% PEG-DTT/nSi were 
ultimately chosen due to the degradation profile. All subse-
quent experimentation used the 100% PEG-DTT and 100% 
PEG-DTT/nSi hydrogel compositions due to degradation time-
scale and potential to release protein growth factors. Compres-
sion testing was performed on these formulations to show the 
ability to change the mechanical properties without changing 
total polymer concentration (Figure 3b). We have performed 

these experiments, to demonstrate the modular property of the 
proposed bioink formulations.

PEGDTT hydrogels containing nanosilicates showed lower 
degree of swelling compared to PEGDTT hydrogel alone 
(Figure 3a, b). Previous studies with nanosilicates demonstrate 
the hydrogels will not swell as much as those not containing 
nanosilicates.[37] Suggested interactions between the polymer 
and nanoparticle, hinders swelling of polymer chains; it has 
been proposed that nanosilicates acts as a physical crosslinker 
within the hydrogels which generally limits the swelling ability 
of the material.[38] PEGDTT/nSi hydrogels faster than PEGDTT 
samples. For example, PEGDTT/nSi was completely degraded 
within day 7, while PEGDTT was intact till day 7. The addition 
of PEGDA to PEGDTT/nSi suppresses the degradation rate. In 
case of PEGDTT:PEGDA(75:25)/nSi, complete degradation was 
observed by day 21, while PEGDTT:PEGDA(75:25) hydrogels 
was intact. Accelerated degradation of PEGDTT/nSi is mostly 
attributed to the chemical composition and cation balance of 
nanosilicates.

Earlier study have shown that solutions of the nanosilicates 
will naturally exhibit a pH of 9.4 as described by Thompson 
and Butterworth.[39] Given that esters are hydrolytically labile, 
basic solutions exacerbate susceptibility due to large hydroxide 
concentration. This is a likely explanation for the decreased 
time interval needed to observe complete degradation of 
PEGDTT/nSi hydrogels. The ionic structure of nanosilicates 
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Figure 3. Swelling and degradation of crosslinked nanocomposite hydrogels. a) Swelling of covalently crosslinked PEGDTT and PEGDTT/nSi hydro-
gels was monitored over 21 d. The dimensions of the sample used for swelling and degradation studies were 1 mm thick × 5 mm diameter. The ratio 
of PEG:PEGDTT was modulated to control the physiochemical characteristics of hydrogels (n = 5). b) Effect of PEG:PEGDTT ratio and addition of 
nanosilicate (4% wt vol−1) on compressive properties of crosslinked hydrogel. PEG:PEGDTT was constant at 10% wt vol−1 of the solution (n = 5).  
c) Proposed mechanism of nanoparticle induced degradation of PEGDTT. Adsorbed sodium cation gradually releases from nanosilicates surface 
resulting in the solution achieving a pH of 9.4 which accelerates PEGDTT degradation. d) Swelling characteristics of 3D printed structure of PEGDTT 
(10% wt vol−1)/nSi (4% wt vol−1) bioink after 1 h in PBS (n = 9, *p < 0.05, one-way ANOVA with Tukey post-hoc testing).
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evolves with increasing time from having sodium cation 
adsorbed on the surface of the particle to balance the oxygens 
that are covalently bound to the silicon to having sodium cation 
freely in bulk solution (Figure 3c). Sodium cation is in its 
lowest energy state when surrounded by 5–6 water or hydroxide 
molecules.[40] Through osmotic pressure, the sodium diffuses 
away from the surface of nanosilicates, leaving exposed oxygen 
with two electrons pairs. Stabilization of nanosilicates parti-
cles occurs through disassociation of water, forming hydrogen 
and hydroxide ions. Hydrogen ions will quickly adsorb onto 
the surface of the particle creating a stable Stern layer.[41] The 
hydroxide anions will surround the sodium cation present in 
solution. For every sodium cation released, 4–8 hydrogen ions 
are needed to stabilize nanosilicates.[42] This imbalance cre-
ates a surplus of free hydroxide ions caused pure nanosilicates 
solutions to evolve in pH and rest at 9.4.[39] Equilibrium pH of 
nanosilicates (i.e., pH 9.4) causes a decrease in time needed 
for PEGDTT samples to degrade. PBS buffers the solution and 
prolongs the degradation time compared to pure water. When 
samples were swollen in water, complete sample degradation 
occurred in < 24 h for 1 mm thick, 5 mm diameter samples. 
Earlier studies have soaked their samples in water overnight to 
remove salts from hydrogels in order to obtain pure wet and 
dry weight measurements of samples.[11,31] Due to the quick 
erosion time our samples experience in water via the afore-
mentioned pH changes with nanosilicates, we are unable 
to remove the dissolved salt that are present in our samples. 
Swelling corresponds with degradation as they are simultane-
ously occurring.

For 3D printed structures, we also observed similar mechan-
ical, and swelling characteristics (Figure 3d). Several needle 
gauges were tested and extrudate swell was calculated. 20-gauge 
needle extrudate swelled 25 ± 9%, while 21-gauge and 23-gauge 
needle extrudate swelled 47 ± 4% and 148 ± 9%, respect-
fully (n = 9). Volumetric flow rate and printing parameters 
were kept constant for all experiments. Extrudate swell along 
with rheological properties such as recovery time of sheared, 
uncrosslinked precursor solutions and the storage modulus of 
similar solutions dictate how well a material will print. Here, 
the print using 20-gauge needle did not collapse upon its own 
weight nor did it sag.

2.4. Protein Therapeutic Loaded 3D Printed Structure

Our previous studies have established nanosilicates as a plug-
and-play type of therapeutics delivery platform.[43] Nanosilicate 
have a permanent negative surface charge on each face of the 
particle and a positive charge along the edges.[2,18] This facilitate 
interactions of nanosilicates with a wide range of biomolecules 
including bone morphogenetic proteins 2, transforming growth 
factor beta 1, VEGF, platelet-derived growth factor, and fibroblast 
growth factor (FGF), thus eliminating complex chemical modifi-
cation.[24,44] The high surface area and unique surface charge of 
nanosilicates can results in high-efficiency binding (≈100%) and 
slow release of proteins for prolong duration (>3 weeks).

The ability of nanosilicate to prolong the release of pro-
tein therapeutics is leveraged here to load therapeutic protein 
in 3D printed structure, which is not demonstrated earlier. 

It is expected that degradation of PEGDTT network will result 
in release of sequester protein therapeutics (Figure 4a). As a 
model protein, fluorescein-conjugated bovine serum albumin 
(FITC-BSA) was used as a large glomerular protein model that 
can be released from the nanosilicates containing structure. 
Pre-exfoliated nanosilicates and FITC-BSA were thoroughly 
mixed overnight, allowing conjugation to occur. Overtime, 
the FITC-BSA is released due to ion exchange and affinity to 
various ions to adsorb onto nanosilicates surface. As a bio-
logical mimic, PBS was used as a sink solution for release of 
FITC-BSA; the release was monitored for 28 d. Both images 
and quantification, showed that 3D printed structure is able to 
release the sequestered protein over the 7 d and entire protein 
within 28 d (Figure 4b, c). (Note: sample fabrication size was 
changed compared to swelling studies in order for samples to 
maintain structure for 28 d.)

The physiological stability of hydrogel network directly 
influences the release of entrapped protein. By controlling 
degradation characteristic (via PEG:PEGDTT ratio), release of 
entrapped protein can be controlled. Alternatively, decreasing 
the macromer molecular weight could increase the overall time 
for releasing protein since more covalent crosslinks would be 
present, resulting in a decrease in mesh size. Fabrication size 
changes at a constant PEG-DTT/nSi concentrations will not 
alter crosslink density however is will influence degradation 
time due to an increase or decrease in overall number of bonds 
for degradation. An increase in nanosilicates concentration 
should delay release of protein or small molecule therapeutic at 
the increase of overall faster degradation of PEGDTT hydrogel. 
These approaches can be used to modulate the release kinetics 
of entrapped protein depending on targeted biomedical 
applications.

2.5. Activity of Released Protein Therapeutic from 3D Printing 
Structures

Therapeutic efficacy of VEGF and FGF released from 3D 
printed structure was measured by the migration of HUVECs 
across a transwell membrane. Nanosilicates was loaded with 
VEGF and FGF in similar fashion as albumin. 3D printed 
structure were placed on the bottom of a well and HUVECs 
were seeded on the top of transwell inserts (Figure 5a). Cells 
were stained for nuclei and actin via 4′,6-diamindino-2-pheny-
lindole (DAPI) and Phalloidin, respectively. Cell staining will 
determine the activity of growth factors, as HUVECs will only 
migrate through the transwell if the released growth factors are 
biological active. Samples that did not contain growth factor 
(negative control) showed little to no cell migration. PEGDTT/
nSi control was significantly different from no administered 
growth factor negative control (p = 0.0010). When the samples 
containing growth factor and not containing growth factor are 
examined together, it is possible the nanosilicates potentially 
acts as an angiogenic agent. The PEGDTT/nSi containing 
growth factors induced similar response to the positive control 
of exogenously delivered growth factor (Figure 5b, c). PEGDTT/
nSi and exogenously delivery growth factor had no difference 
in total number of migrating cells. PEGDTT was significantly 
different from exogenous control (n = 5 and p = 0.0044) and 

Adv. Healthcare Mater. 2019, 8, 1801553
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PEGDTT/nSi (n = 5 and p = 0.0248). As such, delivery of angio-
genic growth factors could be used within PEGDTT scaffolds to 
promote migration of endothelial cells in wounds.

Further scanning electron microscopy (SEM) images of the 
transverse side (non-cell seeded side) of the transwell insert 
suggest extracellular matrix deposition caused by migratory 
HUVECs on the growth factor containing scaffolds. Sample 
without growth factor contained no amounts of deposited extra-
cellular matrix. SEM images coupled with actin/nuclei staining 
suggested that conjugated VEGF and FGF to nanosilicates 
retained bioactivity once released.

To demonstrate the potential of bioink for cell studies, 
we encapsulated HUVECs within the bioink formulation 
(PEGDTT/nSi). After the 3D printing process, the encapsulated 
cells showed high cell viability (≈85%) (Figure 5d). We also 
stained these cell via cell tracker and printed cell-laden bioink 
(Figure 5e). To show the ability of growth factors loaded bioink 
to direct cell migration, we first printed PEGDTT/nSi loaded 
with VEGF and then encapsulated the printed structure in 
gelatin methacrylate (GelMA) loaded with HUVECs (Figure 5f). 
The migration of cells was monitor using florescence micro-
scopes on days 1 and 7. A uniform dispersion of cells was 
observed on day 1 in GelMA region. After 7 d, HUVECs 
migrated towards PEGDTT/nSi structure loaded with VEGF. 
These results suggest release of bioactive growth factor and 
migration of HUVECs along a chemotaxis. Promoting retained 
bioactivity of growth factors could reduce the amount of growth 
factors to be administered and reduce potentially negative side 
effects of supraphysiological growth factor doses. Overall, this 

work demonstrated that we can control and direct cell migra-
tion and potentially obtain vascularized structure by printing 
therapeutic protein in 3D.

3. Conclusion

Shear-thinning bioink with the ability to sequester and release 
therapeutic proteins from 3D printed structure have been 
introduced. The bioink consist of degradable PEGDTT and 2D 
nanosilicates. The mechanical properties, swelling kinetics, and 
degradation rate can be modulated via the amount of PEGDA 
and nanosilicates. Using the cation exchange capacity of nano-
silicates, growth factors were sequestered and released from 
the 3D printed structure. The activity of released protein thera-
peutics from 3D structure were verified via migration of cells. 
Overall, this study provides proof of principle to print protein 
therapeutics in 3D that can be used to control and direct cell 
functions.

4. Experimental Section
Materials: Nanosilicates (Laponite XLG), procured from BYK 

Additives and Instruments, was dried in the oven at 100 °C for 4 h to 
ensure limited environmental water swelling of particles. PEG was dried 
before acrylate modification using procedures previously reported.[45] 
In short, 20 g PEG (3.4 kDa) was dissolved in dichloromethane along 
with triethylamine (Sigma). Acryloyl chloride (Alfa Aesar) was added 
dropwise to the solution on ice and stirred for 24 h. After washing, the 
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Figure 4. Printing therapeutics in 3D. a) The high surface area and charged characteristics of nanosilicates are able to sequester protein therapeutics 
within 3D printing structure. The degradation of printed network result in release of therapeutics. b) The release of fluorescently labeled protein from 
3D printed structure was monitored over 28 d in PEGDTT (10% wt vol−1)/nSi (4% wt vol−1) hydrogels (no PEG-DA in formulation). Printed structure 
dimensions ≈ 10 mm diameter by 15 mm height (significantly larger mass than used in degradation studies). c) Sustained release of sequester thera-
peutics was observed during initial time period, while complete protein was released within 28 d in PEGDTT (10% wt vol−1)/nSi (4% wt vol−1) hydrogels 
(n = 3, *p < 0.05, one-way ANOVA with Tukey post-hoc testing).
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solution was precipitated into diethyl ether and dried over vacuum. 
1H NMR *300 MHz, CDCl3, δ): 3.62 (s, 297H; OCH2CH2), 5.81 
(dd, 2H, J = 10.5 and 1.2 Hz; CHCH2), 6.40 (dd, 2H, J = 17.3 and 
1.5 Hz; CHCH2) confirmed diacrylation of PEG3.4 kDa. PEGDTT 
was synthesized as reported by Cereceres et al.[33] PEG3.4 kDa was 
dissolved in dichloromethane with triethylamine. DTT was dissolved 
in dichloromethane and added dropwise to the solution. Molar ratio 
of reactants were as follows PEG:DTT:TEA::3:2:0.9 to ensure a acrylate 
terminated macromer. Elman’s assay was used to measure free thiol 
groups after reaction completion. 1H NMR *300 MHz was used to 
approximate macromer molecule weight, using DTT backbone as the 
standard.

Bioink Formulation: The desired amount nanosilicates (4% wt vol−1) 
and polymer was dispersed into 18 MΩ water (pH = 7.4) and vortexed 

vigorously for at least 2 min. Due to previously reported degradation 
profile for PEGDTT, PEG3.4 kDa was added into the polymer mix at 25% 
increments though total polymer concentration was kept constant at 
10% wt vol−1. Samples were identified as percentage (%) of PEGDTT and 
with or without nanosilicates (PEGDTT/nSi). As such, 10 experimental 
samples were used for evaluation of: compressive modulus and swelling. 
At the conclusion of swelling experiments evaluation was conducted to 
reduce the number of samples for rheology, therapeutic incorporation, 
and cell studies. Samples were photocrosslinked via the inclusion of 
0.3% wt vol−1 IGRAcure2959 and exposure to 365 nm UV light for 90 s at 
an intensity of 7.0 mW cm−2.

3D Printing: PEGDTT ± nanosilicates constructs were fabricated 
utilizing a HYREL System 30M 3D printer. Solution was loaded into a 
HYREL VOL-25 extruder (HYREL L.L.C., Norcross, GA) equipped with 

Figure 5. Bioactivity of released protein therapeutics from 3D printed structure. a) Schematic of invasion assay. b)Actin and nuclei staining of migrate 
HUVECs across transwell. Addition of growth factor to PEGDTT/nSi influences cell migration. SEM images of deposited extracellular matrix (outlined 
in white) due to cell migration. c) Quantification of invading cells (n = 5, *p < 0.05, one-way ANOVA with Tukey post-hoc testing). d) Live/dead image 
showing high viability (≈85%) of encapsulated cells within 3D printed structure. e) 3D bioprinted scaffolds loaded with HUVECs stained via cell tracker. 
f) VEGF loaded PEGDTT/nSi bioink direct migration of HUVECs encapsulated in surrounding GelMA hydrogels (day 7). Cells migrated towards the 
PEGDTT/nSi due to the bioavailabilty of VEGF.
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a luer lock adapter and 23 gauge blunted stainless steel needle (Jensen 
Global Inc, Santa Barbara, CA). Once connected to the printer, constructs 
were modeled in Solidworks 3D CAD Design, exported as an STL file, 
and imported into Slic3r version 1.2.9. Overall, this process converts 
the Solidworks design into layer-by-layer instructions for the printer, or 
G-code. The G-code files are then imported into HYREL’s proprietary 
software (Repetrel Rev2.828) and printed at room temperature onto 
glass slides. Upon completion, glass slides were placed under a UV 
lamp and photocrosslinked for 150 s at an intensity of 25 mw cm−2.

Hydrogel Swelling: Samples were cut into 5 mm circles (1 mm thick) 
and allowed to swelling in 1 mL PBS at 37 °C for 1, 3, 5, 7, 14, or 21 d 
with PBS replaced daily for the first 7 d and every-other day thereafter. 
Weight measurements were taken before swelling (W0) and after 
swelling (Ws). Comparing the swollen weight to the as prepared weight, 
swelling (%) was calculated according as (Ws − W0)/W0.

Mechanical Analysis: An ADMET eXpert 7600 Single Column Testing 
System equipped with 25 lb load cell was used for compression 
testing.  Strain rate of 1 mm min−1 was used to compress the samples 
50% of original height.  The compressive modulus was calculated and 
plotted versus the sample composition. All samples were used for 
mechanical testing to ensure proper synthesis and trends with inclusion 
of PEG were being observed.

Rheological Analysis: A Discovery Hybrid Rheometer 2  
(TA Instruments) with attached 40 mm parallel plate at gap height 
of 0.25 mm and 25 °C was used for all experiments. Rotational shear 
rate sweeps were executed between 10−3 and 103 s−1 to determine 
the power-law region. Power-law parameter n (flow behavior index) 
and K (flow consistency index) were calculated using TRIOS software  
(TA Instruments). Rotational time sweeps were executed at three 
different shear rates (s−1) in sequential order: 10−2 (60 s), 3000 (5s), and 
10−2 (120s) to determine shear recovery of solutions.[20] Time to 80% 
recovery was manually observed/calculated.[46] Oscillatory shear stress 
sweeps between 10−1 and 103 performed at 1 Hz and frequency sweeps 
between 100 and 102 performed at 10 Pa to further validate yield points 
and investigate dependence on frequency.

Therapeutic Incorporation: FITC-BSA was used as a model protein. 
Nanosilicates were allowed to exfoliate for 24 h. FITC-BSA was added 
to the solution such that final concentration was 140 ng 1 mL−1. After 
overnight incorporation, polymer was added to the solutions and 100 µL 
gels were formed. Samples were placed in 1 mL of PBS at 37 °C and 
supernatant removed at days 1, 3, 7, and 21. FITC-BSA release was 
measured using fluorescence well plate reader (TECAN Infinite 200 PRO, 
Ex/Em: 494 nm/520 nm). Similarly, VEGF and FGF were incorporated 
into hydrogel samples for in vitro testing.

In Vitro Studies: To test therapeutic efficacy, migration of HUVECs 
through 8 µm transwell inserts was monitored. Samples containing 
40 ng mL−1 VEGF and 400 ng mL−1 FGF were UV crosslinked and cut 
out to obtain 8 mm circles, 1 mm thick. Positive control consisted 
of exogenously delivery VEGF (0.5 µL mL−1) and FGF (2 µL mL−1). 
Experimental negative controls were composed of PEGDTT and 
PEGDTT/nSi. HUVECs were seeded on top of transwell at a density of 
10 000 cells mL−1 and allowed to adhere. Wells were then inserted into 
appropriate treatments, allowed to proceed for 24 h, then fixed with 
10% neutral buffered formalin. Subsequently, cells were treated with 
1X Triton X for 30 min, washed with PBS and then DAPI was added for 
5 min. Cells were washed and Phalloidin was added for 20 min. All well 
were them imaged under a Nikon Eclipse TE2000-S Microscope at 20X. 
Afterwards, gold plating of wells was completed and a JEOL (JCM-5000: 
Benchtop SEM) SEM was used to visual deposited extracellular matrix.

Statistical Analysis: For rheology data sets, the data were not pre-
processed and a representative curve are shown for each prescribed 
composition. Sample sizes for other data sets are as follows: 
swelling %: n = 3, Compressive modulus: n = 3, Extrudate swell: n = 9, 
and cumulative release: n = 5. Determination of statistical significance 
between multiple groups was completed via analysis of variance 
(ANOVA) with Tukey post-hoc testing method. Significant p-values were 
considered < 0.05 unless otherwise noted. All analysis was completed in 
GraphPad Prism (San Diego, CA).
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