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Additive manufacturing, commonly referred to as 3D printing, affords numerous advantages as 

an automated means of fabricating 3D objects with excellent design freedom and minimal waste. 

Despite remarkable progress over the past couple of decades toward making 3D printing 

technologies more capable and more accessible, there is still a need for more diverse functional 

materials for 3D printing. For example, in biomedical science and engineering, 3D printing has 

been used to fabricate anatomical models, medical devices, and tissue- and organ-like constructs 

comprising living cells. For many of these applications, there is a need for materials that better 

mimic or interface with the living systems in question. In tissue engineering and therapeutic 

delivery, hydrogels have shown great promise, as hydrated three-dimensional networks in which 



cells can be cultured or therapeutics can be encapsulated. Additionally, when naturally derived 

hydrogels are dehydrated, more functional or sustainable alternatives to petroleum-derived 

plastics can be obtained. These materials, which can be referred to as “bioplastics,” can be used 

to fabricate functional objects via 3D printing. This dissertation focuses on the design, synthesis, 

and application of functional hydrogels and bioplastics for additive manufacturing in the 

biomedical space. Chapter 1 contains a brief overview of 3D printing, hydrogels, and water-

processable bioplastics, with an emphasis on their biomedical applications. Chapter 2 features a 

methodology that leverages additive manufacturing to fabricate coaxial nozzles for extrusion of 

hydrogel tubes toward modeling vascular endothelium. Chapter 3 highlights a highly tunable 

protein-based bioplastic platform for light-based (vat photopolymerization) 3D printing of 

functional objects. Chapter 4 describes dynamic hydrogels utilizing a protein-ligand interaction 

toward potential applications in therapeutic delivery or 3D bioprinting. 
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List of Figures 
 
Figure 2.1. Schematic of coaxial nozzle and hydrogel tube production. (a) Computer-aided 
design (CAD) in conjunction with SLA 3D printing enables the fabrication of fully customizable 
coaxial nozzles. (b) Tube fabrication workflow. (c) Chemical structures of F127 and F127-BUM. 
(d) Coaxial nozzles of different diameters after printing. (e) Tip of coaxial nozzle under 
magnification. (f) Coaxial nozzle after blunt-tip needles have been affixed to inlets. (g) Coaxial 
extrusion assembly. 
Figure 2.2. F127-BUM hydrogel, hydrogel tube fabrication, and extrusion setup. (a) F127-BUM 
hydrogel at 4 °C. (b) F127-BUM hydrogel at 20 °C. (c) Pouring F127-BUM hydrogel into 
syringe at 4 °C. (d) F127- BUM hydrogel inside inverted syringe at 20 °C. (e) Coaxial extrusion 
setup. (f) F127-BUM hydrogel tube attached to 18-gauge needles, pre-distention. (g) Distention 
of F127-BUM hydrogel tube with water. (h,i) F127-BUM hydrogel tube tensile experiment. 
Figure 2.3. Hydrogel tube extrusion-pressure-dependent dimensional control and swelling 
experiment. (a) Smaller-lumen (~ 0.20 mm) F127-BUM hydrogel tube cross sections. (b) Larger-
lumen (~ 0.40 mm) F127-BUM hydrogel tube cross sections. (c) Cross section of tube fabricated 
from F127-BUM hydrogel with AMPS additive (post-swelling in water). (d) Cross section of 
tube fabricated from F127-BUM hydrogel without additive (post-swelling in water). 
Figure 2.4. Rehydration of a tube section and syringe stands. (a) Short tube section fabricated 
from F127-BUM hydrogel with collagen I additive in dehydrated state. (b) Same tube section 
following rehydration with collagen I solution. (c) Syringes for cell seeding immobilized in 
BioAssay dish using 3D printed syringe stands. 
Figure 2.5. Nozzle sizes. (a) Large-sized nozzle. (b) Medium-sized nozzle. (c) Small-sized 
nozzle. 
Figure 2.6. Rheology of F127-BUM hydrogel without additive. (a) Temperature ramp. (b) Shear 
rate sweep. (c) Cyclic shear strain. (d) Strain sweep. (e) Frequency sweep. (f) Photo-rheology. 
Figure 2.7. Rheology of F127-BUM hydrogel with collagen I additive. (a) Temperature ramp. 
(b) Shear rate sweep. (c) Cyclic shear strain. (d) Strain sweep. (e) Frequency sweep. (f) Photo-
rheology. 
Figure 2.8. Rheology of F127-BUM hydrogel with AMPS additive. (a) Temperature ramp. (b) 
Shear rate sweep. (c) Cyclic shear strain. (d) Strain sweep. (e) Frequency sweep. (f) Photo-
rheology. 
Figure 2.9. Tube geometry can be tuned by altering nozzle size and shape as well as extrusion 
conditions. (a,b) Tubes produced using large-sized (2 mm outer conduit diameter) coaxial nozzle. 
Tubes have good elasticity and toughness. (c,d) Tubes fabricated using small-sized (0.5 mm 
outer conduit diameter) nozzle. Dye perfusion shows lumen patency. Tube walls were stained as 
dye began to diffuse through walls. (e–g) Summary of extrusion-pressure effects on cross-
sectional geometry of small tubes. Luminal diameters or wall thicknesses as small as ∼150 μm 
were achieved. (h,i) 5-point star geometry on customized nozzle. (j) Cross-sectional geometry of 
5-point star tube produced using star nozzle. 
Figure 2.10. Fluorescence and confocal micrographs of endothelial-cell-seeded, cross-linked 
hydrogel constructs. (a) HUVECs seeded on cross-linked unmodified F127-BUM hydrogel disc 
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after 24 h in culture. Cells stained with calcein AM (green) for visualization show aggregation 
and rounded morphology, indicating lack of adhesion. Percent coverage was determined to be 
20% ± 9% (SD; n = 3). This image is representative of three replicates. (b) HUVECs seeded on 
cross-linked, collagen I-treated F127-BUM hydrogel disc with collagen I additive after 24 h in 
culture. Cells stained with calcein AM for visualization show spreading, indicating adhesion. 
Percent coverage was determined to be 52% ± 8% (SD; n = 3). This image is representative of 
three replicates. (c) Viability assay (calcein AM, green/ethidium homodimer-1, red) of HUVECs 
seeded on cross-linked, collagen-I-treated F127-BUM hydrogel disc with collagen I additive 
after 72 h in culture. Green indicates live cells, red indicates dead cells; cell viability is high. 
This image is representative of three replicates. (d,e) Confocal micrographs of HUVECs seeded 
on the luminal surfaces of tubes composed of cross-linked, collagen-I-treated F127-BUM 
hydrogel with collagen I additive. Cells stained with DAPI (blue: nuclei) and labeled via indirect 
immunofluorescence (green: CD31, inter-endothelial junction marker) exhibit characteristic 
cobblestone morphology. These images are representative of six replicates. (f) Identical treatment 
to samples in Figure 2.10d,e. Entire width of tube section is visualized, showing good cell 
coverage. This image is representative of six replicates. (g–i) Identical treatment to samples in 
Figure 2.10d–f. Luminal surface of tube is visualized via confocal microscopy showing good cell 
coverage. These images are representative of six replicates. 
Figure 3.1. Incorporation of glycerol or HPGs as plasticizing additives into BSA-PEGDA-based 
aqueous resins for light-based 3D printing affords bioplastics with mechanical properties which 
vary from rigid and strong (obtained natively) to soft and ductile (obtained with plasticizers). 
Figure 3.2. (a) BSA cartoon from crystal structure (PDB ID: 3V03).92–94 (b) Scheme for 
derivatization of BSA with PEGDA via aza-Michael addition. (c) Hypothetical depiction of the 
aqueous resin state with soluble BSA (red) derivatized with PEGDA (blue), excess soluble 
PEGDA (blue), and a generic soluble additive (yellow). (d) Depiction of the hydrogel state with 
copolymerized BSA and PEG-DA following photo-curing of the resin. (e) Depiction of the 
bioplastic state following dehydration of the hydrogel. (f) Dynamic light scattering traces 
showing that Michael addition over 24 h incubation of the resin produces BSA-PEGDA 
conjugate species of increased size. (g) Photo-rheometry showing prompt curing of resins with 
and without additives at 405 nm (5 mW cm−2) following 24 h incubation. 
Figure 3.3. (a) Additives explored include large-, medium-, and small-sized HPGs (HPG-L, 
HPG-M, and HPG-S, respectively), and glycerol. (b) Scheme of HPG synthesis via ring-opening 
multibranching polymerization. (c) 1H NMR spectra of HPG-S, HPG-M, and HPG-L in 
methanol-d4. (d) Hydrodynamic diameters of HPG-S, HPG-M, and HPG-L, determined by 
dynamic light scattering. (e) Apparent steady-shear viscosities of aqueous resins with different 
additives included at 15 wt%. 
Figure 3.4. 3D printed objects, demonstrating 3D printability and functionality of BSA- and 
PEG-DA-based bioplastics with additives. (a) Block “W” printed using the resin with 15 wt% 
HPG-M. (b) Gecko model89 printed using the resin with 15 wt% glycerol. (c) Dialysis clip, with 
integral catch and hinge, printed using a resin with 10 wt% glycerol. (d) Dialysis clip clipped 
onto a folded poly(ethylene) bag. (e) 3D printed “W” as printed with the 15 wt% glycerol resin 
and dehydrated. (f) “W” after heating at 50 °C, flattening between glass slides, and cooling to 21 
°C. (g) “W” after recovery at 100 °C in < 2 min. 
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Figure 3.5. CD spectra of resins diluted to 0.25 mg mL−1 protein concentration with deionized 
water. 
Figure 3.6. Representative tensile stress-strain curves of bioplastics with no additive and 
bioplastics with glycerol, HPG-S, HPG-M, and HPG-L included as additives. (a) Tensile stress-
strain curves of cast bioplastics with increasing glycerol content (0–15 wt% in the resins). (b) 
Tensile stress-strain curves of cast bioplastics with increasing HPG-M content (0–15 wt% in the 
resins). (c) Tensile stress-strain curves of cast bioplastics with no additive and bioplastics with 
glycerol, HPG-S, HPG-M, and HPG-L included at 15 wt% in the resins. (d) Tensile stress-strain 
curves comparing cast and 3D printed bioplastics with no additive, and bioplastics with HPG-M 
and glycerol included at 15 wt%. 
Figure 3.7. Tensile properties of cast bioplastics with increasing glycerol and HPG-M content. 
(a) Elastic modulus values with respect to additive content. (b) Yield stress values with respect to 
additive content. (c) Strain at break values with respect to additive content. (d) Toughness values 
with respect to additive content. 
Figure 3.8. Tensile properties of cast bioplastics with no additive and bioplastics with glycerol, 
HPG-S, HPG-M, and HPG-L included at 15 wt% in the resins. (a) Elastic modulus values with 
respect to additive at 15 wt%. (b) Yield stress values with respect to additive at 15 wt%. (c) 
Strain at break values with respect to additive at 15 wt%. (d) Toughness values with respect to 
additive at 15 wt%. 
Figure 3.9. Modulated DSC of bioplastics (a) Total heat flow curves. (b) Reversing and non-
reversing heat flow curves. 
Figure 3.10. X-ray scattering analysis of as-fabricated bioplastics with different additives. Arrow 
indicates features likely related to BSA ordering. 
Figure 3.11. Tensile properties of cast bioplastics versus 3D printed bioplastics. (a) Elastic 
modulus comparison. (b) Yield stress comparison. (c) Strain at break comparison. (d) Toughness 
comparison. 

Figure 3.12. TGA curves for bioplastics. 
Figure 3.13. X-ray scattering analysis of bioplastics before and after thermal shape-recovery. 
Arrows indicate features likely related to BSA ordering. (a) Bioplastic with no additive as 
fabricated versus after strain and thermal recovery for 5 min. (b) Bioplastic fabricated from resin 
with 15 wt% glycerol as fabricated versus after strain and thermal recovery for 10 s, and thermal 
recovery for 5 min. (c) Bioplastic fabricated from resin with 15 wt% HPG-M as fabricated versus 
after strain and thermal recovery for 1 min, and thermal recovery for 5 min. 
Figure 3.14. Ashby plot of tensile strength versus strain at break, comparing commercial 
materials for light-based 3D printing to the BSA-PEGDA materials with and without plasticizing 
additives (this work). Numerical data available in Appendix B (Table B1). 
Figure 4.1. (a) Abbreviated synthetic scheme for hyperbranched poly(glycerol) (HPG). (b) 
Dynamic light scattering trace for HPG. A Z-average hydrodynamic diameter, dH ≈ 14 nm was 
obtained, with a dispersity by DLS of ~ 0.04. (c) Abbreviated synthetic scheme for HPG 
functionalized with palmitate moieties (HPG-C16). Palmitate functionalization relative to 
hydroxyl groups, fn = 0.7% was obtained. (d) 1H NMR spectra (500 MHz, CD3OD) of HPG and 
HPG-C16. 
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Figure 4.2. (a) Hypothetical depiction of HPG-C16 self-association in formation of dynamic 
networks. (b) 15 wt% HPG-C16 hydrogel vial inversion, showing the reversible transition 
between a nearly transparent gel state and an opaque gel state. (c) Steady-shear viscosity and 
stress curves for the 15 wt% HPG-C16 hydrogel. (d) Frequency sweep data for the 15 wt% HPG-
C16 hydrogel. (e) Stress amplitude sweep data for the 15 wt% HPG-C16 hydrogel. (f) Multi-step 
high- and low-amplitude oscillatory tests showing self-healing and thixotropy of 15 wt% HPG-
C16 hydrogel. (g) Temperature ramp data for the 15 wt% HPG-C16 hydrogel. 
Figure 4.3. (a) Photograph of the 15 wt% 1:1 BSA and HPG-C16 mixture after vial inversion, 
showing viscous liquid character (left); and photographs showing the appearance of unsaturated 
and saturated 15 wt% 1:1 BSA and HPG-C16 mixtures (right). “Unsaturated” (unsat.) refers to 
mixtures comprising fatty-acid-free BSA. “Saturated” (sat.) refers to mixtures comprising BSA 
pre-saturated with free palmitate. (b) Steady-shear viscosity and stress curves for the 15 wt% 1:1 
BSA and HPG-C16 mixtures (unsaturated and saturated). (c) Steady-shear viscosity and stress 
curves for the 30 wt% 1:1 BSA and HPG-C16 mixtures (unsaturated and saturated). (d) 
Frequency sweep data for the 15 wt% 1:1 BSA and HPG-C16 mixtures (unsaturated and 
saturated). (e) Frequency sweep data for the 30 wt% 1:1 BSA and HPG-C16 mixtures 
(unsaturated and saturated). (f) Stress amplitude sweep data for the 15 wt% and 30 wt% saturated 
1:1 BSA and HPG-C16 mixtures. Unsaturated mixtures did not show yield stresses. (g) 
Comparison of apparent viscosity at shear rate, γ· = 1.0 s−1 and power law index, n, for all 1:1 
BSA and HPG-C16 mixtures. (h) Comparison of G' and tan δ at angular frequency, ω = 10 rad 
s−1 for all 1:1 BSA and HPG-C16 mixtures. (i) Comparison of apparent yield stress for 15 wt% 
and 30 wt% saturated 1:1 BSA and HPG-C16 mixtures. 
Figure 4.4. (a) Abbreviated synthetic scheme for SAN-30, SAN-45, and SAN-60. (b) Dynamic 
light scattering traces for SANs and native BSA. (c) Comparison of Z-average hydrodynamic 
diameters, dH and dispersities by DLS for SANs and native BSA. (d) Circular dichroism (CD) 
spectra for SANs and native BSA showing that SANs retained the characteristic α-helical 
secondary structure of serum albumin. 
Figure 4.5. (a) Hypothetical depiction of SAN + HPG-C16 dynamic network formation. (b) The 
15 wt% (3:2) SAN-45 and HPG-C16 hydrogel (termed “intermediate”) inverted, inside of a 
syringe. (c) Steady-shear viscosity and stress curves for the intermediate gel (unsaturated and 
saturated). “Unsaturated” (unsat.) refers to mixtures comprising fatty-acid-free SAN. “Saturated” 
(sat.) refers to mixtures comprising SAN pre-saturated with free palmitate. (d) Frequency sweep 
data for the intermediate gel (unsaturated and saturated). (e) Stress amplitude sweep data for the 
intermediate gel (unsaturated and saturated). (f) Comparison of apparent viscosity at shear rate, γ· 
= 1.0 s−1 and power law index, n, for the intermediate gel (unsaturated and saturated). (g) 
Comparison of G' at angular frequency, ω = 10 rad s−1, and tan δ at two angular frequencies, for 
the intermediate gel (unsaturated and saturated). (h) Comparison of apparent yield stress for the 
intermediate gel (unsaturated and saturated). 
Figure 4.6. (a) Photographs of hydrogels with 3:2 mass fraction of SAN-45 and HPG-C16, with 
variable total concentration. (b) Photographs of hydrogels with 15 wt% SAN-45 and HPG-C16, 
with variable mass fraction of the components. (c) Photograph of hydrogels with 15 wt% (3:2) 
SAN and HPG-C16, with variable SAN size. (d–f) Steady-shear viscosity and stress curves for 
the three variable sets. (g–i) Frequency sweep data for the three variable sets. (j–l) Stress 
amplitude sweep data for the three variable sets. 



 5 

Figure 4.7. (a–c) Comparisons of apparent viscosity at shear rate, γ· = 1.0 s−1 and power law 
index, n, for the three variable sets (varied total concentration, varied ratio of components, and 
varied SAN size). (d–f) Comparisons of G' and tan δ at angular frequency, ω = 10 rad s−1 for the 
three variable sets. (g–i) Comparison of apparent yield stress for the three variable sets. 
Figure 4.8. (a) The 15 wt% (1:1) SAN-60 and HPG-C16 hydrogel (termed “combined”) 
inverted, inside of a syringe (right), compared to the intermediate gel (left). (b) Steady-shear 
viscosity and stress curves for the intermediate and combined gels. (c) Frequency sweep data for 
the intermediate and combined gels. (d) Stress amplitude sweep data for the intermediate and 
combined gels. (e) Comparison of apparent viscosity at shear rate, γ· = 1.0 s−1 and power law 
index, n, for the intermediate and combined gels. (f) Comparison of G' and tan δ at angular 
frequency, ω = 10 rad s−1 for the intermediate and combined gels. (g). Comparison of apparent 
yield stress for the intermediate and combined gels. (h) Multi-step high- and low-amplitude 
oscillatory tests showing self-healing and thixotropy of intermediate and combined gels. (i) 
Temperature ramp data for the intermediate and combined gels. (j) Comparison of G' and tan δ at 
21 °C and 37 °C for the intermediate and combined gels. 
Figure 4.9. (a) Steady-shear viscosity and stress curves for the 15 wt% (1:1) SAN-60 and HPG-
C16 hydrogel (termed “combined”)—saturated and unsaturated. (b) Frequency sweep data for 
the combined gel (saturated and unsaturated). (c) Stress amplitude sweep data for the combined 
gel (saturated and unsaturated). (d) Comparison of apparent viscosity at shear rate, γ· = 1.0 s−1 
and power law index, n, for the combined gel (saturated and unsaturated). (e) Comparison of G' 
at angular frequency, ω = 10 rad s−1, and tan δ at two angular frequencies, for the combined gel 
(saturated and unsaturated). (f) Comparison of apparent yield stress for the combined gel 
(saturated and unsaturated). 
Figure 4.10. (a) Schematic representation of injection force measurement using a load frame. (b) 
Injection force curves obtained using 1 mL syringes with 0.5 in needles (23 G and 27 G), using a 
1.2 mL min−1 injection rate. (c) Comparison of plateau force using 23 G needle. (d) Comparison 
of plateau force using 27 G needle. Data for 30 wt% F-127 gel included for comparison. 
Figure 4.11. (a) SAN + HPG-C16 gel before and after immersing in water. The increased opacity 
suggests phase separation is occurring in the presence of excess aqueous medium. (b) Materials 
after 31.5 d in dissolution medium (1X PBS or DMEM with 10% FBS) at 37 °C, static 
conditions. (c) Cumulative mass loss of materials in 1X PBS at 37 °C, static conditions. (d) 
Cumulative mass loss of materials in DMEM with 10% FBS at 37 °C, static conditions. 
Figure 4.12. (a) Schematic representation of in vitro release experiments. (b) Comparison of 
cumulative release of Cy5-labeled IgG or Cy-5 labeled IgG-C16 from materials after 15.5 d in 
DMEM with 10% FBS at 37 °C, static conditions. (c–f) Cumulative release of Cy5-labeled IgG 
or Cy5-labeled IgG-C16 from materials over 15.5 d. 
Figure 4.13. (a) Schematic representation of direct ink writing. (b) Single-layer print with 
intermediate gel (dyed blue). (c) Multi-layered print with combined gel (dyed maroon). 

Figure A1. 1H NMR spectrum of F127-BUM (500 MHz, 293 K, CDCl3). 
Figure A2. 1H NMR spectrum of F127 (500 MHz, 293 K, CDCl3). 

Figure A3. (a) GPC trace of F127; Ð = 1.28. (b) GPC trace of F127-BUM; Ð = 1.28. 
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Figure B1. 1H NMR spectrum of HPG-S (500 MHz, CD3OD). Asterisk denotes signal from 
vacuum grease. “TMP” refers to TMP core of HPG. 
Figure B2. 1H NMR spectrum of HPG-M (500 MHz, CD3OD). Asterisk denotes signal from 
vacuum grease. 
Figure B3. 1H NMR spectrum of HPG-L (500 MHz, CD3OD). Asterisk denotes signal from 
vacuum grease. 

Figure B4. DLS trace for HPG-S in deionized water. 
Figure B5. DLS trace for HPG-M in deionized water. 

Figure B6. DLS trace for HPG-L in deionized water. 
Figure B7. 1H NMR spectrum of LAP (500 MHz, D2O). 

Figure B8. ATR-FTIR spectra for bioplastics (amide I region). 
Figure C1. (a) Steady-shear viscosity and stress curves for 30 wt% F-127 hydrogel. (b) 
Frequency sweep data for 30 wt% F-127 hydrogel. (c) Stress amplitude sweep data for 30 wt% 
F-127 hydrogel. (d) Multi-step high- and low-amplitude oscillatory tests showing self-healing 
and thixotropy of 30 wt% F-127 hydrogel. 
Figure C2. Hypothetical depiction of saturated SAN + HPG-C16 dynamic network formation. 
Figure C3. Custom syringe holder used for injection force measurements. It was 3D printed 
using fused filament fabrication, with poly(lactide) filament. 
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Chapter 1 

 

Introduction 

 

1.1. Additive Manufacturing (3D printing) in Bio-Interfacing Applications 

 

 The utility of 3D printing in bio-interfacing applications extends from the fundamental 

features of 3D printing technology that make it useful in numerous other areas, including in 

aerospace, automotive, and electronics industries.1–3 These fundamental features include 

computerized motion control, integration with computer-aided design (CAD), and the additive 

nature of the fabrication process.3,4 Computer control of the additive process affords precision, 

reproducibility, and simplified fabrication workflows.2–4 Centimeter-scale objects with feature 

resolution down to hundreds of micrometers can be reliably obtained using common 3D printers 

and 3D printing materials; more specialized hardware and materials can extend feature resolution 

down to the nano scale.5,6 Particularly in the context of bio-fabrication, 3D printing technologies 

can also afford impressive fabrication efficiency in terms of the ratio of feature resolution to 

fabrication time.7 Finally, the additive nature of the process is intrinsically well suited to 

patterning of cells and other sensitive biologics under physiological conditions. For example, 

using 3D printing, one could fabricate replicate sets of nearly dimensionally identical hydrogel 

constructs containing viable cultured cells, at scale, in a relatively short time.8,9 Such capability 

has been exploited for fabrication of engineered tissues and organ-like constructs for use in 

sophisticated in vitro models as well as toward clinical translation.10–14 
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Integration of 3D printing technologies with CAD, as well as the additive nature of the 

methodology, allow fabrication of complex form factors which can be difficult or impossible to 

achieve using formative or subtractive techniques.2–4 Using 3D printing, complex objects with 

irregular features, voids, or nested or hierarchical features can often be fabricated with ease. 

Additionally, CAD designs can be computationally optimized in terms of physical or mechanical 

properties, or to minimize material waste.15,16 Structures can also be obtained from 3D scans or 

medical imaging data toward fabrication of personalized medical devices.17–19 For example, in 

the hearing-aid industry, 3D scans of patients’ ear canals have been used to 3D print hearing aid 

shells with near-perfect fit.20 Similarly, 3D printing technology has greatly impacted the field of 

digital dentistry, where diagnostic models, surgical guides, implants, and restorative devices can 

be fabricated—again, through integration with 3D scanning and medical imaging technology.21 

In biomedical science, as well as in any other industry, 3D printing technologies can be 

indispensable in research and development operations. The lack of a need for specialized tooling, 

as well as the minimally wasteful nature of the additive process enable rapid iteration of 

designs.1 This cost- and material-efficiency makes 3D printing particularly well suited to 

prototyping, research, and small- to moderate-volume manufacturing applications.22 For 

example, once a researcher identifies a need, a solution can be quickly visualized in CAD and a 

prototype can be 3D printed and evaluated in application nearly immediately. Losses in time and 

material are minimal if designs fail and need to be reworked. 

Over the last fifteen years, 3D printing technologies have become substantially more 

accessible. Inexpensive, easily transportable, and highly capable 3D printers are now widely 

commercially available.23,24 CAD software25,26 and 3D models27,28 are also freely available 

online. The current accessibility of 3D printing hardware, software, and materials represents a 
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lower barrier to adoption of the technology than ever before, allowing users from many different 

technical backgrounds to leverage the advantages of 3D printing in a wide scope of use cases. 

Notably, 3D printing proved useful for production of medical supplies and personal protective 

equipment (PPE) during the COVID-19 pandemic. Much of this fabrication, particularly of PPE, 

took place outside of research or healthcare settings (e.g., in private residences), illustrating the 

value of broad accessibility to 3D printing as well as the utility of 3D printing in decentralized 

manufacturing.29–31 

Although 3D printing hardware, software, and materials are becoming more capable and 

more accessible every day, there is still a need for more diverse and functional materials for 3D 

printing. For extrusion-based 3D printing, the large majority of materials currently used are rigid 

thermoplastics.32,33 Medical devices or anatomical models 3D printed from these materials are 

non-hydrated, unphysiologically stiff structures which cannot meaningfully recapitulate the 

properties of many biological systems nor effectively integrate with them. The physical, 

chemical, and mechanical mismatch between such materials and biological systems preclude 

their use in many bio-interfacing applications, such as those in tissue engineering, therapeutic 

delivery, and biosensing.34–36 For vat photopolymerization, the large majority of materials 

currently used are rigid and brittle thermosets,37–39 which again lack physical, chemical, and 

mechanical similarity to many biological systems. More recently, elastomeric resins for vat 

photopolymerization have become available.40,41 Elastomers can exhibit softness and elasticity 

reminiscent of soft tissues and can thus serve as mechanical models of soft tissues, e.g., for 

preoperative planning.42 However, 3D printable elastomers are still relatively few. Additionally, 

the large majority of commercially available materials for vat photopolymerization are derived 

from petroleum feedstocks, which are not sustainable sources.43–46 Printing with these materials 
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also typically requires the use of non-trivial quantities of organic wash solvents. 3D printable 

hydrogels, water-processable materials, and materials with biological functionality are virtually 

absent from the commercial market. Thus, from a materials perspective, despite the remarkable 

advances of the last few decades, there are still many innovations to be made toward realizing 

the potential of additive manufacturing. 

 

1.2. Introduction to Hydrogels and Water-Processable Plastics 

 

Hydrogels are typically defined as macromolecular materials comprising a substantial 

volume (e.g., 70–99%) of water.35,47,48 The macromolecular units within a hydrogel associate to 

form a network, spanning a bulk volume and imparting solid-like character to the material.47–49 

Hydrogel networks are the products of covalent polymerization or cross-linking processes, or 

non-covalent or physical interactions, including mechanical or topological interactions such as 

particle jamming or chain entanglement.47,48,50–52 Water molecules associate with hydrogel 

networks to varying degrees. Additional free water diffuses through molecular-scale or larger 

pores within these networks.47 This free water can act as a solvent for small molecules or 

dissolved macromolecules which diffuse through the pores of the hydrogel. A hydrogel can thus 

be conceptualized as a liquid solution phase permeated by a solid skeleton. Consequently, 

hydrogels can be given stable form factors via suitable fabrication techniques (e.g., formative or 

additive manufacturing), which can enable construction of functional devices from hydrogels.53 

The useful attributes of hydrogels stem principally from their high volume fractions of 

free water, their solid-like character, and their general biocompatibility. Hydrogels are often used 

as bulk materials in biomedical applications. Proven applications include 3D cell culture and 
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therapeutic delivery.34,35 In 3D cell culture applications, hydrogels afford solid-like, three-

dimensional structure to the cultured cells, while providing a hydrated environment and allowing 

transport of nutrients.34 Hydrogels can be engineered to exhibit viscoelasticity reminiscent of soft 

tissues, more closely mimicking the native environments of cultured cells than unphysiologically 

stiff and two-dimensional traditional culture substrates.34,54 Hydrogels can also be engineered to 

present insoluble biochemical cues to cultured cells via biomolecular functionalization of the 

network, which can help direct cell growth and behavior.55,56 

For therapeutic delivery, hydrogels can be loaded with therapeutic small molecules, 

macromolecules, or therapeutic cells.35,57 Therapeutics localized within hydrogels can be 

released in a predictable and/or inducible manner over specific timescales via tuning of network 

porosity, degradation behavior, or interactions between the therapeutic cargo and the network. 

Controlled delivery of therapeutics via hydrogel depots can obviate the need for high or repeated 

dosing and can thus more safely and efficiently elicit therapeutic effects.35 

Removal of the water from hydrogels can yield dense, fluid-free macromolecular 

networks.58–60 Here, fluid-free macromolecular networks will be referred to simply as plastics, or 

bioplastics in cases where macromolecular components are bio-sourced. For production of water-

processable plastics, the reagents necessary for network formation can be dissolved in water to 

afford an aqueous resin (also known as a prepolymer solution). Water-dispersible additives (e.g., 

therapeutics, nanomaterials, living microorganisms) can be included in these resins. The aqueous 

resins can then be cured via a polymerization or cross-linking process to afford a parent 

hydrogel. Water can then be evaporated from the parent hydrogel to obtain the plastic, which is 

typically stronger, stiffer, and often more ductile than the parent hydrogel.58,59 Water-processable 

plastics prepared in this way can retain some advantages of their parent hydrogels (e.g., 
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biocompatibility and biodegradability), combining these advantages with potentially superior 

mechanical properties typical of plastics. However, if rehydration back to the hydrogel state is 

not desired, additional treatment of these plastics (e.g., hydrophobization) will likely be 

necessary.61,62 

Hydrogels and water-processable plastics can be fabricated from a range of synthetic or 

naturally derived macromolecules. These macromolecules must simply be soluble or dispersible 

in water. Commonly used synthetic polymers include poly(ethylene glycol),63,64 poly(vinyl 

alcohol),65,66 polyacrylates,67,68 and polyacrylamides.69,70 Commonly used natural 

macromolecules include gelatin,71–73 collagen,74,75 fibrin,76,77 hyaluronic acid,78,79 and 

alginate.80,81 Hybrid systems comprising natural and synthetic components are often employed. 

Hybrid systems can be advantageous because their natural components can afford 

biocompatibility or specific biological functionality while their synthetic components can 

provide improved control over network synthesis and properties or improved scalability.82,83 

 

1.3. Dynamic Hydrogels for Injection and Extrusion-Based Processes 

 

Hydrogels based on non-covalent/physical or dynamic-covalent networks show dynamic 

mechanical and rheological behaviors.50,51 These behaviors can include reversible flowability 

under stress, which enables injection/extrusion, spreading, or sculpting/molding. In such cases, 

applied stress causes the material to flow via a transition from a gel state (solid) to a sol state 

(liquid). This transition is the result of mechanical disruption of the network.50,51 

In systems which are particularly well-suited to fabrication by extrusion, once stress is 

removed, immediate cessation of flow (i.e., reversal of the gel-sol transition) can effectively 
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preserve the fabricated form factor. This sort of dynamic behavior is valuable for injectable 

therapeutic delivery as well as for fabrication of objects from gels via 3D printing.57,84–88  

In the case of injectable therapeutic delivery, dynamic gels can be loaded with a 

therapeutic cargo simply by mixing the cargo into the gel. The loaded gel can be delivered 

minimally invasively through a needle or catheter. Following delivery, solid-like character 

facilitates local retention of the gel. The therapeutic cargo can then be released from the gel in a 

controlled manner.57,84,85 

For 3D printing via material deposition (i.e., direct ink writing (DIW)), a dynamic gel can 

be dispensed from a nozzle or needle onto a surface.89 Multiple layers of material can be 

deposited to afford a three-dimensional construct. Following deposition, prompt recovery of 

solid-like character prevents buckling or sagging of the structure or loss of fine features due to 

excessive coalescence of material.84,86,88 Once again, additives can be mixed into the gel prior to 

dispensing. When living cells are included in the gel toward printing of engineered tissues, the 

living-cell composite gel is referred to as a bioink, and the additive manufacturing technique is 

referred to as 3D bioprinting.86,90 The utility of 3D bioprinting via DIW of dynamic hydrogels 

extends in large part from its intrinsic suitability for multi-material fabrication, which is 

important for fabrication of complex tissue or organ constructs.86,89 Additionally, the solid-like 

properties of dynamic gels used in DIW can prevent cell sedimentation prior to printing, which is 

a potential problem when cells are loaded into liquid resins for vat photopolymerization.88 

Dynamic hydrogel networks are often formed by non-covalent interactions such as 

hydrogen bonds, ionic bonds, metal-ligand coordination, and hydrophobic interactions.50,51 

Dynamic covalent chemistries have also been used.91 Topological entanglement of polymer 

chains or nonspecific associations between macromolecular or supramolecular units (e.g., 
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micelles) can also contribute to stabilization of a network structure.51,88,92 Granular dynamic 

hydrogels based on jamming of covalently cross-linked hydrogel particles have also been 

reported.52 An interesting class of dynamic networks is that based on host-guest complexation.51 

These interactions are notable for their specificity and directionality. Examples include networks 

utilizing cyclodextrins or cucurbit[n]urils as “host” moieties. In both cases network formation 

occurs by inclusion of a hydrophobic “guest” moiety within the hydrophobic cavity of the 

macrocyclic host.51,93,94 Similarly, ligand binding (i.e., specific biomolecular recognition) by 

proteins or polypeptides has been utilized for network formation, albeit examples in the literature 

are relatively few.95 One such example is leucine-zipper hydrogels, where amphiphilic leucine-

rich helices assemble via charged and hydrophobic interactions.96,97 Another example is 

hydrogels based on the specific association of “WW” and proline-rich peptide domains.98,99 A 

potential drawback of dynamic hydrogels report to date that utilize biomolecular recognition for 

network formation is that these systems comprise engineered peptides or recombinant proteins, 

which may limit their accessibility or scalability.50,84 

 

1.4. Static Hydrogels and Their Dehydrated Counterparts 

 

Hydrogels comprising static covalent networks can provide physical and mechanical 

advantages over dynamic hydrogels.47,51,95 Static networks exhibit largely time-independent 

dominant elastic character.49 After the network has been formed via a polymerization or cross-

linking process, the material will not appreciably flow, nor can it be permanently reshaped 

without irreversible rupture of the network. However, this static character, which is derived from 

irreversible bonding within the network, also typically affords higher mechanical strength and 
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rigidity relative to dynamic networks.47–49 This strength and rigidity can allow fabrication of 

mechanically functional objects from these hydrogels. Static networks are also insoluble, which 

often affords long-term physical stability in aqueous media. When networks are formed from 

hydrolytically stable bonds, static hydrogels may be maintained indefinitely in aqueous media, 

including in complex biological media.100,101 

Since typical static hydrogels cannot be permanently reshaped without undesirable 

degradation of the network, formation of the static network must occur during fabrication of the 

desired “final” form factor. As such, additive or formative manufacturing techniques are 

employed, where polymerization or cross-linking reactions take place during the fabrication 

process.53,102,103 In the case of 3D printing, the specific technique to be used depends on the 

physical state of the precursor material. When precursors to the static hydrogel are relatively 

low-viscosity liquids (i.e., aqueous resins), fabrication via selective curing of the resin by precise 

projection of light (e.g., vat photopolymerization) can be conveniently employed.38,53 The use of 

vat photopolymerization techniques requires that static network formation occur via a photo-

initiated polymerization or cross-linking reaction. In this case, the rate of the reaction must be 

matched to the desired rate of fabrication.38 Alternatively, when the precursor to the static 

hydrogel is a dynamic hydrogel, DIW can be used to produce the desired form factor, which can 

be further stabilized by secondary covalent polymerization or cross-linking.86,89 In some cases, 

the advantages afforded by 3D printing do not warrant the potential complications it can 

introduce—for example, challenges in synthesis of defect-free networks.104 In such cases, casting 

of precursor materials, using a mold, followed by a time-dependent or photo-initiated curing 

process can be a convenient alternative. 
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Static hydrogels can be conceptualized as water-filled thermosets. Accordingly, water can 

be removed from these networks via evaporation to afford thermoset plastics.58,61,105 This 

approach can be a viable strategy for fabrication of mechanically robust plastics from 

hydrophilic polymers.61 Perhaps the greatest advantages of fabricating thermosets via 

dehydration of static hydrogels are safety and sustainability.43 Many naturally sourced and 

biodegradable macromolecules are hydrophilic and are thus well suited to aqueous processing to 

afford “bioplastics.” Since the solvent used is water, hazard controls necessary are often less 

stringent than would be if organic solvents were used, and hazardous waste products are 

minimal. A potential disadvantage of this approach is that removal of water from a parent 

hydrogel post-fabrication to afford a plastic is accompanied by substantial shrinkage of the 

construct. This shrinkage is often apparently isotropic and can be accounted for when molding or 

modeling. However, in cases where water occupies a large fraction of the initial volume, warping 

of parts can occur during evaporation. To reduce the extent of shrinkage and the likelihood of 

warping, it is often advantageous to formulate precursor resins or gels with high macromolecular 

loading. Control of airflow and pressure during drying can additionally help reduce or eliminate 

warping. Another potential disadvantage of water-processable plastics is that they can often 

rehydrate upon water exposure, precluding use in water-contacting applications where stable 

plastic-like properties are required. However, the potential for water reuptake following 

dehydration can be greatly reduced by thermal treatment, additional cross-linking, coating, or 

hydrophobization approaches.61,62 

Suitable chemistries for fabrication of static hydrogels and water-processable thermosets 

include radical polymerizations, radical addition (i.e., thiol-ene), Michael additions, and other 

click-type reactions.47,48 Photo-induced reactions are generally the most practical chemistries for 



 18 

these purposes, in large part due to the spatial control over curing that they afford and thus their 

adaptability to 3D printing. 
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Chapter 2 

 

3D-Printed Coaxial Nozzles for the Extrusion of Hydrogel Tubes Toward Modeling Vascular 

Endothelium 

 

This chapter was adapted with permission from the following publication: 

Millik, S. C.; Dostie, A. M.; Karis, D. G.; Smith, P. T.; McKenna, M.; Chan, N.; Curtis, 
C. D.; Nance, E.; Theberge, A. B.; Nelson, A. 3D Printed Coaxial Nozzles for the 
Extrusion of Hydrogel Tubes toward Modeling Vascular Endothelium. Biofabrication 
2019, 11 (4), 045009. https://doi.org/10.1088/1758-5090/ab2b4d. 

 

2.1. Abstract  

 

Engineered tubular constructs made from soft biomaterials are employed in a myriad of 

applications in biomedical science. Potential uses of these constructs range from vascular grafts 

to conduits for enabling perfusion of engineered tissues and organs. The fabrication of 

standalone tubes or complex perfusable constructs from bio-functional materials, including 

hydrogels, via rapid and readily accessible routes is desirable. Here we report a methodology in 

which customized coaxial nozzles are 3D printed using commercially available stereolithography 

(SLA) 3D printers. These nozzles can be used for the fabrication of hydrogel tubes via 

coextrusion of two shear-thinning hydrogels: an unmodified Pluronic F-127 (F127) hydrogel and 

an F127-bisurethane methacrylate (F127-BUM) hydrogel. We demonstrate that different nozzle 

geometries can be modeled via computer-aided design and 3D printed in order to generate tubes 

or coaxial filaments with different cross-sectional geometries. We were able to fabricate tubes 

with luminal diameters or wall thicknesses as small as ∼150 μm. Finally, we show that these 
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tubes can be functionalized with collagen I to enable cell adhesion, and human umbilical vein 

endothelial cells can be cultured on the luminal surfaces of these tubes to yield tubular 

endothelial monolayers. Our approach could enable the rapid fabrication of bio-functional 

hydrogel conduits which can ultimately be utilized for engineering in vitro models of tubular 

biological structures. 

 

2.2. Introduction  

 

Tubular structures are abundant in nature where they function broadly as conduits for the 

bulk transport of fluids. Examples include the airways and blood vessels of vertebrates, and the 

xylems and phloems of vascular plants.1,2 Fabrication of perfusable structures using bio-

functional materials and compatible manufacturing processes is of great interest in the areas of 

bioengineering (e.g. for in vitro assays) and regenerative medicine.3–13 While tubes are 

geometrically simple, their fabrication from soft materials is an existing challenge in the field. 

Common strategies involve casting or rolling a synthetic or natural polymeric material around a 

mandrel, wherein the diameter of the mandrel determines the tube’s luminal diameter. These 

mandrel-based approaches have yielded tubes with properties comparable to those of human 

blood vessels; however, the utility of these approaches is limited when it comes to the fabrication 

of tubes with small luminal diameters (< 0.5 mm) and arbitrary lengths (> 15 cm).14–20  

An alternative approach for fabricating tubular structures involves material extrusion 

through dies with annular orifices. Extrusion-based processes are good candidates for this task 

because they have the ability to produce constructs with complex cross-sectional profiles and 
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hollow internal geometries, which are difficult to create using most other types of manufacturing 

processes.8–10,12,13,21–23 

Standalone tubular structures have been investigated as vascular grafts,19,20,24 nerve 

guidance conduits,18,25,26 and grafts for urethroplasty.27–29 More complex, perfusable, cell-laden 

constructs which utilize tubes as a basic structural motif have also been designed to recapitulate 

tissue or organ function.30–32 

Hydrogels are attractive materials for many biomedical applications due to their 

significant water content and mechanics reminiscent of soft tissues.33,34 However, it remains 

challenging to reconcile biocompatibility, bioactivity, and mechanics in hydrogels, with 

processability in the context of extrusion.35 Previous reports have succeeded in outlining sets of 

biochemical and biophysical material properties which are essential for the recapitulation of 

many physiological functions,36–38 yet the incorporation of these properties into materials used in 

extrusion-based fabrication processes remains a challenge. 

Hydrogels that have thus far been processed into tubular structures for potential 

biomedical applications include those based on gelatin,8,9 hyaluronic acid,10 alginate,12,13 

collagen,14,16 poly(vinyl alcohol),17,20 silk fibroin,18 fibrin,19 and decellularized extracellular 

matrix.21 Recently, Pi et al have demonstrated coaxial extrusion-based fabrication of 

circumferentially layered tissue-engineered tubular constructs using materials based on 

methacrylamide-modified gelatin, alginate, and acrylate-terminated multi-arm poly(ethylene 

glycol).8 The authors produced these constructs using urothelial cells, vascular endothelial cells, 

and smooth muscle cells. These tissue-engineered constructs represent an important step toward 

creating engineered replacements for tubular biological structures; however, this platform 

involves handmade nozzles, which may restrict the platform’s accessibility and customizability.  
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Here, we report a practical and versatile 3D-printing-enabled platform for the extrusion-

based fabrication of tubular hydrogel constructs and multi-material coaxial filaments (Figure 

2.1). Additionally, we demonstrate the fabrication of bioactive collagen-functionalized hydrogel 

tubes for the culture of human umbilical vein endothelial cells (HUVECS). Our platform utilizes 

3D-printed and fully customizable coaxial nozzles in combination with extrudable hydrogels 

based on a derivative of Pluronic F-127. The employment of 3D printing in our work 

demonstrates the utility of additive manufacturing in the rapid design, fabrication, and iteration 

of extrusion hardware possessing relatively complex geometries. The platform outlined here, 

including the materials and process-design principles highlighted, can broadly serve as an 

example of effective implementation of design for additive manufacturing in the context of 

biofabrication. Finally, a notable advantage of this platform stems from its accessibility. The 

computer-aided design (CAD) files of the coaxial nozzles (available in the supplementary 

material online at stacks.iop.org/BF/11/045009/ mmedia)39 can be modified to meet a variety of 

needs, and the nozzles can be printed on commercially available desktop SLA 3D printers. 

 

2.3. Materials and Methods 

 

2.3.1. Materials 

 

Pluronic F-127 (P2443-1KG; referred to as F127), phenol red solution (P0290-100ML; 

0.5%), sodium hydroxide solution (S2770-100ML; 1.0 M), 2-hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone (410896-10G; 98%; referred to as Irgacure 2959), and 2-acrylamido-2-

methyl-1-propanesulfonic acid sodium salt solution (655821- 250ML; 50 wt%; referred to as 
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AMPS) were all purchased from Sigma Aldrich. Dibutyltin dilaurate (D0303; > 95.0%) was 

purchased from TCI America. 2-Isocyanatoethyl methacrylate (ACT34296) was purchased from 

Arctom Chemicals. CDCl3 (DLM-7-PK; 99.8%) was purchased from Cambridge Isotope 

Laboratories. Common solvents (Certified ACS) and phosphate-buffered saline (PBS) tablets 

(BP2944100) were purchased from Fisher Scientific. Collagen I from rat tail tendon (354249; 8.3 

mg mL−1 in 0.02 M acetic acid) was purchased from Corning. Ammonium hydroxide (AX1303; 

28.0–30.0 wt%) was purchased from EMD Millipore. Autodesk Standard Clear Prototyping 

Resin (also known as PR48) was purchased from Colorado Photopolymer Solutions. Formlabs 

Clear photopolymer resin (FLGPCL04) was purchased from Formlabs. All reagents were used as 

received unless otherwise specified. 

Human umbilical vein endothelial cells (C2517A; single donor; in EGM-2; referred to as 

HUVECs) and endothelial cell growth medium (CC-3162; referred to as EGM-2) were 

purchased from Lonza. Penicillin-streptomycin cocktail (15140122; 10000 U mL−1), ethidium 

homodimer-1 (E1169), calcein AM (C3100MP), and 4′,6-diamidino-2- phenylindole (D1306; 

referred to as DAPI) were all purchased from Thermo Fisher Scientific. Subculture Reagent Kit 

(090K; containing HBSS, Trypsin/EDTA & Trypsin Neutralizing Solution) was purchased from 

Cell Applications. Paraformaldehyde solution (50-980-487; 16%), bovine serum albumin 

(BP9706100; referred to as BSA), polysorbate 80 (AC278632500; referred to as P80), and Alexa 

Fluor 488-goat anti-mouse IgG (NC0675427; IgG polyclonal; H+L) were all purchased from 

Fisher Scientific. Triton X-100 (X100-100ML) was purchased from Sigma Aldrich. Mouse anti-

human CD31 (MCA1738; IgG1 monoclonal; clone WM59) was purchased from Bio-Rad 

Laboratories. All reagents were used as received unless otherwise specified. 
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2.3.2. Instrumentation 

 

1H NMR spectra were obtained using a Bruker AVANCE series instrument with 500 MHz 

frequency. Bruker TopSpin software was used to analyze the 1H NMR spectrum. Gel permeation 

chromatography (GPC) was performed using a Waters Breeze 2 chromatograph equipped with 

two 10 µm Malvern columns (300 mm × 7.8 mm) connected in series with increasing pore size 

(1000 Å, 10000 Å), using chloroform as the eluent, and calibrated with poly(ethylene glycol) 

standards (102 g mol−1 to 40000 g mol−1). Rheometric experiments were performed using a TA 

Instruments Discovery Hybrid Rheometer-2 (DHR-2) equipped with an Advanced Peltier Plate 

system for temperature control, and a 365 nm LED UV-curing accessory with disposable acrylic 

plates for photo-rheology experiments. All rheometric experiments were performed using a 

stainless steel 20 mm upper plate. Viscous collagen solutions and gels were volumetrically 

measured and dispensed using a positive displacement pipette (Gilson MICROMAN E). Coaxial 

nozzles were 3D printed using an Autodesk Ember DLP 3D Printer with DLP 0.45" WXGA 

DMD projector (5 W; 405 nm) or a Formlabs Form 2 SLA 3D Printer with EN 60825-1:2007 

certified Class 1 laser (250 mW; 405 nm). The photopolymer resin used for 3D printing coaxial 

nozzles was the Autodesk Standard Clear Prototyping Resin or the Formlabs Clear resin 

(specified above). Solid modeling of nozzles was performed using the CAD program Autodesk 

Fusion 360. The slicing program used was Autodesk Print Studio or Formlabs PreForm. 

Fluorescence microscopy was performed on a Zeiss Axiovert 200 with Axiocam 503 

mono camera. Confocal microscopy was performed on a custom-built simultaneous 4-channel 

Nikon AR1 with cMOS camera with xyz-motorization. Images obtained using confocal 

microscopy were processed using FIJI (ImageJ). Z-stacks were created from LIF files using the 
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built-in stack processing commands, specifically the ‘3D Project’ command. Images were 

uniformly thresholded to improve contrast and increase brightness of fluorescence. 

 

2.3.3. Synthesis of F127-BUM 

 

Glassware was oven-dried at 125 °C for at least 16 h. F127 (60 g, 4.8 mmol) was dried 

under vacuum (~ 2 Pa) for at least 16 h at room temperature in a round-bottom flask. Anhydrous 

CH2Cl2 (550 mL) was charged to the flask under N2 atmosphere. The mixture was stirred at 30 

°C, and following complete dissolution of the F127, dibutyltin dilaurate (12 drops) was added 

using a glass Pasteur pipette. 2-isocyanatoethyl methacrylate (3.5 mL, 24.8 mmol) was diluted in 

anhydrous CH2Cl2 (50 mL) and was added to the reaction mixture at a rate of approximately 1 

drop s−1. The reaction was allowed to proceed while stirring under dry N2 at 30 °C. After 2 d, the 

reaction was quenched by the addition of MeOH (60 mL), and the mixture was concentrated at 

30 °C using a rotary evaporator. The F127-BUM was precipitated in Et2O (2000 mL). During 

the precipitation, Et2O was stirred in a large conical flask, and the concentrate was poured in 

slowly. The precipitate mixture was stirred for an additional 15 min before separation via 

centrifugation. The F127-BUM precipitate was then washed with excess Et2O and re-separated 

via centrifugation. Excess ether was allowed to evaporate while agitating the F127-BUM with a 

spatula under an N2 atmosphere. The resultant F127-BUM powder was dried fully overnight at 

room temperature under vacuum (~ 2 Pa) and stored in the dark at 4 °C until further use. 1H 

NMR (500 MHz, CDCl3): δ 6.10 (s, 1H), 5.58 (s, 1H), 5.13 (s, 1H), 4.21 (t, 2H), 3.38–3.77 (m, 

4H, + 2H, + 2H, + 1H, PEG backbone, PPO backbone), 1.92 (s, 3H), 1.12 (d, 3H, PPO methyl). 
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2.3.4. Preparation of F127-Based Hydrogels 

 

2.3.4.1. Preparation of Sacrificial F127 Core Hydrogel 

 

An approximately 29 wt% F127 hydrogel, for use as the inner (core) hydrogel during 

fabrication of hydrogel tubes, was prepared by the addition of F127 (1.5 g) to ice-chilled, sterile 

deionized H2O (3.5 mL) in a scintillation vial. Immediately after addition of the F127, the 

mixture was briefly vortex-mixed, and phenol red solution (150 µL; 0.5 wt%) was added in order 

to dye the gel and afford visibility during coextrusion. NaOH (10 µL; 1.0 M) was also added to 

bring the gel to approximately pH 7.4. The gel was vortex-mixed again briefly and placed on ice 

for approximately 3 h until dissolution of the F127 was observed. The gel was stored in the dark 

at 4 °C until further use. Prior to use, bubbles (if remaining) were eliminated by brief 

centrifugation at 600 g. 

 

2.3.4.2. Preparation F127-BUM Hydrogel Without Additive 

 

A 30 wt% F127-BUM hydrogel with approximately 0.1 wt% Irgacure 2959 was prepared 

by the addition of F127- BUM (1.5 g) to ice-chilled, sterile deionized H2O (3.4 mL) in a 

scintillation vial. Immediately after addition of the F127- BUM, the mixture was briefly vortex-

mixed and placed on ice for approximately 3 h until dissolution of the F127- BUM was 

observed. A 5 wt% solution of Irgacure 2959 was prepared by adding sterile deionized H2O to 

Irgacure 2959 and incubating for 30 min at 70 °C before briefly vortex-mixing. After dissolution 

of the F127-BUM, the Irgacure 2959 solution (100 µL; 5 wt%) was added to the gel, and the gel 
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was vortex-mixed again briefly. The gel was stored in the dark at 4 °C until further use. Prior to 

use, bubbles (if remaining) were eliminated by brief centrifugation at approximately 600 g. 

 

2.3.4.3. Preparation of F127-BUM Hydrogel with AMPS Additive 

 

A 30 wt% F127-BUM hydrogel with 10 wt% 2-acrylamido-2-methyl-1-propanesulfonic acid 

sodium salt (AMPS) and approximately 0.1 wt% Irgacure 2959 was prepared by the addition of 

AMPS solution (1.0 g; 50 wt%) to ice-chilled, sterile deionized H2O (2.4 mL) in a scintillation 

vial. The mixture was swirled briefly before the addition of F127-BUM (1.5 g). Immediately 

after addition of the F127-BUM, the mixture was briefly vortex-mixed and placed on ice for 

approximately 3 h until dissolution of the F127-BUM was observed. Irgacure 2959 solution (100 

µL; 5 wt%) was then added to the gel, and the gel was vortex-mixed again briefly. The 5 wt% 

solution of Irgacure 2959 was prepared as described above. The gel was stored in the dark at 4 

°C until further use. Prior to use, bubbles (if remaining) were eliminated by brief centrifugation 

at approximately 600 g. 

 

2.3.4.4. Preparation of F127-BUM Hydrogel with Collagen I Additive 

 

A 30 wt% F127-BUM hydrogel with 0.2 wt% collagen I and approximately 0.1 wt% 

Irgacure 2959 was prepared by the addition of collagen I (1.2 mL; 8.3 mg mL−1 in 0.02 M acetic 

acid) to ice-chilled, sterile deionized H2O (2.21 mL) in a scintillation vial. The mixture was 

swirled thoroughly before the addition of F127-BUM (1.5 g). Immediately after addition of the 

F127-BUM, the mixture was briefly vortex-mixed and placed on ice for approximately 3 h until 
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dissolution of the F127-BUM was observed. Irgacure 2959 solution (100 µL; 5 wt%) was then 

added to the gel, and the gel was vortex-mixed again briefly. The 5 wt% solution of Irgacure 

2959 was prepared as described above. The gel was kept on ice overnight and vortex-mixed the 

following day on the maximum setting, followed by centrifugation at approximately 600 g for 1 

min. This process was repeated two or three times until a homogeneous, slightly turbid gel was 

observed. The gel was kept on ice whenever possible during this time. The gel was stored in the 

dark at 4 °C and used within 3 d. Prior to use, bubbles (if remaining) were eliminated by brief 

centrifugation at approximately 600 g. 

 

2.3.5. Rheometry of Hydrogels 

 

Rheometry was performed on a TA Instruments DHR-2 equipped with an Advanced 

Peltier Plate system and 365 nm LED UV-curing accessory. All rheometric experiments were 

performed using a stainless steel 20 mm upper plate. All hydrogel samples were kept on ice for at 

least 30 min before they were loaded onto the lower plate. Prior to sample loading, 

environmental temperature was set to 5 °C for experiments involving the Peltier plate. The gap 

between upper and lower plates was set to 1 mm for all experiments. For experiments involving 

the Peltier plate, a pre-shear was applied at 5 °C for 10 s before equilibration at 25 °C for 8 min. 

Steady-shear experiments were performed at 25 °C over a shear rate range of 0.01 s−1 to 100 s−1. 

Strain amplitude sweeps were performed at 25 °C from 0.01% to 100% strain amplitude at 

constant angular frequency of 1 Hz. Frequency sweeps were performed at 25 °C, over an angular 

frequency range of 0.1 rad s−1 to 100.0 rad s−1 at constant strain amplitude of 1%. Cyclic shear 

strain experiments were performed at 25 °C using 6 alternating low- and high-strain intervals. 
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Low-strain intervals comprised 1% strain amplitude for oscillation at 1 Hz for 5 min; high-strain 

intervals comprised 100% strain amplitude for oscillation at 1 Hz for 3 min. Temperature ramp 

experiments were performed over a temperature range of 5 °C to 50 °C, with temperature 

increasing at a rate of 2 °C min−1 (1 Hz, 1% strain). For the photo-rheology experiments, a 365 

nm LED UV-curing accessory with disposable acrylic plates was used in place of the Advanced 

Peltier Plate system. After sample conditioning for 1 min, a 600 s irradiation interval with 365 

nm (5 mW cm−2) light was applied; data were collected over a total of 1020 s at angular 

frequency of 1 Hz and 1% strain amplitude. 

 

2.3.6. Coaxial Nozzle Design and Fabrication 

 

2.3.6.1. Design and Modeling 

 

The CAD program Autodesk Fusion 360 was used for modeling of coaxial nozzles 

(Figure S6). A sketch was created in the xy-plane and a profile of the nozzle to be revolved 

around the y-axis was sketched. Fillets were employed in the profile sketch so that the interior 

geometry of the nozzle would be free of 90° corners and thus facilitate smooth flow of gel. After 

revolution of the profile, a tangent plane was created on the resultant cylindrical body of the 

nozzle and a sketch was created on the plane. A profile of the lateral inlet to be extruded normal 

to the tangent plane was sketched and the inner diameter of the profile was negatively extruded 

to cut the inlet hole through the cylindrical body of the nozzle. The inner wall of the lateral inlet 

was placed virtually flush with the superior inner surface (i.e., ceiling) of the nozzle. The 

keyhole-shaped profile of the lateral inlet was then extruded in both directions to yield the body 
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of the lateral inlet and join it gap-free to the cylindrical body of the nozzle. A sketch was created 

on one of the two lateral rectangular faces of the cuboid portion of the body of the lateral inlet. A 

right triangular profile was sketched and negatively extruded the full thickness of the cuboid 

portion to yield a triangular support structure. This support structure was added to reduce the risk 

of the lateral inlet breaking off from the body of the nozzle during use and handling of the loaded 

coaxial extrusion assembly. The chamfer tool was then used to countersink the lateral and 

superior inlet holes to increase contact with the conical glued joints of blunt-tip needles (14 

gauge × 0.5 in), which would be affixed to the coaxial nozzle after 3D printing. Finally, the fillet 

tool was used to round both the inner and outer edges of the inner conduit wall at the nozzle tip 

as well as the outer edge of the outer conduit wall (outermost wall). Both edges of the inner 

conduit wall were rounded to facilitate interfacing of the inner and outer (core and shell) gels 

immediately upon exiting the nozzle. For the nozzle with the 5-point star geometry, a sketch was 

created on the plane of the nozzle tip (parallel to plane of superior surface) before the fillet to the 

outer conduit was applied. A star profile was then sketched on this plane and the area of the 

entire nozzle tip, excluding the area of the star, was extruded away from the nozzle end to yield 

the star-shaped, die-like structure. Finally, the fillet tool was used to round the outer edge of the 

outer conduit wall (outermost wall). 

 

2.3.6.2. 3D Printing and Assembly 

 

The nozzles were printed using an Autodesk Ember DLP 3D Printer with the Autodesk 

Standard Clear Prototyping Resin, also known as PR48 (Colorado Photopolymer Solutions) or a 

Formlabs Form 2 SLA 3D Printer with Formlabs Clear photopolymer resin (Formlabs). Autodesk 
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Print Studio or Formlabs PreForm was used to process the STL files of the coaxial nozzle models 

for printing with the Ember or the Form 2, respectively. In the Print Studio interface, Standard 

Clear was selected as the material, and 50 µm was selected as the layer height. In the PreForm 

interface, Clear was selected as the material, V4 (FLGPCL04) was selected as the version, and 

0.05 mm was selected as the layer height. In Print Studio only, under the advanced settings 

dropdown menu and support tab, the standoff from the build surface was set to 0.0 mm; and 

under the model layer tab, separation slide velocity and approach slide velocity were both set to 

4.0 rpm. All other settings were kept at their default values for the standard 50 µm layer height 

print settings profile. In both Print Studio and PreForm, the coaxial nozzle model was positioned 

such that its superior surface made contact with the build surface. Support structures were not 

employed. With Print Studio, the processed nozzle file was exported with the .tar.gz extension 

for printing. With PreForm, the processed nozzle file was directly uploaded to the Form 2 for 

printing. Following completion of prints, nozzles were carefully removed from the build surface 

and rinsed with isopropanol according to the manufacturer’s instructions. The nozzle was then 

purged and dried with pressurized air and finally post-cured according to the manufacturer’s 

instructions. On the Ember, often six nozzles were printed at once. The print duration was 56 min 

regardless of the number of nozzles printed. The Ember was also found to have generally higher 

resolution and so the small nozzles (Figure S6c) were only printed using the Ember; these 

nozzles required the use of the Ember’s higher-resolution Pattern Mode, but they were otherwise 

fabricated as described above. Following 3D printing and completion of the post-printing steps 

described, 14 gauge × 0.5 in straight and bent (45°) blunt-tip needles (OK International) were 

affixed to the superior and lateral inlets of the coaxial nozzle, respectively. The straight needle 

was ground short and deburred such that the remaining length of the canula was roughly 5 mm. 
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This measure was taken to reduce the overall height of the fully assembled coaxial nozzle. 

Loctite 495 cyanoacrylate adhesive was used according to the manufacturer’s instructions to 

affix the needles. Following full assembly, the nozzle was washed with 70% isopropanol and 

stored at room temperature in deionized H2O until further use. Prior to use, nozzles were rinsed 

briefly with 70% EtOH. 

 

2.3.7. Fabrication of Hydrogel Tubes 

 

A 30 wt% F127-BUM hydrogel with 0.2 wt% collagen I and 0.1 wt% Irgacure 2959 was 

used as the outer (shell) gel in the fabrication of hydrogel tubes for cell seeding experiments. A 

30 wt% F127-BUM hydrogel with 2.5 wt% AMPS and 0.1 wt% Irgacure 2959 was used as the 

outer (shell) gel in the fabrication of hydrogel tubes for swelling experiments. A 30 wt% F127-

BUM hydrogel with 0.1 wt% Irgacure 2959 was used as the outer (shell) gel in the fabrication of 

hydrogel tubes for all other purposes. An approximately 29 wt% F127 hydrogel dyed with 

phenol red was used as the sacrificial (core) gel for the fabrication of all tubes.  

Unless otherwise specified, tubes were fabricated using the large-size (2 mm outer 

conduit diameter) nozzle. Gels chilled on ice or in a refrigerator were poured into 10 mL syringe 

barrels (Figure 2.2a–d) with capped tips, and syringe barrel pistons were inserted (syringe 

barrels, pistons, and caps were purchased from Nordson EFD). The pistons were pushed down 

with a spatula to remove the trapped air between the piston and gel. The loaded and capped 

syringe barrels were briefly centrifuged (600 g) with the tip oriented upward, and for no more 

than 5 s to eliminate any bubbles generated during pouring of the gel. Once the gels reached 

room temperature, the extrusion setup was assembled. The syringe containing the sacrificial 
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(core) gel was affixed to the superior inlet and the syringe containing the outer (shell) gel was 

affixed to the lateral inlet of the coaxial nozzle. Syringe barrel adapters (Nordson EFD) were 

then attached to each syringe. The resultant coaxial extrusion assembly (Figure 2.2e) was 

mounted on a ring stand using two three-finger clamps (one gripping each syringe). Pressure to 

drive the syringe barrel pistons was supplied by an in-house N2 line. The pressure was controlled 

independently for each syringe around 55–100 kPa, nominally, by 0–210 kPa pressure regulators 

and gauges. A laboratory scissor jack was secured to the base of the ring stand with a pair of C-

clamps to serve as the platform onto which a tube would be extruded. To adjust pressures prior to 

extrusion, the tubing of each syringe barrel adapter was clamped using a pinch-clamp and the 

regulators were set to the desired pressures. To begin extrusion, the tubing of each adapter was 

unclamped, and after waiting a moment for the coaxial extrusion rate to stabilize, a 4 in × 6 in 

glass sheet was manually translated across the scissor jack surface to catch the coaxial gel 

filament. The shell of the coaxial filament (outer gel) was then photo cross-linked for 20 min 

under a UV lamp (365 nm, 3.3 mW cm−2). The sacrificial core of the coaxial filament (inner gel) 

was removed via dissolution in aqueous medium to yield the hydrogel tube. 1X PBS was used as 

the dissolution medium for hydrogel tubes used in cell seeding experiments; deionized H2O was 

used for dissolution of the cores for hydrogel tubes for all other purposes. 

For the examination of variation in cross-sectional dimensions along the lengths of tubes, 

two tubes were fabricated as described above, using the medium-size (1.25 mm outer conduit 

diameter) nozzle. One tube with a relatively small (~ 0.2 mm) luminal diameter was extruded 

with a nominal core extrusion pressure of approximately 55 kPa and a nominal shell extrusion 

pressure of approximately 100 kPa. A second tube with a relatively large (~ 0.4 mm) luminal 

diameter was extruded with a nominal core extrusion pressure of approximately 70 kPa and a 
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nominal shell extrusion pressure of approximately 95 kPa. Five cross-sections, each taken 

approximately 10 mm apart, were cut from each tube. Tube sections were stained with a solution 

of Allura Red AC and Brilliant Blue FCF (food coloring) and photographed under magnification 

and measured using ImageJ (Figure 2.3a,b). Luminal diameters were taken as the lengths of the 

major axes of lumens and overall diameters were taken as the lengths of the axes perpendicular 

to the major axes of tubes. 

 

2.3.8. Cell Seeding and Culture Experiments 

 

2.3.8.1. Preparation of Hydrogel Tubes for Cell Seeding 

 

A 30 wt% F127-BUM hydrogel with 0.2 wt% collagen I and approximately 0.1 wt% 

Irgacure 2959 was used to fabricate hydrogel tubes for cell seeding experiments. Nominal 

extrusion pressures were typically around 65 kPa and 100 kPa for core extrusion and shell 

extrusion, respectively. Following extrusion of the coaxial filament and photo-cross-linking of 

the shell as described above, the coaxial filament was placed in a glass dish containing sterile 1X 

PBS (200 mL) pre-heated to 37 °C and incubated at 37 °C for 1 h. The 1X PBS was changed 

once. Over this 1 h period, the sacrificial core of the coaxial filament (inner gel) was observed to 

dissolve, yielding the hydrogel tube. The tube was then transferred to a poly(styrene) tissue 

culture dish and several transverse sections (each approximately 20 mm long) were cut. Tube 

sections were then transferred to a 1000 mL glass media bottle and sequentially washed with 

deionized H2O (3000 mL) for 2 d, 70% EtOH (200 mL) for 1 h, followed by a quick sterile 
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deionized H2O rinse, and finally, sterile 1X PBS (200 mL) for 2 h. All washes were done at room 

temperature on an orbital shaker (125 rpm).  

Following the final wash with sterile 1X PBS, the lumens of the tube sections were 

cleared of PBS using a pipette and dehydrated (Figure 2.4a) via incubation for 2.5 h at 37 °C in a 

small incubator without humidity control. Following dehydration, tube sections were transferred 

to a single well of a 6-well poly(styrene) culture plate containing a solution of collagen I (6.0 mg 

mL−1 in 0.014 M acetic acid). Tube sections were submerged in collagen solution, and a pipette 

was used to make sure the lumens were full of the collagen solution. During this operation, tube 

sections and collagen solution were kept on ice whenever possible. Tube sections were allowed 

to rehydrate (Figure 2.4b) at 4 °C for 16 h. Following rehydration, tube sections were removed 

from collagen solution and the lumens were cleared of the collagen solution using a pipette. 

Excess collagen solution on the exterior of tube sections was briefly dabbed off by momentarily 

placing the tube sections in an empty neighboring well in the culture plate, before transferring 

the tube sections to a poly(styrene) tissue culture dish. Lumens were visually confirmed to be 

clear of collagen solution and a folded Kimwipe saturated with ammonium hydroxide (28–30 

wt%) was placed in the dish with the tube sections, and the dish was covered so that the tube 

sections would be exposed to ammonia vapors. After 3 min, the Kimwipe was removed, and the 

tube sections were once again placed in the incubator to dehydrate as before. The ammonia vapor 

exposure step was adapted from the collagen I manufacturer’s instructions, and it serves to 

facilitate pH- and temperature-dependent cross-linking of the collagen. Following dehydration, 

the same rehydration procedure was repeated once more. Following another dehydration, a 

similar rehydration procedure was carried out with endothelial cell growth medium (EGM-2 with 

100 units mL−1 penicillin and 100 µg mL−1 streptomycin) instead of collagen solution; there was 
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no ammonia vapor exposure. Following a final dehydration, tube sections were rehydrated with 

the growth medium and stored in medium and covered at 4 °C until cell seeding. 

 

2.3.8.2. Fabrication of Hydrogel Discs and Preparation for Cell Seeding Experiments 

 

A 30 wt% F127-BUM hydrogel with 0.2 wt% collagen I and 0.1 wt% Irgacure 2959 was 

used to fabricate hydrogel discs for cell seeding experiments. A 30 wt% F127-BUM hydrogel 

with 0.1 wt% Irgacure 2959, but no collagen I, was used to fabricate hydrogel discs as a negative 

control. A poly(styrene) form for casting hydrogels was created by milling a rectangular hole (55 

mm × 30 mm) in a poly(styrene) sheet (60 mm × 85 mm × 1.2 mm). After attaching a large 

microscope slide to the poly(styrene) form using small binder clips, a hydrogel chilled on ice was 

pipetted into the resultant mold using a positive displacement pipette. Another microscope slide 

was affixed on top, and the gel was allowed to warm up to room temperature. The gel was then 

photo-cross-linked for 20 min under a UV lamp (365 nm, 3.3 mW cm−2). The resultant cured 

hydrogel sheet was placed in a glass dish containing sterilized 1X PBS (200 mL) pre-heated to 

37 °C and incubated at 37 °C for 1 h. The gel sheet was then transferred to a poly(styrene) tissue 

culture dish, and a 5 mm disposable biopsy punch (Miltex) was used to make several gel discs. 

The gel discs were transferred to a 1000 mL glass media bottle and sequentially washed with 

deionized H2O (3000 mL) for 2 d, 70% EtOH (200 mL) for 1 h, followed by a quick sterile 

deionized H2O rinse, and finally, sterile 1X PBS (200 mL) for 2 h. All washes were done at room 

temperature on an orbital shaker (125 rpm). 

Following the final wash with sterile 1X PBS, the discs with 0.2 wt% collagen I were 

dehydrated via incubation for 2.5 h at 37 °C in a small incubator without humidity control. The 
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discs without collagen (negative control) were transferred to endothelial cell growth medium 

(EGM-2 with 100 units mL−1 penicillin and 100 µg mL−1 streptomycin) and stored in medium 

and covered at 4 °C until cell seeding. Following dehydration, the discs with 0.2 wt% collagen I 

were transferred to a single well of a 6-well poly(styrene) culture plate containing a solution of 

collagen I (6.0 mg mL−1 in 0.014 M acetic acid). Discs were submerged in collagen solution, and 

during this operation, discs and collagen solution were kept on ice. Discs were allowed to 

rehydrate at 4 °C for 16 h. Discs were removed from the solution, and care was taken to avoid 

contacting the top surfaces of the discs. Excess collagen solution was briefly dabbed off by 

momentarily placing the discs in an empty neighboring well in the culture plate. Discs were 

transferred to a poly(styrene) tissue culture dish and a Kimwipe saturated with ammonium 

hydroxide (28.0–30.0 wt%) was placed in the dish with the discs, and the dish was covered. After 

3 min, the Kimwipe was removed, and the discs were once again placed in the incubator to 

dehydrate as before. Following dehydration, the same rehydration procedure was repeated once 

more. Following another dehydration, a similar rehydration procedure was carried out with 

endothelial cell growth medium (EGM-2 with 100 units mL−1 penicillin and 100 µg mL−1 

streptomycin) instead of collagen solution; there was no ammonia vapor exposure. Following a 

final dehydration, discs were rehydrated with the growth medium and stored in medium and 

covered at 4 °C until cell seeding. 

 

2.3.8.3. Cell Seeding and Culture 
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HUVECs were maintained in endothelial cell growth medium (EGM-2 supplemented 

with 100 units mL−1 penicillin and 100 µg mL−1 streptomycin). Cells were maintained in a 37 °C 

incubator with 5% CO2. Cells of passage 4– 8 were used for all cell seeding experiments. 

 For cell seeding in tube sections, HUVECs were trypsinized and resuspended at a 

concentration of approximately 1.0 × 106 cells mL−1 in EGM-2 with penicillin-streptomycin. 

Sterilized blunt-tip needles (14 gauge × 0.5 in) were attached to 1 mL syringes, and tube sections 

were gently slipped onto the needles. Tube sections were briefly rinsed by drawing growth 

medium into, and through, the lumens. Approximately 100 µL of the cell suspension was then 

drawn through the tube sections so that lumens were filled with cell suspension. Tube sections 

with syringes attached were transferred to a poly(styrene) BioAssay dish (245 mm × 245 mm) 

lined with Kimwipes soaked in 1X PBS. The tube sections and syringes were kept horizontally in 

the BioAssay dish during a 1 h incubation at 37 °C and 5% CO2. Throughout the incubation, tube 

sections and attached syringes were rotated 90° every 15 min to ensure uniform access of cells to 

luminal walls. While in the dish, syringes were kept from rolling using 3D printed poly(lactic 

acid) syringe stands (Figure 2.4c). Following the 1 h incubation, tube sections were removed 

from syringes and transferred to growth medium in a 6-well poly(styrene) culture plate (2 mL of 

medium per tube section; two tube sections per well) and additionally incubated for up to 72 h at 

37 °C and 5% CO2. Medium was replaced after 48 h. Prior to visualization of cell morphology in 

tube sections via DAPI staining and indirect immunofluorescence, tube sections were removed 

from the medium, transferred to a new culture plate, and briefly rinsed with 1X PBS. Cells were 

fixed at room temperature in 4% paraformaldehyde for 20 min. For rinses and fixation, a 1 mL 

syringe with blunt-tip needle was briefly used to draw solution into the lumens of tube sections; 
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tube sections were then immediately slipped off the syringe needle, and into wells of a 6-well 

poly(styrene) culture plate containing enough solution to submerge the tube sections. 

 For cell seeding on discs, discs were first transferred to a 96-well poly(styrene) culture 

plate (one disc per well). Care was taken not to contact the top surfaces of discs during handling. 

HUVECs were trypsinized and resuspended at a concentration of approximately 1.0 × 106 cells 

mL−1 in EGM-2 with penicillin-streptomycin. The cell suspension was pipetted directly onto 

each disc (100 µL per disc), then additional growth medium was added around each disc (50 µL 

per disc). Cells were incubated at 37 °C and 5% CO2. Medium was replaced every 24 h 

throughout the duration of the experiment. Cell morphology was evaluated at 24 h and viability 

was evaluated at 24, 48, and 72 h using fluorescence microscopy. 

 

2.3.8.4. Determination of Cell Viability and Immunocytochemistry 

 

At the appropriate timepoints (24, 48, and 72 h), discs contained in wells of a 96-well 

poly(styrene) culture plate were removed from the incubator and growth medium was aspirated 

from each well. Discs were briefly rinsed with 1X PBS. Following the rinse, a solution of calcein 

AM (0.01 mM) and ethidium homodimer-1 (2 nM) in 1X PBS was added to each well. Discs 

were incubated for 20 min at 37 °C and 5% CO2 and then imaged using fluorescence microscopy 

(Zeiss Axiovert 200 with Axiocam 503 mono camera). Following imaging, the 96-well 

poly(styrene) culture plate containing the discs was returned to the incubator to await the next 

timepoint (if applicable). Images of cells stained with Calcein AM were thresholded between 18 

and 255 to remove artifacts, and the thresholded area was measured to determine the coverage of 

cells (ImageJ). 
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Following fixation (described above in the cell culture section), tube sections were briefly 

rinsed three times with 1X PBS and allowed to sit for 20 min at room temperature in 

permeabilization buffer (1X PBS with 0.2% Triton X-100). After removal of permeabilization 

buffer, blocking buffer (1X PBS with 3% BSA) was added and sections were allowed to sit for 1 

h at room temperature. Following removal of blocking buffer, primary antibody solution (10 ng 

mL−1 mouse anti-human CD31 in 1X PBS with 3% BSA; 0.1% Tween-80) was added; sections 

were allowed to sit overnight at 4 °C. After removal of the primary antibody solution, sections 

were washed (1X PBS with 0.1% Triton X100) three times (5 min per wash), and secondary 

antibody solution (15 ng mL−1 Alexa Fluor 488-goat anti-mouse IgG in 1X PBS with 3% BSA, 

0.1% Tween-80) was added. Sections were allowed to sit for 1 h at room temperature, shielded 

from light. After removal of the secondary antibody solution, sections were washed (1X PBS 

with 0.1% Triton X100) three times (5 min per wash), and DAPI (10 ng mL−1 in 1X PBS) was 

added. Following incubation with DAPI for 5 min, sections were washed three more times as 

before. Finally, 100 µL of 1X PBS was added to each well. Prior to imaging via confocal 

microscopy (Nikon AR1 with cMOS camera), sections were stored in 1X PBS and in the dark at 

4 °C. 

For rinses and staining of discs, solution was pipetted into wells of a 96-well 

poly(styrene) culture plate containing discs, such that each disc was fully submerged. For rinses 

and immunocytochemical treatment of tube sections, a 1 mL syringe with blunt tip needle was 

briefly used to draw solution into the lumens of tube sections; tube sections were then 

immediately slipped off the syringe needles and into wells of a 6-well poly(styrene) culture plate 

containing enough solution to submerge the tube sections. 
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2.4. Results and Discussion 

 

2.4.1. Coaxial Nozzle Fabrication 

 

We employed commercially available SLA 3D printers to fabricate coaxial nozzles with 

intricate, sub-millimeter cross-sectional features and hollow internal geometries. Our basic 

coaxial nozzle design consisted of a tubular inner conduit supplied by a superior inlet and an 

annular outer conduit supplied by a lateral inlet (Figure 2.1b; Figure 2.5). 

The close tolerances of Luer connectors, as well as the relative brittleness of many cured 

photopolymer resins, precluded the reliable 3D printing of functional integrated Luer connectors 

on the nozzles, using our 3D printers. Therefore, once the nozzles were printed, blunt-tip 14-

gauge needles were affixed to the nozzle inlets to provide a means of attachment of syringes via 

a Luer connection (Figure 2.1f,g). 

In order to provide a large contact area between the printer’s build surface and the 

nozzles, and thus reduce the risk of nozzle detachment during printing, we included a large 

superior surface on the nozzles. The nozzles were also designed to be 3D printed without the 

need for substantial pre-print or post-print processing and without requiring support structures. 

Additionally, strength and rigidity of the nozzles were prioritized in order to resist elastic-

deformation-induced loss of coaxiality during extrusion and also to resist breakage during use 

and handling of the nozzles. This consideration entailed, in part, inclusion of thick, tapered walls 

and placement of the lateral inlet virtually flush with the superior inner surface (i.e. ceiling) of 

the nozzle (Figure 2.5). Finally, to ensure widespread practicability of this platform, we 

implemented a modular design; rapid iteration and customization of nozzle models is afforded 
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simply by editing the dimensional constraints of the provided template CAD files (available in 

the supplementary material online at stacks.iop.org/BF/11/045009/ mmedia).39 The fully 

assembled nozzles were used in combination with commercially available pneumatic syringes 

and adapters for extrusion of shear-thinning hydrogels. 

 

2.4.2. Fabrication of Hydrogel Tubes 

 

Shear-thinning hydrogels are ideal for extrusion-based processes (such as 3D printing via 

direct ink writing (DIW))40–43 because they flow readily through nozzles during dispensation but 

then rapidly regain their gel character upon exiting; this enables retention of the extruded form 

factor. A material’s reversible response to shear load and the time dependence of the response are 

critical when evaluating a material’s suitability for extrusion.44,45 

In order to ensure fidelity of tubes’ cross-sectional profiles to those of the nozzles, we 

employed two types of hydrogels during the coaxial extrusion process: non-cross-linkable and 

cross-linkable. A non-cross-linkable hydrogel was formulated from a commercially available 

amphiphilic triblock copolymer, F127 and was used as a sacrificial core material. A cross-

linkable hydrogel was formulated from a derivative of F127, namely, F127-BUM and was 

employed for the tube walls (Figure 2.1b,c). Irgacure 2959 was added to cross-linkable F127-

BUM-based hydrogels as a photo-radical generator. 

The F127-BUM was synthesized via reaction of F127 with 2-isocyanatoethyl 

methacrylate. While there are numerous reports featuring F127 functionalized with 

(meth)acrylate groups, we found that this particular reaction afforded excellent conversion and 

facile removal of byproducts. The F127-BUM-based hydrogels retained the rheological 
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characteristics typical of hydrogels of F127.46,47 Namely, the hydrogels exhibited strong shear-

thinning behavior, as evidenced by their decreasing apparent viscosities with increasing shear 

rates, as well as rapid yielding and recovery of their solid-like character during cyclic high/low 

shear strain experiments (Figure 2.6–2.8). 

In addition to their reversible shear-yielding and shear-thinning behavior, hydrogels based 

on F127 or F127-BUM also exhibited a temperature-dependent reversible sol-gel transition, 

which is driven by a lower-critical-solution-temperature response of the polymer. We have 

previously reported the utility of the thermo-responsive behavior of these types of hydrogels for 

the production of shear thinning nanocomposites.48 

Gelation temperature, Tgel, for F127- BUM-based hydrogels was defined as the crossover 

point between the loss and storage moduli in temperature ramp experiments. For the F127-BUM 

hydrogel without additive, Tgel ≈ 13.7 °C (Figure 2.6a). For the hydrogel with collagen I additive, 

Tgel ≈ 13.6 °C (Figure 2.7a). For the hydrogel with AMPS additive, Tgel was depressed below 5 

°C (Figure 2.8a); however, cooling this gel in an ice bath was sufficient to induce the gel-to-sol 

transition. 

The thermo-responsive behavior of the F127- and F127-BUM-based hydrogels facilitated 

formulation and processing of these materials. After the gel-to-sol transition was induced for 

each hydrogel composition, it was possible to transfer these materials into pneumatic syringes 

without difficulty. The materials were then allowed to return to room temperature, at which point 

they regained their gel states and were ready for extrusion (Figure 2.2c,d). 

Coaxial filaments comprising a sacrificial core (29 wt% F127 hydrogel) and a cross-

linkable shell (30 wt% F127-BUM hydrogel with or without additive and with photo-radical 

generator) were extruded using the 3D printed coaxial nozzles. The extruded coaxial filaments 
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were irradiated with UV light (365 nm) to initiate polymerization of the methacrylate groups and 

cross-link the outer hydrogel. The coaxial filaments were then rinsed with excess water or PBS 

to dissolve the non-cross-linked sacrificial core hydrogel, yielding a tube. 

For purposes of fabricating standalone tubes from F127-BUM-based hydrogels, it was 

not always necessary to extrude a sacrificial core hydrogel. However, if less-stable gel 

compositions are employed for the shell, it may be necessary to use an F127-based core hydrogel 

to prevent distortion or collapse of the tube before curing. Regardless, the core hydrogel can be 

dyed with phenol red to aid in visualization and adjustment of the lumen size during extrusion; 

this is particularly convenient if extrusion pressures are not predetermined and are to be 

manually adjusted. 

In order to demonstrate the versatility of this approach for fabricating tubes of a range of 

sizes, we employed three different coaxial nozzle sizes. The largest nozzle in this work consisted 

of an overall orifice diameter (corresponding to the extruded tube outer diameter) of 

approximately 2 mm (Figure 2.5a); it was used to produce the tubes pictured in Figure 2.9a,b. 

The smallest-size nozzle consisted of an overall orifice diameter of approximately 0.5 mm 

(Figure 2.5c) and was used to produce the smaller tubes pictured in Figure 2.9c,d and Figure 

2.9e–g. Following fabrication, these small-diameter tubes were submerged in deionized water 

and perfused with a dye solution to demonstrate patency (Figure 2.9c,d). 

When cured, 30 wt% hydrogels based on F127- BUM were relatively tough and elastic. 

In fact, we were able to tie knots with these tubes (Figure 2.9b), and also distend them 

considerably with water pressure (Figure 2.2f,g). 

During tube fabrication, luminal diameters and wall thicknesses were determined by the 

dimensions of the nozzle, as well as the core and shell extrusion pressures. We found that in 
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cases where inner and outer extrusion pressures were well-matched, higher fidelity to nozzle 

dimensions was observed, and overall extrusion rate was adjusted by increasing or decreasing the 

extrusion pressures in tandem. In cases where the shell extrusion pressure was higher than the 

core extrusion pressure, the overall extrusion rate (i.e. length of coaxial filament generated per 

unit time) was limited by the core extrusion rate due to adhesion between the two hydrogels. In 

these situations, the shell hydrogel exhibited a volumetric flow rate mismatched with the overall 

extrusion rate, which yielded a tube with a relatively small luminal diameter and a thick wall 

(Figure 2.9e). In cases where the core extrusion pressure was higher than the shell extrusion 

pressure, the reverse situation occurred—i.e., a tube with a relatively large luminal diameter and 

a thin wall was produced (Figure 2.9g). In these cases of extrusion-pressure mismatch, overall 

extrusion rate could still be varied while keeping the coaxial filament geometry approximately 

constant by adjusting the mismatched pressures in tandem. 

The luminal diameters and outer diameters of extruded tubes were found to be generally 

consistent along the lengths of the tubes. The variations in these dimensions of two different 

F127-BUM tubes produced using the same (medium-sized, 1.25 mm outer conduit diameter) 

nozzle with different sets of extrusion pressures were evaluated at five different points, 

approximately 10 mm apart, along the length of each tube. For the tube with the smaller lumen, 

the luminal diameter averaged 0.20 ± 0.01 mm (SD), and the outer diameter averaged 0.74 ± 

0.01 mm (SD) (Figure 2.3a). For the larger-lumen tube, luminal diameter averaged 0.43 ± 0.01 

mm (SD), and the outer diameter averaged 0.70 ± 0.01 mm (SD) (Figure 2.3b). 

Extruded tubes or coaxial filaments with more complex cross-sectional profiles may also 

be fabricated, as seen in Figure 2.9h–j. A tube with a 5-point star cross-sectional geometry was 

generated analogously to other tubes using a coaxial nozzle with a star geometry at its end. This 
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demonstrated that more complex orifice geometries could be modeled at the ends of these 

nozzles; changing the overall nozzle structure or internal geometry was not necessary. 

F127-BUM-based hydrogels can be derivatized with other chemical functionalities via 

co-polymerization with aqueous-soluble (meth)acrylate monomers. This approach for 

introducing different chemical functionalities into a hydrogel network has been demonstrated for 

a range of monomers.45 Here, we examined the incorporation of 2-acrylamido-2-methyl-1-

propanesulfonic acid sodium salt (AMPS) to alter the swelling behavior of the extruded hydrogel 

tube. A hydrogel formulation with 30 wt% F127-BUM and 10 wt% AMPS was prepared, and its 

rheological properties were evaluated (Figure 2.8). Following fabrication, tubes with and without 

the AMPS additive were allowed to swell to equilibrium in deionized water. The average water 

mass fraction of the tubes with AMPS (n = 4) was 92.3% ± 0.3% (SD) (Figure 2.3c). The 

average water mass fraction of the tube without AMPS (n = 4) was 82.9% ± 1.3% (SD) (Figure 

2.3d). 

 

2.4.3. Cell Seeding and Culture Experiments 

 

Endothelial cells, which line the luminal surfaces of blood vessels, are one of the 

principal cellular components of the vascular system, wherein, in addition to fulfilling a variety 

of other roles, they make up the vascular barrier (endothelium) and control the extravasation of 

blood proteins and cells. Typical two-dimensional cultures of vascular endothelial cells on glass 

or poly(styrene) cultureware do not recapitulate physiology related to 3D geometry. 

Consequently, there is considerable interest in accessible platforms that enable more 

representative cultures of vascular endothelial cells.49–51 
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Prior to seeding HUVECs on the luminal surfaces of our hydrogel tubes, we first 

screened our materials for biocompatibility and cell adhesion by producing small (∼ 5 mm in 

diameter) cross-linked hydrogel discs with identical hydrogel compositions and analogous 

preparation to our tubes. In preliminary experiments in which we seeded HUVECs on the 

surfaces of discs made from cross-linked F127-BUM hydrogel without additive, we stained the 

cells with calcein AM after 24 h in culture in order to visualize cell morphology and infer cell 

adhesion to the hydrogel surface. These initial results suggested that this material does not 

promote adhesion of HUVECs—i.e., when cells were seeded directly onto the surfaces of the 

hydrogel discs, cells retained a rounded morphology as a consequence of a lack of adhesion 

(Figure 2.10a). These results were consistent with previous reports.52 The high poly(ethylene 

oxide) (PEO) content of F127 (72–75%) affords a cross-linked material that resists protein 

adsorption and cell adhesion.53–57 It is also worth noting that hydrogels based on F127 or its 

derivatives are generally not cytocompatible prior to cross-linking, and so these materials are of 

limited use when cells are to be encapsulated within the material.58 

Thus, collagen I was used to promote cell adhesion to the F127-BUM surface. The 

thermo-responsive gelation behavior of F127-BUM facilitated the homogenous incorporation of 

soluble collagen into the hydrogel at low temperatures. Concentrations of collagen I in excess of 

0.2 wt% in the F127-BUM (30 wt%) hydrogels led to substantial aggregation of collagen, 

causing visible inhomogeneity in the gel, which was detrimental to extrusion quality. The 

inclusion of collagen I as an additive at no more than 0.2 wt%, however, was not substantially 

detrimental to the desirable rheological characteristics of the hydrogel (Figure 2.7) and afforded 

high-quality tubes. 
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The adhesion of HUVECs to the hydrogel surface improved substantially with the 

incorporation of collagen into the hydrogel formulation; however, we observed that the 

functionalization of F127-BUM hydrogel with collagen I was more effective in promoting 

HUVEC adhesion when collagen was not only incorporated into the hydrogel formulation prior 

to fabrication of discs or tubes but also coated onto the cross-linked hydrogel surfaces post-

fabrication. The latter was achieved via multiple rounds of rehydration of dehydrated hydrogel 

constructs (i.e. tubes and discs) in solutions of collagen I. After this process was established, 

HUVEC morphology and viability were again evaluated by fabricating hydrogel discs 

functionalized in this way and seeding cells onto their surfaces. At 24 h in culture, we observed 

that cells had adhered to the disc surfaces, as evidenced by the spread morphology (Figure 

2.10b). Viability of cells cultured on collagen-treated discs made from the F127-BUM hydrogel 

with collagen I additive was found to be satisfactory after 72 h in culture (Figure 2.10c). 

Finally, to demonstrate the application of this platform toward fabrication of models of 

vascular endothelium, we prepared tubes for the luminal-seeding and culture of HUVECs. Tubes 

were prepared with the F127-BUM hydrogel with collagen I additive and were treated with 

collagen I in a manner analogous to the discs discussed above. To characterize morphology of 

the HUVECs on the luminal surfaces of tubes, we visualized the inter-endothelial junction 

marker CD31 (also referred to as platelet endothelial cell adhesion molecule, PECAM1) via 

indirect immunofluorescence after 72 h of culture. The expression and localization of CD31 

indicates appropriate general endothelial phenotype.59 Figure 2.10d–i shows the presence of 

inter-endothelial junctions between HUVECs seeded on the luminal surfaces of collagen-

functionalized tubes. Cells were found to exhibit characteristic endothelial cobblestone 

morphology. Figure 2.10d–f provides top-down views of lumens in the XY plane, showing the 
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coverage of the lumens with HUVECs expressing CD31. Figure 2.10g–i shows re-constructed z-

stacks of a tube lumen that has been seeded with HUVECs. Taken together, these results 

demonstrate that our coaxial extrusion platform comprising the coaxial nozzle and F127-BUM-

based hydrogels is effective in fabricating collagen-functionalized tubes, and these tubes are 

suitable for the culture of tubular monolayers of contiguous endothelial cells. 

 

2.5. Conclusion 

 

In summary, we report a platform for the extrusion-based fabrication of tubular hydrogel 

constructs using customized, 3D-printed coaxial nozzles. These nozzles can be fabricated using 

commercially available desktop SLA 3D printers and are amenable to use with existing DIW 

setups. We demonstrate that hydrogels based on a methacrylate-terminated Pluronic F-127 

derivative can be extruded through these nozzles to yield multi-material coaxial filaments and 

tubes with geometries which are tunable either via alteration of nozzle orifice geometry or 

extrusion pressures. For example, we were able to fabricate tubes with luminal diameters or wall 

thicknesses as small as ∼150 μm, as well as tubes with star-shaped cross-sectional geometries. 

Additionally, we demonstrate that tubes produced using our method can be used for 3D culture 

of HUVECs; this is enabled by functionalization of the F127 derivative hydrogel using collagen 

I. Our approach ultimately enables the facile fabrication of bio-functional hydrogel conduits 

which may be useful for engineering in vitro models of tubular biological structures. 
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Figure 2.1. Schematic of coaxial nozzle and hydrogel tube production. (a) Computer-aided 

design (CAD) in conjunction with SLA 3D printing enables the fabrication of fully customizable 

coaxial nozzles. (b) Tube fabrication workflow. (c) Chemical structures of F127 and F127-BUM. 

(d) Coaxial nozzles of different diameters after printing. (e) Tip of coaxial nozzle under 

magnification. (f) Coaxial nozzle after blunt-tip needles have been affixed to inlets. (g) Coaxial 

extrusion assembly. 
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Figure 2.2. F127-BUM hydrogel, hydrogel tube fabrication, and extrusion setup. (a) F127-BUM 

hydrogel at 4 °C. (b) F127-BUM hydrogel at 20 °C. (c) Pouring F127-BUM hydrogel into 

syringe at 4 °C. (d) F127- BUM hydrogel inside inverted syringe at 20 °C. (e) Coaxial extrusion 

setup. (f) F127-BUM hydrogel tube attached to 18-gauge needles, pre-distention. (g) Distention 

of F127-BUM hydrogel tube with water. (h,i) F127-BUM hydrogel tube tensile experiment. 
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Figure 2.3. Hydrogel tube extrusion-pressure-dependent dimensional control and swelling 

experiment. (a) Smaller-lumen (~ 0.20 mm) F127-BUM hydrogel tube cross sections. (b) Larger-

lumen (~ 0.40 mm) F127-BUM hydrogel tube cross sections. (c) Cross section of tube fabricated 

from F127-BUM hydrogel with AMPS additive (post-swelling in water). (d) Cross section of 

tube fabricated from F127-BUM hydrogel without additive (post-swelling in water). 
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Figure 2.4. Rehydration of a tube section and syringe stands. (a) Short tube section fabricated 

from F127-BUM hydrogel with collagen I additive in dehydrated state. (b) Same tube section 

following rehydration with collagen I solution. (c) Syringes for cell seeding immobilized in 

BioAssay dish using 3D printed syringe stands. 
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Figure 2.5. Nozzle sizes. (a) Large-sized nozzle. (b) Medium-sized nozzle. (c) Small-sized 

nozzle. 
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Figure 2.6. Rheology of F127-BUM hydrogel without additive. (a) Temperature ramp. (b) Shear 

rate sweep. (c) Cyclic shear strain. (d) Strain sweep. (e) Frequency sweep. (f) Photo-rheology. 
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Figure 2.7. Rheology of F127-BUM hydrogel with collagen I additive. (a) Temperature ramp. 

(b) Shear rate sweep. (c) Cyclic shear strain. (d) Strain sweep. (e) Frequency sweep. (f) Photo-

rheology. 
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Figure 2.8. Rheology of F127-BUM hydrogel with AMPS additive. (a) Temperature ramp. (b) 

Shear rate sweep. (c) Cyclic shear strain. (d) Strain sweep. (e) Frequency sweep. (f) Photo-

rheology. 
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Figure 2.9. Tube geometry can be tuned by altering nozzle size and shape as well as extrusion 

conditions. (a,b) Tubes produced using large-sized (2 mm outer conduit diameter) coaxial nozzle. 

Tubes have good elasticity and toughness. (c,d) Tubes fabricated using small-sized (0.5 mm 

outer conduit diameter) nozzle. Dye perfusion shows lumen patency. Tube walls were stained as 

dye began to diffuse through walls. (e–g) Summary of extrusion-pressure effects on cross-

sectional geometry of small tubes. Luminal diameters or wall thicknesses as small as ∼150 μm 

were achieved. (h,i) 5-point star geometry on customized nozzle. (j) Cross-sectional geometry of 

5-point star tube produced using star nozzle. 
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Figure 2.10. Fluorescence and confocal micrographs of endothelial-cell-seeded, cross-linked 

hydrogel constructs. (a) HUVECs seeded on cross-linked unmodified F127-BUM hydrogel disc 

after 24 h in culture. Cells stained with calcein AM (green) for visualization show aggregation 

and rounded morphology, indicating lack of adhesion. Percent coverage was determined to be 

20% ± 9% (SD; n = 3). This image is representative of three replicates. (b) HUVECs seeded on 

cross-linked, collagen I-treated F127-BUM hydrogel disc with collagen I additive after 24 h in 

culture. Cells stained with calcein AM for visualization show spreading, indicating adhesion. 

Percent coverage was determined to be 52% ± 8% (SD; n = 3). This image is representative of 

three replicates. (c) Viability assay (calcein AM, green/ethidium homodimer-1, red) of HUVECs 
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seeded on cross-linked, collagen-I-treated F127-BUM hydrogel disc with collagen I additive 

after 72 h in culture. Green indicates live cells, red indicates dead cells; cell viability is high. 

This image is representative of three replicates. (d,e) Confocal micrographs of HUVECs seeded 

on the luminal surfaces of tubes composed of cross-linked, collagen-I-treated F127-BUM 

hydrogel with collagen I additive. Cells stained with DAPI (blue: nuclei) and labeled via indirect 

immunofluorescence (green: CD31, inter-endothelial junction marker) exhibit characteristic 

cobblestone morphology. These images are representative of six replicates. (f) Identical treatment 

to samples in Figure 2.10d,e. Entire width of tube section is visualized, showing good cell 

coverage. This image is representative of six replicates. (g–i) Identical treatment to samples in 

Figure 2.10d–f. Luminal surface of tube is visualized via confocal microscopy showing good cell 

coverage. These images are representative of six replicates. 
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Chapter 3 

 

3D-Printed Protein-Based Bioplastics with Tunable Mechanical Properties Using Glycerol or 

Hyperbranched Poly(glycerol)s as Plasticizers 

 

This chapter was adapted from the following manuscript: 

Millik, S. C.; Sadaba, N.; Hilburg, S. L.; Sanchez-Rexach, E.; Zhang, M.; Yu, S.; Vass, A. 
F.; Pozzo, L. D.; Nelson, A. 3D-Printed Protein-Based Bioplastics with Tunable 
Mechanical Properties Using Glycerol or Hyperbranched Poly(glycerol)s as Plasticizers. 
Submitted, 2024. 

 

3.1. Abstract 

 

Protein-based materials can be engineered to derive utility from the structures and 

functions of the incorporated proteins. Modern methods of protein engineering bring promise of 

unprecedented control over molecular and network design, which will enable new and improved 

functionalities in materials which incorporate proteins as functional building blocks. For these 

advantages to be fully realized, there is a need for robust methods for producing protein-based 

networks, as well as methods for tuning their mechanical properties. Light-based 3D printing 

techniques afford high-resolution fabrication capability with unparalleled design freedom in an 

inexpensive and decentralized capacity. This work features 3D printed serum albumin-based 

bioplastics with mechanical properties modulated through incorporation of glycerol or 

hyperbranched poly(glycerol)s (HPGs) as plasticizers. These materials capitalize upon important 

features of serum albumin, including its low intrinsic viscosity, high aqueous solubility, and 

relatively low cost. The incorporation of glycerol or HPGs of different sizes resulted in softer 
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and more ductile bioplastics than those obtained natively without additives. These bioplastics 

showed shape-memory behavior and could be used to fabricate functional objects. These 

materials are accessible, possess minimal chemical hazards, and can be used for fabricating rigid 

and strong as well as soft and ductile parts using inexpensive commercial 3D printers. 

 

3.2. Introduction 

 

Protein-based thermosets are an interesting class of material wherein natural or 

recombinant proteins are covalently incorporated into a polymeric network.1,2 Such materials 

include water-filled networks (i.e., hydrogels)3–5 and bulk polymer networks (e.g., plastics).6,7 

Protein-based materials may derive specific biological functionality8–12 from the incorporated 

proteins as well as practical properties such as aqueous processability, chemical degradability, 

and recyclability.13–18 Many protein-based materials are also generally biocompatible and have 

thus seen use in a myriad of bio-interfacing applications.19–21 Additionally, modern protein 

engineering methods make it possible to design and synthesize protein-based materials with a 

level of control yet unattainable with methods of synthetic polymer chemistry.22–25 This exquisite 

control over molecular and network design brings promise of future generations of materials 

with new and improved functionalities. 

Additive manufacturing (3D printing) offers numerous advantages over traditional 

manufacturing techniques, including unparalleled design freedom,26,27 rapid and low-cost 

prototyping, personalized manufacturing, and decentralized production capabilities.28,29 

Specifically, light-based 3D printing (i.e., stereolithography, digital light processing, and other 

vat photopolymerization techniques) uses projected light to selectively cure liquid resins into 
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solid objects. Light-based 3D printing offers superior resolution over material-deposition-based 

methods, as well as a high degree of flexibility in patternable materials.30,31 Over the last decade, 

commercially available light-based 3D printers have become more capable and affordable. 

Today, a typical commercial light-based 3D printer can offer ≤ 100 µm resolution at a printing 

speed of up to ~ 6 cm of vertical build height per hour, in a small (e.g., 20 cm × 20 cm × 40 cm), 

light (e.g., 4 kg), and inexpensive (e.g., ≤ 300 USD) package.32 

Despite advances in commercial 3D printing hardware and software, commercial 

materials for light-based 3D printing remain limited in both functionality and accessibility. Most 

resins available today are formulations of acrylate monomers fundamentally derived from 

petroleum feedstocks. Printing with these resins typically requires the use of organic wash 

solvents and chemical hazard controls, which may be inappropriate or inconvenient for non-

expert or casual users. The printed materials derived from these resins are often rigid and brittle 

thermosets which are neither chemically degradable nor recyclable.33–38 Thus, there is currently a 

need for more sustainable, user-friendly, and mechanically diverse materials for 3D printing. 

Protein-based materials could meet this need. 

Protein-based materials that have been explored for 3D printing include those based on 

gelatin,39–42 collagen,43–46 fibrin,47–49 keratin,50–52 silk fibroin,53–56 whey proteins,57,58 soy 

proteins,59,60 and serum albumin.61–63 Fibrous proteins (e.g., gelatin, collagen, fibrin, keratin, and 

silk fibroin) typically possess elongated structures, associative chemical functionalities, and low 

aqueous solubilities.64 In material applications, these characteristics manifest as high viscosities 

and high viscoelastic moduli at relatively low protein concentrations. Fibrous proteins thus lend 

themselves well to applications in extrusion-based 3D printing, where patterning is accomplished 

by deposition of viscoelastic liquids or gels.65 Conversely, globular proteins (e.g., whey proteins, 
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soy proteins, ovalbumin, and serum albumin) typically possess higher aqueous solubilities and 

lower intrinsic viscosities; these properties enable high protein loading in aqueous solutions 

while maintaining low-viscosity liquid character.61 Light-based 3D printing often requires the use 

of liquid resins with relatively low viscosities for reliable and high-quality fabrication.66–68 High 

protein loading in resins is desirable in cases where solvent is to be removed post-printing to 

afford a finished part consisting of bulk polymer (i.e., “bioplastic”) as opposed to a gel. Globular 

proteins, such as serum albumin, are thus particularly suitable for light-based 3D printing of 

bioplastics. 

Sanchez-Rexach et al. have recently demonstrated light-based 3D printing with aqueous 

resins comprising bovine serum albumin (BSA) and poly(ethylene glycol) diacrylate 

(PEGDA).62 The printed materials were semi-rigid bioplastics which showed moderate ductility. 

We propose that expanding the range of accessible 3D printed protein-based bioplastics to 

include stronger and more rigid, as well as softer and more ductile materials, would significantly 

expand the applicability of such materials. 

Here, we report an accessible and mechanically tunable material platform for light-based 

3D printing of protein-based bioplastics. We show that rigid and relatively strong bioplastics 

could be obtained natively, and increasing softness and ductility could be obtained with the 

inclusion of glycerol or hyperbranched poly(glycerol)s (HPGs) as plasticizing additives (Figure 

3.1). We selected BSA as the protein component of our materials and PEGDA as a cross-linker 

(Figure 3.2a–e). BSA is advantageous as a component in aqueous resins for light-based 3D 

printing due to its availability, high aqueous solubility, and low intrinsic viscosity.69,70 We chose 

to investigate HPGs and glycerol (Figure 3.3a) as additives to the BSA-PEGDA network due to 

their accessibility, miscibility with BSA and PEGDA, and their ability to afford resins with low 



 78 

viscosities. Using inexpensive commercial 3D printers, we were able to produce mechanically 

diverse parts from our materials, including a clip with an integral (also known as “living”) hinge 

and catch. Finally, to showcase the versatility of this material platform, we demonstrate thermal 

shape-memory behavior of these bioplastics. 

 

3.3. Materials and Methods 

 

3.3.1. Materials 

 

Bovine serum albumin (BSA; BSAS 1.0) was purchased from Bovogen Biologicals. 

Glycidol (G5809), calcium hydride (CaH2; 21170), 1,4-dioxane (296309; anhydrous), N,N-

dimethylformamide (DMF; 227056; anhydrous), 1,1,1-tris(hydroxymethyl)propane (TMP; 

148083; 99.8%), potassium methoxide solution (CH3OK; 60402; 25.1% in MeOH), Dowex 

50WX8 hydrogen-form resin (44509), potassium hydride (KH; 215813; 32.1 wt% suspension in 

mineral oil), acetone (179124), lithium bromide (LiBr; 213225), methanol-d4 (CD3OD; 441384), 

deuterium oxide (D2O; 435767), poly(ethylene glycol) diacrylate (PEGDA; Mn 700; 455008), 

Antifoam A concentrate (A5633), and tartrazine (T0388) were purchased from MilliporeSigma. 

Molecular sieves (MK449004; grade 564) were purchased from VWR International. Methanol 

(MeOH; A452-1), glycerol (G33-1), dimethyl phenylphosphonite (AAA1400614), ethyl acetate 

(EtOAc; E145-4), and phosphate-buffered saline 10X solution (PBS; BP399-1) were purchased 

from Fisher Scientific. Spectra/Por 6 dialysis tubing (132633, 132554; 2 kDa, 25 kDa MWCO) 

was purchased from Repligen. 2,4,6-trimethylbenzoyl chloride (T2470) was purchased from TCI 

America. 
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3.3.2. Instrumentation 

 

Proton nuclear magnetic resonance (1H NMR) spectra were obtained using a Bruker 

AVANCE series instrument with 500 MHz frequency. Dynamic light scattering (DLS) data were 

obtained with a Zetasizer Nano ZS using a quartz cuvette. Rheometry was performed using a TA 

Instruments Discovery Hybrid Rheometer-2. Steady-shear experiments were performed using a 

TA Instruments Advanced Peltier Plate system; aluminum 40 mm, 1° cone geometry; and solvent 

trap. Oscillatory photo-curing experiments were performed using a TA Instruments UV Light 

Guide Accessory with disposable acrylic plates, a Mightex 405 nm (5 mW cm−2) light source, 

and stainless steel 20 mm parallel plate geometry. Circular dichroism (CD) spectra were obtained 

with a Jasco J-1500 CD spectrophotometer, using a quartz cuvette with 0.5 mm path length. For 

uniaxial tensile testing, a TestResources 100 Series Universal Test Machine with 1.1 kN and 44 

N load cells and tensile grips was used. Thermogravimetric analysis (TGA) was performed using 

a TA Instruments Q5000 IR thermogravimetric analyzer, using aluminum cups. Differential 

scanning calorimetry (DSC) was performed using a TA Instruments Discovery DSC 2500, using 

Tzero hermetically sealed pans and lids. Small-angle X-ray scattering (SAXS) was measured on 

a Xenocs Xeuss 3.0 instrument with a copper radiation source. A PerkinElmer Frontier FTIR 

spectrometer equipped with a Universal ATR accessory was used to perform attenuated total 

reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy. A QUANS 395–400 nm (15 

mW cm−2) LED light was used for photo-curing resins during casting. An Anycubic Photon 

Mono SE was used for 3D printing of all tensile specimens and the structures in Figure 3.4a,b. 

An Anycubic Photon Ultra was used for 3D printing of structures in Figure 3.4c–g. 
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3.3.3. Synthesis of Hyperbranched Poly(glycerol)s (HPGs) 

 

3.3.3.1. Purification and Handling of Reagents 

 

For all HPG syntheses, glycidol was dried over CaH2 for 18 h, vacuum-distilled, and 

degassed by the freeze-pump-thaw method. Purified glycidol was stored at 5 °C until use. 

Anhydrous dioxane and DMF, once opened (i.e., stored with perforated seals), were dried over 

molecular sieves for 24 h and sparged with N2 before use. Hygroscopic materials (i.e., TMP and 

HPG macroinitiator) were dried under vacuum prior to weighing. All other reagents were used as 

received and stored according to manufacturer recommendations, unless otherwise specified. 

 

3.3.3.2. Synthesis of Small-Sized HPG (HPG-S) 

 

The following procedure adapted from Kainthan et al. was used.71 A 100 mL 2-neck 

round-bottom Schlenk flask was flame-dried under vacuum. TMP (0.610 g; 4.54 mmol) was 

added to the flask. MeOH (540 µL) was then added to the TMP in the flask, followed by CH3OK 

solution (350 µL; 1.19 mmol; 25.1% in MeOH). All additions were performed under positive 

pressure of N2. After the TMP had dissolved, the flask was briefly swirled to homogenize the 

mixture. Bulk MeOH in the mixture was evaporated with N2 flow through a bleed needle (16 

gauge). After the TMP mixture appeared solid, residual MeOH was removed under vacuum (~ 3 

Pa) over 18 h at 21 °C. Note: the TMP was not heated under vacuum to avoid sublimation. 

Following removal of the MeOH, an oven-dried overhead stirrer assembly was attached to the 
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flask under positive pressure of N2. The flask was pre-heated using an aluminum flask carrier at a 

nominal temperature of 105 °C. PTFE tubing (20 gauge) was then connected to flask through a 

septum under positive pressure of N2, and using a syringe pump, glycidol (12 mL; 180 mmol) 

was added over 24 h, at 105 °C, under N2, while stirring at ~ 200 rpm. Following completion of 

glycidol addition, the reaction was allowed to proceed for an additional 18 h under the same 

conditions. Monomer consumption was confirmed by 1H NMR spectroscopy. The reaction 

mixture was then cooled, and MeOH (20 mL) was added to dissolve the product. Dowex 50WX8 

hydrogen-form resin (~ 1 cc) was finally added to protonate the product. After 15 min, the 

Dowex resin was removed by centrifugation, and the product was precipitated in acetone. 

Precipitation in acetone was repeated once. The product was then dissolved in deionized H2O to 

~ 10–15 wt% and dialyzed (2 kDa MWCO) against deionized H2O for 3 d at 21 °C. Following 

dialysis, the purified HPG in aqueous solution was filtered with a 0.45 µm polyethersulfone filter 

and stored at 5 °C until use. Purity was confirmed by 1H NMR spectroscopy in CD3OD, and 

appropriate size was confirmed by DLS, using deionized H2O as the dispersant. Percent yield 

was ~ 70%. 1H NMR (500 MHz, CD3OD): δ = 3.90–3.50 (br; 1H, 2H; HPG-S), 1.40 (br, 2H, 

TMP core), 0.90 (br, 3H, TMP core). 

 

3.3.3.3. Synthesis of Medium-Sized HPG (HPG-M) 

 

The following procedure adapted from Kainthan et al. was used.71 A 250 mL 2-neck 

round-bottom Schlenk flask was flame-dried under vacuum. TMP (0.450 g; 3.35 mmol) was 

added to the flask. MeOH (400 µL) was then added to the TMP in the flask, followed by CH3OK 

solution (260 µL; 0.885 mmol; 25.1% in MeOH). All additions were performed under positive 
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pressure of N2. After the TMP had dissolved, the flask was briefly swirled to homogenize the 

mixture. Bulk MeOH in the mixture was evaporated with N2 flow through a bleed needle (16 

gauge). After the TMP mixture appeared solid, residual MeOH was removed under vacuum (~ 3 

Pa) over 18 h at 21 °C. Note: the TMP was not heated under vacuum to avoid sublimation. 

Following removal of the MeOH, an oven-dried overhead stirrer assembly was attached to the 

flask under positive pressure of N2. Anhydrous dioxane (45 mL) was then charged to the flask. 

The flask was pre-heated using an aluminum flask carrier at a nominal temperature of 115 °C. 

PTFE tubing (20 gauge) was then connected to flask through a septum under positive pressure of 

N2, and using a syringe pump, glycidol (45 mL; 674 mmol) was added over 24 h, at 115 °C, 

under N2, while stirring at ~ 200 rpm. Following completion of glycidol addition, the reaction 

was allowed to proceed for an additional 24 h under the same conditions. Monomer consumption 

was confirmed by 1H NMR spectroscopy. The reaction mixture was then cooled, bulk dioxane 

was aspirated, and MeOH (100 mL) was added to dissolve the product. Dowex 50WX8 

hydrogen-form resin (~ 1 cc) was finally added to protonate the product. After 15 min, the 

Dowex resin was removed by centrifugation, and the product was precipitated in acetone. 

Precipitation in acetone was repeated once. The product was then dissolved in deionized H2O to 

~ 10–15 wt% and dialyzed (25 kDa MWCO) against deionized H2O for 3 d at 21 °C. Following 

dialysis, the purified HPG in aqueous solution was filtered with a 0.45 µm polyethersulfone filter 

and stored at 5 °C until use. Purity was confirmed by 1H NMR spectroscopy in CD3OD, and 

appropriate size was confirmed by DLS, using deionized H2O as the dispersant. Percent yield 

was ~ 80%. 1H NMR (500 MHz, CD3OD): δ = 3.94–3.53 (br; 1H, 2H; HPG-M). 

 

3.3.3.4. Synthesis of Large-Sized HPG (HPG-L) 
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The following procedure adapted from Anilkumar et al. was used.72 HPG-M, to be used 

as the macroinitiator, was first synthesized using a procedure similar to the one described above, 

albeit at a smaller scale. Briefly, the reaction was performed in 100 mL flask with an identical 

setup. A smaller quantity of TMP (0.121 g; 0.900 mmol) was used, with proportional quantities 

of CH3OK solution (70 µL; 0.238 mmol; 25.1% in MeOH) and glycidol (12 mL; 180 mmol). 

Proportionally double the volume of anhydrous dioxane (24 mL) was used. Glycidol was added 

over 24 h at 95 °C. Following an additional 18 h under the same conditions, the reaction was 

worked up as described above with isolation of the product by precipitation and dialysis. 

For the HPG-L reaction, a 100 mL 2-neck round-bottom Schlenk flask was flame-dried under 

vacuum. Lyophilized macroinitiator (0.6 g) was dissolved in MeOH (2 mL) and coated onto the 

bottom of the flask. A diaphragm pump was used to remove the bulk MeOH in the mixture while 

occasionally rotating the flask to facilitate coating of the bottom. After the mixture appeared 

solid, residual MeOH was removed under vacuum (~ 3 Pa) over 24 h at 120 °C nominal. 

Following removal of the MeOH, an oven-dried overhead stirrer assembly was attached to the 

flask under positive pressure of N2. The flask was pre-heated using an aluminum flask carrier at a 

nominal temperature of 108 °C. Anhydrous DMF (8.2 mL) was then charged to the flask. KH 

suspension (~ 0.04 g; ~ 0.3 mmol; 32.1 wt% in mineral oil) was added under positive pressure of 

N2. Note: care was taken to quickly homogenize the KH suspension by vigorous swirling and 

dispense immediately to avoid settling. The mixture was stirred at 108 °C for 30 min, then PTFE 

tubing (20 gauge) was connected to flask through a septum under positive pressure of N2. Using 

a syringe pump, glycidol (12 mL; 180 mmol) was added over 24 h at 108 °C, under N2, while 

stirring at ~ 200 rpm. Following completion of glycidol addition, the reaction was allowed to 
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proceed for an additional 12 h under the same conditions. Monomer consumption was confirmed 

by 1H NMR spectroscopy. The reaction mixture was then cooled, and MeOH (20 mL) was 

added. Dowex 50WX8 hydrogen-form resin (~ 1 cc) was finally added to protonate the product. 

After 15 min, the Dowex resin was removed by centrifugation, and the product was precipitated 

in acetone. Precipitation in acetone was repeated once. The product was then dissolved in 

deionized H2O to ~ 10–15 wt% and dialyzed (25 kDa MWCO) against deionized H2O for 3 d at 

21 °C. Following dialysis, the purified HPG in aqueous solution was filtered with a 0.45 µm 

polyethersulfone filter and stored at 5 °C until use. Purity was confirmed by 1H NMR 

spectroscopy in CD3OD, and appropriate size was confirmed by DLS, using deionized H2O as 

the dispersant. Percent yield was ~ 40%. 1H NMR (500 MHz, CD3OD): δ = 3.94–3.52 (br; 1H, 

2H; HPG-L). 

 

3.3.4. Synthesis of Lithium Phenyl-2,4,6-Trimethylbenzoylphosphinate (LAP) 

 

For all resins, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was used as the 

photoinitiator. LAP was synthesized as previously described by Fairbanks et al.73 A 250 mL 2-

neck round-bottom Schlenk flask containing a 25 mm PTFE-coated elliptical stir bar was flame-

dried under vacuum. Dimethyl phenylphosphonite (3.0 mL; 19 mmol) was added to the flask, 

followed by 2,4,6-trimethylbenzoyl chloride (3.0 mL; 18 mmol), dropwise, under N2. The 

mixture was shielded from ambient light and stirred at 120 rpm for 20 h, at 21 °C, under N2. 

LiBr (6.2 g; 71 mmol) was then dissolved in EtOAc (100 mL), and the solution added to the 

reaction mixture. The reaction mixture was then stirred at 50 °C for ~ 15 min, then cooled to 21 

°C. After 4 h at 21 °C, the crude product was filtered and washed with excess EtOAc. Bulk 
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EtOAc was evaporated in the filter by airflow, and residual EtOAc was removed under vacuum. 

LAP was stored in the dark at 5 °C until use. Purity was confirmed by 1H NMR spectroscopy in 

D2O. Percent yield was ~ 90%. 1H NMR (500 MHz, D2O): δ = 7.73 (m, 2H), 7.57 (m, 1H), 7.48 

(m, 2H), 6.89 (s, 2H), 2.24 (s, 3H), 2.04 (s, 6H). 

 

3.3.5. Formulation of Resins 

 

Resins were formulated on a mass fraction basis. Total solute content was kept constant at 

42 wt%, including constant 2 wt% LAP. Mass ratio of BSA to PEGDA was kept constant at 3:1. 

Resins were generally prepared as follows. Deionized water was first added to a vial or 

centrifuge tube, followed by glycerol or HPG solution, if applicable. Next, BSA was added as a 

lyophilized powder and dissolved by gentle shaking on an orbital shaker. PEGDA was then 

added and dissolved with shaking and gentle vortex-mixing, if necessary. The solution was then 

incubated at 21 °C with gentle shaking for 24 h. LAP was finally added as a fine powder and 

dissolved within ~ 1 h before use of the resin. The resin was shielded from light following the 

addition of LAP. Immediately before use, bubbles were removed from the resin by centrifuging 

at 3000 g. For example, to prepare 7 g of a resin with 5% glycerol, deionized water (4.06 g; 58 

wt%) was first added, followed by glycerol (0.35 g; 5 wt%). BSA (1.84 g; 26.3 wt%) was then 

added and dissolved, followed by PEGDA (0.61 g; 8.7 wt%). After 24 h, LAP (0.14 g; 2 wt%) 

was finally added and dissolved to afford the ready-to-use resin. 

 

3.3.6. Dynamic Light Scattering (DLS) Experiments 
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Resins for DLS experiments were prepared as described above. After incubation at 21 °C 

for 24 h, resins were diluted to a total solute content of 10 mg mL−1 using 1X phosphate-buffed 

saline. HPG samples were prepared at a concentration of 10 mg mL−1, using deionized water as 

the dispersant. Samples were filtered with a 0.22 µm cellulose acetate syringe filter. DLS 

experiments were run at 25 °C, using a quartz cuvette. Experiments were conducted using 173° 

non-invasive back scatter configuration. Three measurements, consisting of 10 (10 s) runs each, 

were performed per sample and averaged. 

 

3.3.7. Circular Dichroism (CD) Spectroscopy of Resins 

 

Resins were prepared as described above. Each resin was diluted with deionized water to 

a theoretical BSA concentration of 0.25 mg mL−1. A sample containing only BSA at a nominal 

concentration of 0.25 mg mL−1 in 1X PBS was included as a control. Samples were filtered with 

a 0.22 µm cellulose acetate syringe filter. CD experiments were run at 25 °C, using a quartz 

cuvette with 0.5 mm path length. Spectra were obtained using a digital integration time of 4 s, a 

scanning speed of 20 nm min−1, an accumulation of 4 scans, and a bandwidth of 1 nm. The 

sample chamber was purged with N2 gas for 15 minutes after loading each sample, prior to 

running each experiment. Background spectra for deionized water and 1X PBS were recorded 

and subtracted from the corresponding spectra for each material. Spectra were normalized using 

the area bounded by each curve. 

 

3.3.8. Rheometry of Resins 
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Resins for rheometry were prepared as described above. Logarithmic shear rate sweeps in 

the range of 0.1–100 s−1 were performed at 25 °C to determine apparent viscosities of the resins. 

A 40 mm, 1° cone geometry was used for exact viscosity determination. The truncation gap was 

26 µm. A solvent trap was used to prevent water evaporation form the resins. Three runs were 

performed per sample and averaged. 

 Oscillatory photo-curing experiments were performed using a 405 nm light source (5 

mW cm−2); the light was activated after 30 s from the start of data collection; fast data sampling 

was used. A 20 mm stainless steel parallel plate geometry with a disposable acrylic lower plate 

was used for photo-curing experiments; the shear gap was set to 600 µm. Photo-curing 

experiments were performed at ambient temperature. Three runs were performed per sample and 

averaged. 

 

3.3.9. Uniaxial Tensile Testing of Bioplastics 

 

For casting of tensile specimens, molds were fabricated by CNC machining the 

dimensions of the specimen into 25 mm × 75 mm × 5 mm sections of poly(ethylene) bar stock. 

Machined dimensions were scaled up by 36% from the ISO 527-2 Type 5B specimen values to 

account for isotropic shrinkage of the specimen during drying. Resins were pipetted into the 

molds using a positive displacement pipette. Microscope slides (25 mm × 75 mm) were slid onto 

the molds, and small binder clips were used to secure the slides. The covered molds were 

centrifuged at 500 g to clear potential small bubbles or debris from the gauge region. The resins 

were then cured for 30 min at ambient temperature under an LED light (395–400 nm; 15 mW 

cm−2). Specimens were carefully removed from the molds and placed between two sheets of 
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stainless-steel wire mesh in a custom drying rack. The drying rack was placed in a vacuum oven, 

and specimens were dried under vacuum (~ 1.5 kPa) for 48 h at 21 °C. Dried specimens were 

stored in airtight containers until testing.  

Uniaxial tensile testing was performed according to ISO 527, under ambient conditions 

(21 °C, ~ 30% relative humidity). A test speed of 5 mm min−1 was used. No extensometer was 

used; therefore, data are reported with respect to nominal strain. Eight specimens were fabricated 

for each material to be tested. Specimens exhibiting defects due to errors in casting or drying, 

such as bubbles, cracks, or substantial warping, were rejected. At least five specimens were 

tested for each material. 

 

3.3.10. Thermal Analysis of Bioplastics 

 

Thermogravimetric Analysis (TGA) was performed under N2 atmosphere on 1 mm thick 

rectangular samples weighing ~ 8 mg. These samples were cast and dried as described above. A 

10 °C min−1 ramp to 100 °C was performed, followed by a 30 min isothermal interval at 100 °C 

to remove moisture. Then, a 10 °C min−1 ramp to 500 °C was performed.  

Differential scanning calorimetry (DSC) was performed on 1 mm thick rectangular 

samples weighing ~ 6 mg. These samples were cast and dried as described above. Modulated 

DSC was performed under N2 atmosphere over a temperature range of −90 °C to 200 °C, at a 

heating rate of 3 °C min−1, with a modulation temperature amplitude of 0.48 °C, and a 

modulation period of 60 s. 

 

3.3.11. X-ray Scattering and Shape Recovery Experiments on Bioplastics 
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Samples for X-ray scattering experiments were fabricated by casting. To do so, resins 

were pipetted into 1.3 mm deep rectangular poly(styrene) molds. Microscope slides were slid 

onto the molds, and binder clips were used to secure the slides. The resins were then cured for 30 

min at ambient temperature under an LED light (395–400 nm; 15 mW cm−2). Cured samples 

were carefully removed from the molds and dried and processed as described above for 

fabrication of tensile specimens. 

Strain was applied to rectangular bioplastics samples (8 mm × 24 mm × 1 mm) using a 

load frame, under ambient conditions, at a speed of 5 mm min−1. Samples with no additive and 

HPG-M were strained to the approximate nominal strain at break values previously determined 

for each material during tensile testing; however, the samples did not visibly fracture in this case. 

The sample with glycerol could not be strained to its previously determined nominal strain at 

break value without failure at the grips. For the sample with glycerol, the maximum nominal 

strain that could be achieved without failure at the grips (250%) was used. Thermal recovery was 

performed using a heat gun with adjustable temperature set to a nominal temperature of 100 °C. 

Three spots were tested and averaged for each sample. For each spot, scattering at 

sample-to-detector distances of 50, 370, 900, and 1800 mm were collected for counting times of 

90, 180, 270, and 450 seconds, respectively, in line eraser mode for full 2-D data collection. 2-D 

data was reduced to 1-D with full azimuthal averaging and merged, subtracting background 

signal of the empty beam. Data processing was completed with the Xenocs XSACT software. 

 

3.3.12. Fourier-Transform Infrared (FTIR) Spectroscopy of Bioplastics 
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Samples for ATR-FTIR experiments were fabricated as described above for X-ray 

scattering experiments. A spectral resolution of 4 cm−1 was used, and 32 scans were averaged 

over a range of 4000–1000 cm−1. A background spectrum for deionized water was recorded and 

subtracted from spectra for each material. Spectra were normalized by setting ordinate value at 

1650 cm−1 to 0.9 with zero at 1750 cm−1. 

 

3.3.13. 3D Printing 

 

Resins were prepared as described above but with two additional components. Namely, 

600 ppm tartrazine and 300 ppm Antifoam A were added to the resins ~ 1 h before printing. For 

example, to prepare 30 g of a resin with 15% glycerol, deionized water (17.19 g; 58 wt%) was 

first added, followed by glycerol (4.50 g; 15 wt%). BSA (5.63 g; 18.8 wt%) was then added and 

dissolved, followed by PEGDA (1.88 g; 6.27 wt%). After 24 h at 4 °C, LAP (0.60 g; 2 wt%), 

tartrazine (200 µL; 600 ppm; 10% in H2O), and Antifoam A (20 µL; 300 ppm) were finally 

added and dissolved to afford the ready-to-use resin. 

The following modifications were made to an Anycubic Photon Mono SE 3D printer 

before 3D printing with these materials. The factory aluminum build surface was sandblasted to 

improve print adhesion, and the fume-control fans were disabled by unplugging them from the 

controller board. The latter measure was taken to reduce evaporation from the aqueous resins 

during long prints. The following print settings for the Mono SE were used for all resins: layer 

thickness of 50 µm, normal exposure time of 13 s, bottom exposure time of 13 s, and off time of 

1 s. All other settings were kept at their default values. The following modifications were made 

to an Anycubic Photon Ultra 3D printer before 3D printing with these materials. The factory 



 91 

build plate was replaced with a smaller (55 mm × 55 mm) build plate machined from aluminum 

and sandblasted, and the volume of the factory resin tray was reduced to approximately 10 mL to 

accommodate the smaller build plate by casting silicone elastomer (SYLGARD 184) around a 

3D printed mold of the desired volume. The following print settings for the Photon Ultra were 

used for all resins: layer thickness of 100 µm, normal exposure time of 8 s, bottom exposure time 

of 8 s, and off time of 1 s. All other settings were kept at their default values. A post-print photo-

cure was not used in order to prevent warping (i.e., due to uneven drying during curing) of 

tensile specimens and other structures. Tensile specimens were dried and tested as described 

above. Other structures were dried in a similar manner. 

 

3.3.14. Statistical Analysis 

 

No statistical method was used to determine sample sizes. Data were reported as mean ± 

standard deviation. One-way ANOVA in conjunction with Tukey’s HSD test was used to assess 

statistical significance in tensile testing. 

 

3.4. Results and Discussion 

 

3.4.1. Synthesis of Hyperbranched Poly(glycerol)s (HPGs) 

 

HPGs are typically synthesized via ring-opening multibranching polymerization 

(ROMBP) of glycidol (Figure 3.3b).74 It has been previously demonstrated that 

substoichiometric deprotonation of the initiator, trimethylolpropane (TMP), coupled with slow 
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addition of monomer (i.e., glycidol), improves control over molecular weights and dispersities of 

HPGs.71,75 Further developments, namely, the use of a diluent and use of an HPG macroinitiator 

for a second ROMBP step, have made it possible to synthesize HPGs in molecular weights of a 

few kilodaltons to several megadaltons, which correspond to hydrodynamic diameters ranging 

from a few nanometers to nearly 50 nm.71,72 

In order to explore the effects of HPG additives on mechanical properties of BSA- and 

PEGDA-based materials, we synthesized three HPGs of increasing size. Kainthan et al. reported 

that HPGs ranging from ~ 3 kDa to ~ 700 kDa could be synthesized via either neat reaction or 

via use of diglyme or dioxane as a diluent.71 HPGs in the few-kilodalton range can reportedly be 

synthesized neat with good yields and good dispersities using substoichiometric deprotonation of 

TMP and slow addition of glycidol. We chose to use this approach for our small-sized HPG 

(HPG-S). For the medium-sized HPG (HPG-M), we chose to adapt a dioxane-mediated 

approach. Notably, neither TMP nor HPG are soluble in dioxane. However, dioxane is miscible 

with glycidol; dioxane thus acts a diluent for the monomer. Remarkably, the use of dioxane in 

this capacity affords HPGs of high molecular weights and with exceptionally low dispersities. It 

remains to be determined whether dilution or solvation of glycidol, or another interaction 

involving dioxane is the principal reason for the improved dispersities. Finally, for synthesis of a 

large-sized HPG (HPG-L), we used a method recently reported by Anilkumar et al. wherein an 

HPG synthesized by the dioxane-mediated approach is used as a macroinitiator, and ROMBP is 

repeated to further grow the HPG.72 

 

3.4.2. Formulation of Resins with Glycerol or HPGs 
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The use of glycerol as a plasticizer has been explored previously for a number of 

bioplastics and aqueous-processable materials.76–81 Glycerol has a high capacity for hydrogen 

bonding with water as well as with polar functional groups of biomacromolecules. These 

hydrogen-bonding interactions serve to retain water in the bulk material and otherwise increase 

chain mobility in networks via interactions with polymer chains.77,82–84 HPGs are globular 

polymers with glycerol-derivative repeat units, a highly branched architecture, a polyether 

backbone, and numerous hydroxyl side chains and end groups (Figure 3.3b). Like BSA, HPGs 

are biocompatible, highly aqueous soluble, and possess low intrinsic viscosities.72,74 Thus, to 

soften and plasticize these materials, glycerol, or a small-, medium-, or large-sized HPG—which 

we refer to as HPG-S, HPG-M, or HPG-L, respectively (Figure 3.3a)—was included in the resins 

as an additive in quantities up to 15 wt%. Throughout this article, the provided mass fractions for 

additives refer to the quantities in the resins as formulated. 

The resins in this study were formulated for printing on low-cost, commercially available 

liquid crystal display (LCD) and digital light processing (DLP) 3D printers that use visible light. 

For this work, we modified the resins from the composition previously reported by Sanchez-

Rexach et al.62 to include lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as the photo-

initiator.73 In this case, LAP was chosen over other visible-light photo-initiators primarily due to 

its stability in formulation, low-toxicity, and availability. In contrast to methacrylamide-modified 

BSA-based compositions previously reported by Smith et al.,61,63 separate steps for chemical 

derivatization and isolation of the BSA species are not required for these BSA-PEGDA materials. 

To produce a usable resin, commercially available BSA was mixed with low-molecular-weight 

(700 g mol−1) PEGDA in aqueous solution at a 3:1 mass ratio. The total solute content of the 



 94 

resins was kept constant at 42 wt%, which included 2 wt% LAP. Upon mixing of BSA and 

PEGDA, the derivatization of BSA with PEGDA occurred via an aza-Michael addition of lysine 

ε-amino groups to acrylate chain ends of PEGDA (Figure 3.2b). Generally, 30–35 surface lysine 

residues on BSA are available for functionalization,85 so a 3:1 BSA:PEGDA mass ratio affords 

approximately one PEGDA chain per available lysine residue. The consumption of the primary 

amino groups was previously confirmed by a trinitrobenzenesulfonic acid (TNBS) assay, and the 

generation of secondary amino groups was detected by Fourier-transform infrared (FTIR) 

spectroscopy.62 We additionally performed dynamic light scattering (DLS) experiments on a 3:1 

mixture of BSA and PEGDA after 24 h, and we observed an increase in Z-average hydrodynamic 

diameter from 8.4 nm (corresponding to BSA) to 16.2 nm (corresponding to BSA and PEGDA 

conjugates). In contrast, when hydroxyl-terminated PEG was substituted for PEGDA, the aza-

Michael reaction was not possible, and a Z-average hydrodynamic diameter of 8.8 nm was 

observed (Figure 3.2f; Table 3.1). Incubation of these resins at 21 °C for 24 h before use 

produced resins that exhibited prompt curing under 405 nm irradiation (Figure 3.2g), which was 

suitable for 3D printing with our selected 3D printers. Far-ultraviolet circular dichroism (CD) 

spectroscopy of resins after incubation at 21 °C for 24 h showed retention of the characteristic α-

helical secondary structure of BSA, albeit with modest changes relative to the buffered pure-BSA 

spectrum (Figure 3.5). These changes could be due to incubation in unbuffered solution, at high 

concentration, in the presence of additives, and/or due to some cross-linking of BSA via the 

Michael addition. 

The HPGs we used for this work were synthesized via anionic ring-opening 

polymerization of glycidol using previously reported procedures.71,72 We confirmed successful 

synthesis of all three HPGs by 1H NMR spectroscopy (Figure 3.3c; Figure B1–B3). We used 
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DLS to confirm appropriate size of the HPGs, and for comparison to the size of BSA. For the 

HPG-S, HPG-M, and HPG-L, Z-average hydrodynamic diameters were measured to be 4.1 nm, 

14.4 nm, and 44.9 nm, respectively. Dispersities by DLS were 0.23, 0.06, and 0.56, respectively 

(Figure 3.3d; Figure B4–B6). These hydrodynamic diameters showed good agreement with those 

in the literature.71,72 Measured Z-average hydrodynamic diameters for commercially available 

lyophilized BSA preparations are often 8–9 nm, with dispersities of 0.10–0.15 (Table 3.1). 

 

3.4.3. Rheometry of Resins 

 

Glycerol, HPG-S, HPG-M, or HPG-L was included in the resins in quantities up to 15 

wt%. Steady-shear rheometry was used to examine the effects of HPG incorporation on resin 

viscosity. Logarithmic shear rate sweeps in the range of 0.1–100 s−1 revealed apparent viscosities 

< 5 Pa s for all resin formulations tested (Figure 3.3e). These values are below the value (10 Pa 

s) often correlated with high quality and reliable light-based 3D printing.61,66,67 Some of the 

resins showing low viscosities showed low-torque effects at low shear rates and could not be 

accurately analyzed at those shear rates. Over the tested shear rate ranges, nearly constant 

apparent viscosity (i.e., apparently Newtonian behavior) was observed for all resins, except the 

resin with 15 wt% HPG-L. For the resin with 15 wt% HPG-L, an apparent shear thinning was 

observed with an onset shear rate of 2.7 s−1. As expected, the resin with 15 wt% glycerol showed 

the lowest viscosity among the resins with 42 wt% solute content, with an average apparent 

viscosity of 0.022 Pa s over the shear rate range of 1–100 s−1. HPG-S at 15 wt% showed an 

average apparent viscosity of 0.073 Pa s. HPG-M at 15 wt% showed an average apparent 

viscosity of 0.38 Pa s. The resin with no additive (i.e., with 30 wt% BSA and 10 wt% PEGDA) 
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showed an average apparent viscosity of 0.62 Pa s. Finally, the resin with 15 wt% HPG-L 

showed an apparent zero-shear viscosity of 4.9 Pa s, which decreased to 2.8 Pa s at 100 s−1. For 

comparison, a control resin with no additive, where the additive mass was replaced with water 

(i.e., 27 wt% solute, including 2% LAP) showed an average apparent viscosity of 0.011 Pa s. 

Apparent viscosities of the resins increased with increasing hydrodynamic size of the 

additive. The apparent non-Newtonian behavior of the resin with 15 wt% HPG-L could be 

explained by intermolecular interactions or entanglements that dissociate under shear, which 

might occur between the large HPG-L molecules but may not occur to the same extent between 

the smaller and more uniform HPG-S and HPG-M.72,86,87 Interestingly, the inclusion of 15 wt% 

HPG-M afforded a resin with lower viscosity than when the same mass was replaced with BSA 

and PEGDA (i.e., in the case of the resin with 30 wt% BSA and 10 wt% PEGDA). We 

hypothesize that derivatization with PEGDA and likely oligomerization of the BSA, via the 

Michael addition, results in increased chain entanglement and thus higher viscosities in resins 

with higher BSA and PEGDA content. Notably, in the resin without additive, an aliquot diluted 

to 1 wt% solute content showed Z-average hydrodynamic diameter of 16.2 nm (Figure 3.2f; 

Table 3.1). This is only slightly larger than the Z-average hydrodynamic diameter at 1 wt% for 

the HPG-M, i.e., 14.4 nm (Figure 3.3d; Figure B5). However, a dispersity of 0.06 for the HPG-M 

versus 0.21 for the BSA species indicates that this population of derivatized and oligomerized 

BSA is less uniform (Figure B5; Table 3.1). Additionally, morphologies of these BSA species 

would not necessarily be expected to be compact like those of HPGs,87 and thus greater 

propensity for entanglements might be expected. 

 

3.4.4. Mechanical Characterization of Bioplastics 
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We performed uniaxial tensile tests on specimens cast from BSA-PEGDA resins with 0 

wt%, 5 wt%, 10 wt%, and 15 wt% glycerol or HPG-M (Figure 3.6a,b). Bioplastics cast from 

resins with 15 wt% HPG-S and 15 wt% HPG-L were also tested (Figure 3.6c). For the sets of 

samples with increasing mass fraction (i.e., 0–15 wt%) of glycerol or HPG-M, we observed 

approximately linear decreases in elastic modulus and yield stress (Figure 3.7a,b). The resin with 

no additive (i.e., with 30 wt% BSA and 10 wt% PEGDA) produced a bioplastic with a tensile 

elastic modulus of 1.02 GPa. Inclusion of 15 wt% HPG-M resulted in decrease of the elastic 

modulus to 296 MPa. Inclusion of 15 wt% glycerol, in comparison, resulted in a further decrease 

to 29.1 MPa (Figure 3.8a, Table B3). For all materials, except the 15 wt% glycerol material, 

stress-strain curves showed a characteristic signature of necking, with a local maximum at the 

yield transition (Figure 3.6).88 For these materials, this local maximum value of stress was taken 

as the yield stress. For the 15 wt% glycerol material, yield stress was determined as the plateau 

stress value immediately following the apparent yield transition. Tensile yield stress for the resin 

with no additive was 50.0 MPa. The yield stress decreased to 15.1 MPa and 1.8 MPa for the 15 

wt% HPG-M and 15 wt% glycerol materials, respectively (Figure 3.8b; Table B3). Overall, when 

15 wt% HPG-M was included, both elastic modulus and yield stress showed a 70% decrease 

relative to the material with no additive. When 15 wt% glycerol was included in the resin, both 

elastic modulus and yield stress showed a 97% decrease relative to the material with no additive. 

Indeed, these results indicate that, on a mass basis, glycerol was more potent in reducing elastic 

modulus and yield stress than HPG-M. 

Substitution of some proportion of the covalent network with glycerol or HPG (i.e., 

relative to the bioplastic with no additive) expectedly had the effects of softening the materials 
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and reducing the stresses at which permanent deformation occurs. Cross-link densities in these 

networks are expected to be reduced when glycerol or HPGs are included, as these species do not 

participate in covalent cross-linking between the polymerizable constituents of the networks (i.e., 

BSA and PEGDA). Furthermore, force required for displacement of the macromolecular species 

within these materials is likely to be reduced due to interactions involving glycerol or HPGs. The 

greater potency of glycerol in plasticizing and softening these bioplastics could be attributed to 

the smaller size of these molecules and thus a greater extent of possible intermolecular 

interactions (per unit mass) with the network components, relative to HPG. Analysis by 

differential scanning calorimetry (DSC) revealed that the 15 wt% glycerol material maintained a 

single glass transition temperature (Tg) at 45.9 °C (Figure 3.9; Table 3.2), which is indicative of 

miscibility of glycerol with the network components. In contrast, DSC analysis of the 15 wt% 

HPG-M material showed two distinct transitions: one at −31.4 °C, corresponding to the Tg for 

PEGDA and HPG-M, and the other at 60.9 °C, corresponding to the denaturation temperature of 

BSA (Figure 3.9; Table 3.2). This result suggests that there are two phases present within the 15 

wt% HPG-M material: a polymer-rich phase and a BSA-rich phase. Taken together, these results 

suggest that the glycerol molecules co-locate with PEG chains as well as BSA, whereas the 

larger HPG molecules do not. 

Small-angle X-ray scattering (SAXS) performed on the bioplastics further suggests that 

glycerol more uniformly permeates the network. A feature at approximately Q = 0.11 Å−1 for the 

material with no additive is attributed to BSA ordering within the bioplastic. While this feature 

was also observed for the 15 wt% HPG-M material, it was absent for the 15 wt% glycerol 

material (Figure 3.10). The absence of this feature suggests that BSA-BSA correlations are 

disrupted as a result of glycerol integration. At low-Q range, approximately Q = 0.003 Å−1 
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through 0.01 Å−1, data for each of the materials has a steep upturn consistent with large-scale 

domains and/or aggregation (Figure 3.10). Though each material exhibits this feature, the higher 

relative change in intensity for the material with HPG-M, compared to the material with glycerol, 

further supports that the glycerol-containing material is likely a more homogeneous system. 

For the sets of specimens with increasing mass fraction of glycerol or HPG-M, we 

additionally found that strain at break increased with an approximately linear trend with 

increasing additive content (Figure 3.7c). Values of strain at break between specimens varied 

substantially more than those of elastic modulus and yield stress (Figure 3.8a–c). Glycerol was 

again more potent in increasing strain at break than the HPG, likely due to the increased potential 

for interactions between glycerol and the network components. The resin with no additive 

produced a bioplastic with a tensile strain at break of 49.5%. With the inclusion of 15 wt% HPG-

M, the strain at break increased to 113%. With inclusion of 15 wt% glycerol, strain at break 

increased to 358% (Figure 3.8c; Table B3). Tensile toughness (i.e., the energy of tensile 

deformation until break) was determined as the area under the stress-strain curve until break. The 

toughness value for the bioplastic with no additive was 19.0 MJ m−3. With glycerol 

incorporation, toughness initially increased to 29.7 MJ m−3 at 5 wt% and then decreased, with 

increasing glycerol content, to 9.0 MJ m−3 at 15 wt% (Figure 3.7d; Table B1). When HPG-M was 

included, differences in mean toughness values for increasing mass fraction were not statistically 

significant. The toughness value for the 15 wt% HPG-M material was 14.0 MJ cm−3 (Table S4). 

The inclusion of 15 wt% HPG-L produced similar results to those of HPG-M, with values 

of elastic modulus and yield stress virtually identical to those of the bioplastic with HPG-M 

(Figure 3.6c; Figure 3.8a,b). Relative to the values for the 15 wt% HPG-M material, the 15 wt% 

HPG-L material showed slightly reduced mean strain at break and mean toughness, at 92% and 
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13.1 MJ cm−3, respectively (Figure 3.8c,d); however, these differences were not statistically 

significant. The 15 wt% HPG-L material also showed a smaller reduction in tensile stress post-

yield relative to the material with HPG-M (Figure 3.6c). This might be explained by more 

persistent intermolecular interactions or entanglements between the larger and less uniform 

HPG-L molecules, post-yield, when compared to HPG-M. Finally, the 15 wt% HPG-S material 

showed an intermediate mean strain at break between those of the other HPG-containing 

materials and that of the material containing glycerol, at 233% (Figure 3.6c; Figure 3.8c). Elastic 

modulus and yield stress values for the 15 wt% HPG-S material tended closer to those of the 

materials containing the other HPGs, at 248 MPa and 11.6 MPa, respectively, affording a 

material with higher mean toughness at 19.8 MJ m−3 (Fig 3.8a,b,d; Table B3). 

 

3.4.5. 3D Printing 

 

An inexpensive and commercially available LCD 3D printer (Anycubic Photon Mono SE) or 

DLP 3D printer (Anycubic Photon Ultra) was used for 3D printing. For practical purposes, print 

settings were not varied between resins. In order to prevent over-curing and improve resolution, 

600 ppm tartrazine was added to the resins as a photoabsorber. To demonstrate 3D printability of 

these plasticized resins, a block “W” and a gecko model89 were 3D printed with 15 wt% HPG-M 

and 15 wt% glycerol resins, respectively (Figure 3.4a,b). Generally, resins with lower viscosities 

appeared to produce prints of higher quality, particularly when printing with the LCD printer. 

Accordingly, the resin with 15 wt% glycerol showed slightly better structural fidelity than the 

resin with 15 wt% HPG-M (Figure 3.4a,b). 
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Determination of tensile properties and their comparison between formulations were 

performed initially with cast specimens because when casting, it was possible to test all 

specimens after equal radiant exposure sufficient to cure all formulations without deviation from 

the specified tensile specimen dimensions. Specimens that were 3D printed using 0 wt% and 15 

wt% glycerol or HPG-M were tested for comparison to the cast specimens (Figure 3.6d). Tensile 

specimens that were 3D printed were dried, stored, and tested identically to their cast 

counterparts. The 3D printed bioplastic with no additive showed an elastic modulus of 852 MPa, 

a yield stress of 40.1 MPa, a strain at break of 51.8%, and a toughness of 15.4 MJ cm−3 (Figure 

3.11; Table B4). Relative to the cast counterparts, these values account for 16.4%, 19.8%, and 

18.9% decreases in elastic modulus, yield stress, and toughness, respectively, and a 4.8% 

increase in strain at break. When 15 wt% glycerol was included in the resin, the 3D printed 

bioplastic showed an elastic modulus of 17.4 MPa, a yield stress of 1.4 MPa, a strain at break of 

427%, and a toughness of 6.8 MJ cm−3 (Figure 3.11; Table B4). Relative to the cast counterparts, 

these values account for 40.3%, 19.8%, and 24.4% decreases in elastic modulus, yield stress, and 

toughness, respectively, and a 19.1% increase in strain at break. When 15 wt% HPG-M was 

included, the 3D printed bioplastic showed an elastic modulus of 200 MPa, a yield stress of 10.1 

MPa, a strain at break of 163%, and a toughness of 12.1 MJ cm−3 (Figure 3.11; Table B4). 

Relative to the cast counterparts, these values account for 32.6%, 35.9%, and 13.6% decreases in 

elastic modulus, yield stress, and toughness, respectively, and a 44.0% increase in strain at break. 

In summary, 3D printed samples showed decreased mean values of elastic modulus and yield 

stress and increased mean values of strain at break relative to cast samples. These differences are 

likely due to differences in the extent of curing between the different fabrication methods. These 

differences resulted in lower mean values of toughness for specimens 3D printed on this printer 
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with these settings, relative to cast specimens; however, differences in toughness between the 

specimens fabricated by the different methods were not statistically significant. 

The moisture content of the bioplastics was important in determining tensile properties. 

We observed that otherwise identical material compositions would exhibit different mechanical 

properties if the materials were not dried to the same extent. To address this source of potential 

variability, special attention was paid to how tensile specimens were dried and stored, and 

internal control specimens were used to ensure batches of tensile specimens were prepared 

consistently. We performed thermogravimetric analysis (TGA) to determine the moisture content 

of a subset of formulations. The bioplastic with no additive showed a moisture content of 2.4 

wt%. When 15 wt% glycerol was included in the resin, the moisture content of the resulting 

bioplastic increased to 4.1 wt%. When 15 wt% HPG-M was included, the moisture content 

increased only to 2.8 wt% (Figure 3.12). This data suggests that inclusion of glycerol produces a 

more hygroscopic or hydrophilic material, and this difference in water content likely plays a role 

in determining mechanical properties of these bioplastics.77 Notably, the material with the HPG 

showed greater thermal stability on a mass-loss basis than the material with glycerol. 

 

3.4.6. Functional Bioplastic Parts and Shape Memory 

 

To demonstrate the practical functionality of these plasticized BSA-PEGDA-based bioplastics, 

we 3D printed a dialysis clip featuring two important structural features: (1) an integral hinge, 

and (2) an integral catch (Figure 3.4c,d). An integral hinge is made from the same material as the 

components it connects; it should be capable of deforming without rupture during multiple 

cycles of opening and closing.90 The integral catch needs to be rigid to keep the clip securely 
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closed, but it should also be capable of elastic deformation. Thus, we hypothesized that the clip 

would require a rigid yet durable material and opted for the resin with 10 wt% glycerol, which 

provided a suitable balance of rigidity and durability. We were able to clip and unclip 1000 times 

without mechanical failure. 

Finally, these materials exhibited shape-memory behavior in a manner similar to that 

previously reported for BSA-PEGDA bioplastics.62,91 These materials can be shape-programmed 

when heated, and they maintain their programmed shapes under ambient conditions. After 

programming, the original shape can be recovered upon heating again. This shape-memory 

behavior is attributed in part to the unfolding of the BSA within the network during the shape-

programming step.91 The PEGDA cross-links facilitate the shape recovery, and we hypothesize 

that the unfolded BSA in the network could also regain a non-native globular form during shape 

recovery. To demonstrate the shape-memory behavior of these materials, we 3D printed a strip of 

material in a “W” shape using the resin with 15 wt% glycerol (Fig. 3.4e). For the shape-

programming of the printed structure, we sandwiched the strip between glass slides to straighten 

it and heated it to 50 °C, we then allowed it to cool in this position to 21 °C (Figure 3.4f). The 

straight shape could be retained under ambient conditions (21 °C) indefinitely. However, upon 

heating the programmed construct at 100 °C, we observed virtually complete recovery of the 

original “W” shape within two minutes (Figure 3.4g). 

In general, the networks with glycerol or HPGs recovered their original shapes faster 

when heated at the same temperature. For example, the samples with no additive recovered their 

shapes after 5 min of heating at 100 °C. When 15 wt% HPG-M was included, shape recovery 

was achieved ~ 60 s at 100 °C, and recovery was even faster (~ 10 s) when 15 wt% glycerol was 

used. We have previously reported that prolonged periods of heating for shape recovery alter the 
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mechanical properties of BSA-PEGDA networks (i.e., including stiffening of these materials).91 

These changes were attributed to denaturation of the BSA during extended thermal treatment 

above its Tg.91 Our SAXS data in the present work confirm changes to the network 

microstructure after heating. This is evidenced by the increase in intensity at approximately Q = 

0.05 Å−1 (corresponding to on the order of 10 nm in real space) attributed to the presence of 

denatured and/or aggregated BSA (Figure 3.13). Likewise, we observed that extended heating (5 

min) of bioplastics with glycerol or HPG-M resulted in a significant shift in this mid-Q regime. 

In contrast, shorter recovery times of 60 s with HPG-M or 10 s with glycerol showed 

considerably reduced changes to the scattering signals (Figure 3.13). 

 

3.5. Conclusion 

 

As macromolecules with precisely defined structures and exquisite functionality, proteins are 

advantageous building blocks for functional polymeric materials. With this work, we have 

described a platform where BSA was incorporated into thermoset networks via an accessible 

visible-light-based 3D printing method. The mechanical properties of these bioplastics could be 

tuned by adding glycerol or HPGs of varying sizes as plasticizers. Inclusion of these additives in 

aqueous resins allowed modulation of the tensile properties of the bioplastics over a wide range. 

In fact, this platform includes the strongest and stiffest (50 MPa yield stress; 1.0 GPa elastic 

modulus), as well as the softest and most ductile (29 MPa elastic modulus; 360% strain at break), 

bioplastics we have reported to date. These materials depart from the rigid and often brittle 

thermoset profile that predominates the current market (Figure 3.14; Table B5). In addition to 

their mechanical versatility, these materials are easily accessible in that they require little 
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synthetic effort to produce, especially if glycerol is used as the plasticizer. These aqueous resins 

are 3D printable on inexpensive commercial light-based 3D printers, are expected to present 

minimal chemical hazards, and are water washable. Finally, an interesting feature of these 

bioplastics is that they show thermal shape-memory behavior, with plasticized materials showing 

more rapid shape recovery. Having shown in this work that HPGs are physically well-suited for 

incorporation into resins for light-based 3D printing (i.e., due to their facile syntheses, high 

solubilities, and low intrinsic viscosities), future work will be aimed at further exploration of 

HPG-based materials for light-based 3D printing. 
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Figure 3.1. Incorporation of glycerol or HPGs as plasticizing additives into BSA-PEGDA-based 

aqueous resins for light-based 3D printing affords bioplastics with mechanical properties which 

vary from rigid and strong (obtained natively) to soft and ductile (obtained with plasticizers). 
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Figure 3.2. (a) BSA cartoon from crystal structure (PDB ID: 3V03).92–94 (b) Scheme for 

derivatization of BSA with PEGDA via aza-Michael addition. (c) Hypothetical depiction of the 

aqueous resin state with soluble BSA (red) derivatized with PEGDA (blue), excess soluble 

PEGDA (blue), and a generic soluble additive (yellow). (d) Depiction of the hydrogel state with 

copolymerized BSA and PEG-DA following photo-curing of the resin. (e) Depiction of the 

bioplastic state following dehydration of the hydrogel. (f) Dynamic light scattering traces 

showing that Michael addition over 24 h incubation of the resin produces BSA-PEGDA 

conjugate species of increased size. (g) Photo-rheometry showing prompt curing of resins with 

and without additives at 405 nm (5 mW cm−2) following 24 h incubation. 
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Figure 3.3. (a) Additives explored include large-, medium-, and small-sized HPGs (HPG-L, 

HPG-M, and HPG-S, respectively), and glycerol. (b) Scheme of HPG synthesis via ring-opening 

multibranching polymerization. (c) 1H NMR spectra of HPG-S, HPG-M, and HPG-L in 

methanol-d4. (d) Hydrodynamic diameters of HPG-S, HPG-M, and HPG-L, determined by 

dynamic light scattering. (e) Apparent steady-shear viscosities of aqueous resins with different 

additives included at 15 wt%. 
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Figure 3.4. 3D printed objects, demonstrating 3D printability and functionality of BSA- and 

PEG-DA-based bioplastics with additives. (a) Block “W” printed using the resin with 15 wt% 

HPG-M. (b) Gecko model89 printed using the resin with 15 wt% glycerol. (c) Dialysis clip, with 

integral catch and hinge, printed using a resin with 10 wt% glycerol. (d) Dialysis clip clipped 

onto a folded poly(ethylene) bag. (e) 3D printed “W” as printed with the 15 wt% glycerol resin 

and dehydrated. (f) “W” after heating at 50 °C, flattening between glass slides, and cooling to 21 

°C. (g) “W” after recovery at 100 °C in < 2 min. 
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Table 3.1. Size and dispersity data for BSA (incubated at 30 wt%), BSA + PEG (incubated at 30 

wt% +10 wt%, respectively), and BSA + PEG-DA (incubated at 30 wt% + 10 wt%, respectively). 

Sample Z-Average dH [nm] PDI 

BSA 8.37 ± 0.07 0.135 ± 0.012 

BSA + PEG 8.78 ± 0.04 0.158 ± 0.006 

BSA + PEG-DA 16.24 ± 0.04 0.213 ± 0.003 

Values reported as mean ± SD 

 

 

 

 

 
Figure 3.5. CD spectra of resins diluted to 0.25 mg mL−1 protein concentration with deionized 

water. 
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Figure 3.6. Representative tensile stress-strain curves of bioplastics with no additive and 

bioplastics with glycerol, HPG-S, HPG-M, and HPG-L included as additives. (a) Tensile stress-

strain curves of cast bioplastics with increasing glycerol content (0–15 wt% in the resins). (b) 

Tensile stress-strain curves of cast bioplastics with increasing HPG-M content (0–15 wt% in the 

resins). (c) Tensile stress-strain curves of cast bioplastics with no additive and bioplastics with 

glycerol, HPG-S, HPG-M, and HPG-L included at 15 wt% in the resins. (d) Tensile stress-strain 

curves comparing cast and 3D printed bioplastics with no additive, and bioplastics with HPG-M 

and glycerol included at 15 wt%. 
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Figure 3.7. Tensile properties of cast bioplastics with increasing glycerol and HPG-M content. 

(a) Elastic modulus values with respect to additive content. (b) Yield stress values with respect to 

additive content. (c) Strain at break values with respect to additive content. (d) Toughness values 

with respect to additive content. 
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Figure 3.8. Tensile properties of cast bioplastics with no additive and bioplastics with glycerol, 

HPG-S, HPG-M, and HPG-L included at 15 wt% in the resins. (a) Elastic modulus values with 

respect to additive at 15 wt%. (b) Yield stress values with respect to additive at 15 wt%. (c) 

Strain at break values with respect to additive at 15 wt%. (d) Toughness values with respect to 

additive at 15 wt%. 
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Figure 3.9. Modulated DSC of bioplastics (a) Total heat flow curves. (b) Reversing and non-

reversing heat flow curves. 
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Table 3.2. Tg values from DSC analysis of bioplastics. 

Material Tg,1 [°C] Tg,2 [°C] 

No Additive 50.1 – 

15% Glycerol 45.9 – 

15% HPG-M −31.4 60.9 

 

 

 

 

 
Figure 3.10. X-ray scattering analysis of as-fabricated bioplastics with different additives. Arrow 

indicates features likely related to BSA ordering. 
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Figure 3.11. Tensile properties of cast bioplastics versus 3D printed bioplastics. (a) Elastic 

modulus comparison. (b) Yield stress comparison. (c) Strain at break comparison. (d) Toughness 

comparison. 
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Figure 3.12. TGA curves for bioplastics. 
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Figure 3.13. X-ray scattering analysis of bioplastics before and after thermal shape-recovery. 

Arrows indicate features likely related to BSA ordering. (a) Bioplastic with no additive as 

fabricated versus after strain and thermal recovery for 5 min. (b) Bioplastic fabricated from resin 

with 15 wt% glycerol as fabricated versus after strain and thermal recovery for 10 s, and thermal 

recovery for 5 min. (c) Bioplastic fabricated from resin with 15 wt% HPG-M as fabricated versus 

after strain and thermal recovery for 1 min, and thermal recovery for 5 min. 
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Figure 3.14. Ashby plot of tensile strength versus strain at break, comparing commercial 

materials for light-based 3D printing to the BSA-PEGDA materials with and without plasticizing 

additives (this work). Numerical data available in Appendix B (Table B1). 
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Chapter 4 

 

Protein-Based Dynamic Hydrogels Utilizing Native Ligand Binding Toward Applications in 

Therapeutic Delivery and 3D Bioprinting 

 

This chapter was adapted from the following manuscript: 

Millik, S. C.; Le, L.; Nelson, A. Protein-Based Dynamic Hydrogels Utilizing Native 
Ligand Binding Toward Applications in Therapeutic Delivery and 3D Bioprinting. In 
preparation, 2024. 

 

4.1. Abstract 

 

 Hydrogels comprising networks formed from reversible interactions have shown utility in 

minimally invasive delivery of encapsulated therapeutics. Additionally, such dynamic hydrogels 

are well suited for patterning cells and other biologics via direct ink writing (DIW)—for 

example, in 3D bioprinting of functional tissue- and organ-like structures. Here, we report 

dynamic hydrogels formed from two distinct nanoparticle-like structures, a globular 

hyperbranched poly(glycerol) (HPG) and a soluble albumin nanostructure (SAN). 

Functionalization of the HPG with palmitate moieties enables its self-association, as well as 

interaction with native serum albumin or SANs toward the formation of viscoelastic networks. 

The extent of these interactions can be tuned by modifying the SAN size in addition to other 

formulation parameters. These interactions can also be competitively inhibited by free palmitate 

for further modification of rheological properties. Notably, these non-covalent HPG- and SAN-

based hydrogels also resist dissolution in aqueous media over multiple weeks. Finally, we 
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demonstrate proof of concept of in vitro release of a model protein therapeutic from these 

materials, and we show a preliminary example of DIW. 

 

4.2. Introduction 

 

Dynamic hydrogels have been studied over the past few decades for injection or 

extrusion-based processes in applications such as 3D bioprinting, therapeutic cell delivery, and 

drug delivery.1–9 Dynamic network structure gives these hydrogels complex viscoelastic 

properties.7–10 These materials can exhibit solid-like behavior with dominant elastic character or 

liquid-like behavior with dominant viscous character depending on the magnitude of applied 

stress. Transitions between these states is reversible via self-healing, due to the reversible nature 

of the bonds that form the network. Under low-stress conditions prior to extrusion (i.e., “at rest”), 

solid-like behavior can mechanically support cells or particles dispersed within the gel, ensuring 

homogeneous incorporation of these species.8,9 Under increased stress during extrusion, 

mechanical disruption of network structure (i.e., yielding) causes a transition to a liquid-like state 

to allow flow from a syringe. During flow, viscosity decreases under shear (i.e., shear thinning 

and thixotropy) to facilitate extrusion through a nozzle or needle. During extrusion, retention of 

network structure in the bulk, despite interfacial yielding and flow (i.e., plug flow), can 

additionally protect cells and other biologics from mechanical stress.3,9 Upon deposition onto a 

surface or upon injection, bulk solid-like behavior facilitates retention of cells or therapeutic 

agents locally or affords stable form factor of fabricated constructs, in the case of 3D printing.7,8 

Dynamic hydrogels reported for injection/extrusion-based processes include those based 

on collagen, gelatin, fibrin, hyaluronic acid, alginate, cellulose derivatives, recombinant 
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polypeptides, and poly(ethylene glycol), with many systems comprising multiple components.11–

20 These materials generally rely on ionic bonds, host-guest interactions, dynamic covalent 

bonds, specific biomolecular interactions, topological entanglements, or jamming for formation 

of dynamic network structure.1,2 Limitations of dynamic hydrogels for injection/extrusion 

reported to date are typically related to either their rheological properties or their 

biocompatibility.4–7,9,21 To our knowledge, there is currently no gold standard for a dynamic 

hydrogel for injection/extrusion-based applications in the biomedical space. This is perhaps 

reflective of the difficulty of designing a material which simultaneously exhibits the complex 

rheology required for extrusion-based fabrication and possesses the specific biological 

functionality required for the biomedical application in question.5,7–9,21,22 

 The rheological properties required for direct ink writing (DIW) are more stringent than 

those required for injection.7–9,23 For DIW, sufficient viscous character at moderate shear rates is 

necessary for smooth extrusion; however, prompt recovery of high elastic character post-

deposition is necessary to prevent distortion of the printed structure due to material flow over 

time.7,9 Hydrogels prepared from high concentrations (e.g., 30 wt%) of the commercially 

available nonionic surfactant, Pluronic F-127, show exemplary rheological properties for DIW.24–

26 These gels exhibit excellent stability at rest, without apparent flow over time. Yet, under shear 

load, F-127 gels exhibit suitable yielding, strong shear thinning, and smooth extrusion. Once the 

shear load is removed, F-127 gels promptly self-heal with high mechanical stability indefinitely 

thereafter. We and others have previously demonstrated DIW with F-127 gels, as well as 

fabrication of core-shell filaments and tubes where the rheological properties of these gels 

proved essential for effective fabrication.24–27 Nevertheless, drawbacks of F-127 gels include 

their limited biocompatibility28,29 and the high injection/extrusion forces necessary for their 
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deposition from syringes—both disadvantages are largely the result of the high concentration of 

F-127 necessary for gelation.23,30,31 These disadvantages generally preclude the use of F-127 gels 

in effective delivery of therapeutics or as a bioinks. 

Dynamic hydrogels that have shown promise for injection/extrusion-based applications in 

the biomedical space include the host-guest systems reported by Burdick and coworkers.4,12,14,32–

35 These gels feature a hyaluronic acid network reversibly held together by supramolecular 

association of cyclodextrin (host) and adamantane (guest) moieties. These gels have shown 

utility in 3D bioprinting as well as in the delivery of therapeutics.4,33–36 As another notable 

example, the polymer-nanoparticle hydrogels reported by Appel and coworkers have shown 

promise for delivery of diverse therapeutic agents, including small molecules, proteins, and 

cells.16,37–40 These gels feature a network largely comprising polymeric core-shell nanoparticles 

cross-linked by physical association of hydrophobically modified cellulose derivatives. 

Protein-based hydrogels can offer unique advantages derived from the structures and 

functions of their protein constituents. These advantages can include specific biological 

functionality for the end use (e.g., derived from biomolecular recognition involving the protein) 

as well as useful material properties related to material synthesis or processing.22,41,42 Protein-

based hydrogels are generally biocompatible and thus lend themselves well to use in a variety of 

bio-interfacing applications.5,22,43–45 Additionally, modern methods of protein engineering enable 

unparalleled control over material composition and architecture, bringing promise of new and 

improved functionality in the next generation of protein-based materials.46–48 For these reasons, 

greater understanding of methods for synthesizing hydrogel networks from functional protein 

building blocks is valuable. 
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Serum albumin is often considered a commodity protein; it is ubiquitous in research labs 

and as a component of many biomedical products. Albumin has numerous applications in 

fundamental research as well as in clinical medicine.49–54 As the most abundant soluble protein in 

vertebrates, albumin is easily purified in high yields and is thus available at relatively low cost.49 

In contrast with the notion that albumin is a simple commodity is the fact that it possesses 

sophisticated functionality. Perhaps most notably, serum albumins exhibit diverse binding 

affinity to a myriad of endogenous and exogenous substances.49,55–57 Among these substances are 

long-chain fatty acids, to which albumin binds multivalently (≤ 6 M M−1) with high affinity (KA 

~ 1–69 ´ 107 M−1).49,58 Indeed, serum albumins are also biocompatible, enzymatically 

degradable, and highly aqueous-soluble. Many solvent-accessible lysine residues can also serve 

as handles for covalent modification or cross-linking.59 Overall, serum albumin is an abundant 

and relatively inexpensive protein with numerous attributes which make it a promising candidate 

for use as a biomaterial building block. We hypothesized that long-chain fatty acid binding of 

serum albumin could be utilized for synthesis of non-covalent networks to afford dynamic 

hydrogels suitable for injection/extrusion. 

Here, we report dynamic hydrogels comprising serum albumin-based nanostructures and 

a high-molecular-weight hyperbranched poly(glycerol) (HPG) functionalized with palmitate 

moieties. These gels utilize palmitate binding of bovine serum albumin (BSA) within soluble 

albumin nanostructures (SANs) as well as self-association of palmitate moieties for non-covalent 

network formation. These gels exhibit reversible gel-sol transitions in response to shear load, 

with prompt self-healing and recovery of solid-like character once the shear load is removed. We 

report rheological evaluation of these materials as well as tuning of their rheological properties 

toward effective application. Notably, despite being formed from non-covalent interactions, these 
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materials show impressive stability in aqueous media. Finally, as proof of concept, we show in 

vitro release of a model protein therapeutic from these materials, and we demonstrate their 3D 

printability via DIW. 

 

4.3. Materials and Methods 

 

4.3.1. Materials 

 

Bovine serum albumin (BSA; BSAS 1.0) was purchased from Bovogen Biologicals. IgG 

from bovine serum (IgG; I5506), glycidol (G5809), glutaraldehyde solution (G7526; 8.7% w/w), 

calcium hydride (CaH2; 21170), 1,4-dioxane (296309; anhydrous), N,N-dimethylformamide 

(DMF; 227056; anhydrous), N-methyl-2-pyrrolidone (NMP; 328634; anhydrous), 1,1,1-

tris(hydroxymethyl)propane (TMP; 148083; 99.8%), potassium methoxide solution (CH3OK; 

60402; 25.1% in MeOH), palmitoyl chloride (P78; 98.6%), palmitic acid N-hydroxysuccinimide 

ester (NHS-palmitate; P1162; 99%), N,N-diisopropylethylamine (DIPEA; D125806; 99.8%), 

sodium phosphate monobasic monohydrate (71507), sodium phosphate dibasic dihydrate 

(71643), ethanolamine (398136), hydrochloric acid (HX0603), sodium borohydride (NaBH4; 

213462), sodium azide (NaN3; S2002), Dowex 50WX8 hydrogen-form resin (44509), acetone 

(179124), diethyl ether (Et2O; 673811), methanol-d4 (CD3OD; 441384), Antifoam A concentrate 

(A5633), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS; 220201), and 

Amicon Ultra-15 Centrifugal Filter Units (UFC905008; 50 kDa MWCO) were purchased from 

MilliporeSigma. Molecular sieves (MK449004; grade 564) were purchased from VWR 

International. Methanol (MeOH; A452-1), sodium chloride (S271), propylene glycol 
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(ICN15195790), phosphate-buffered saline 10X solution (PBS; BP399-1), DMEM (31053028), 

and FluoroBrite DMEM (A1896701) were purchased from Fisher Scientific. Sulfo-Cyanine5 

NHS ester (NHS-sulfo-Cy5; 23320) was purchased from Lumiprobe. Spectra/Por 6 dialysis 

tubing (132554; 25 kDa MWCO) was purchased from Repligen. 

 

4.3.2. Instrumentation 

 

Proton nuclear magnetic resonance (1H NMR) spectra were obtained using a Bruker 

AVANCE series instrument operating at 500 MHz frequency. Dynamic light scattering (DLS) 

data were obtained with a Zetasizer Nano ZS using a quartz cuvette. Rheometry was performed 

using a TA Instruments Discovery Hybrid Rheometer-2 with Advanced Peltier Plate system. 

Circular dichroism (CD) spectra were obtained with a Jasco J-1500 CD spectrophotometer, using 

a quartz cuvette with 0.5 mm path length. Spectrophotometry (UV-vis) was performed using a 

Thermo Scientific NanoDrop One spectrophotometer and BioTek Cytation 5 cell imaging 

multimode reader. Fluorometry was also performed using the BioTek Cytation 5. Injection force 

testing was performed using a TestResources 100 Series Universal Test Machine with 1.1 kN and 

44 N load cells and compression fixtures. 

 

4.3.3. Synthesis of HPG: 

 

Prior to the HPG synthesis, glycidol was dried over CaH2 for 18 h, vacuum-distilled, and 

degassed by the freeze-pump-thaw method. The purified glycidol was stored at 5 °C until use. 

Anhydrous dioxane and NMP, once opened (i.e., stored with perforated seals), were dried over 
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molecular sieves for 24 h and sparged with N2 before use. TMP was dried under vacuum prior to 

weighing. All other reagents were used as received and stored according to manufacturer 

recommendations, unless otherwise specified. 

A 250 mL 2-neck round-bottom Schlenk flask was flame-dried under vacuum. TMP 

(0.450 g; 3.35 mmol) was added to the flask. MeOH (400 µL) was then added to the TMP in the 

flask, followed by CH3OK solution (260 µL; 0.885 mmol; 25.1% in MeOH). All additions were 

performed under positive pressure of N2. After the TMP had dissolved, the flask was briefly 

swirled to homogenize the mixture. Bulk MeOH in the mixture was evaporated with N2 flow 

through a bleed needle (16 gauge). After the TMP mixture appeared solid, residual MeOH was 

removed under vacuum (~ 3 Pa) over 18 h at 21 °C. Note: the TMP was not heated under 

vacuum to avoid sublimation. Following removal of the MeOH, an oven-dried overhead stirrer 

assembly was attached to the flask under positive pressure of N2. Anhydrous dioxane (45 mL) 

was then charged to the flask. The flask was pre-heated using an aluminum flask carrier at a 

nominal temperature of 115 °C. PTFE tubing (20 gauge) was then connected to flask through a 

septum under positive pressure of N2, and using a syringe pump, glycidol (45 mL; 674 mmol) 

was added over 24 h, at 115 °C, under N2, while stirring at ~ 200 rpm. Following completion of 

glycidol addition, the reaction was allowed to proceed for an additional 24 h under the same 

conditions. Monomer consumption was confirmed by 1H NMR spectroscopy. The reaction 

mixture was then cooled, bulk dioxane was aspirated, and MeOH (100 mL) was added to 

dissolve the product. Dowex 50WX8 hydrogen-form resin (~ 1 cc) was finally added to 

protonate the product. After 15 min, the Dowex resin was removed by centrifugation, and the 

product was precipitated in acetone. Precipitation in acetone was repeated once. The product was 

then dissolved in deionized H2O to ~ 10–15 wt% and dialyzed (25 kDa MWCO) against 
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deionized H2O for 3 d at 21 °C. Following dialysis, the purified HPG in aqueous solution was 

filtered with a 0.45 µm polyethersulfone filter and stored at ~ 25 wt% at 5 °C until use. Purity 

was confirmed by 1H NMR spectroscopy in CD3OD, and appropriate size was confirmed by 

DLS. Percent yield was ~ 80%. 1H NMR (500 MHz, CD3OD): δ = 3.94–3.53 (br; 1H, 2H; HPG). 

 

4.3.4. Synthesis of HPG-C16 

 

 An aqueous solution of HPG (~ 60 mL; ~ 25 wt%) was transferred to a 250 mL round-

bottom Schlenk flask. The HPG solution was frozen using liquid N2 and lyophilized over 48 h. 

The flask containing the HPG was then heated under vacuum (95 °C; ~ 3 Pa) for 18 h to remove 

trace water. The mass of this dry HPG was determined to be 14.8 g (222 mmol hydroxyl). Data 

from prior experiments using size-exclusion chromatography with multi-angle light scattering 

and inverse-gated 13C NMR spectroscopy were used to determine a hydroxyl content for high-

molecular-weight HPGs of 15 mmol g−1; this value was used to calculate equivalents of hydroxyl 

groups of the HPG. Anhydrous NMP (100 mL) was added to the flask containing the dry HPG, 

and the HPG was dissolved at 50 °C. Following dissolution of the HPG, the reaction mixture was 

allowed to cool to 21 °C, and DIPEA (510 µL; 2.93 mmol) was added. Next, PTFE tubing (20 

gauge) was connected to flask through a septum under positive pressure of N2, and using a 

syringe pump, palmitoyl chloride solution (20.6 mL; 2.27 mmol; 3.33% v/v in anhydrous NMP) 

was added over 1 h, at 21 °C, under N2, while stirring at 400 rpm. Following complete addition 

of the palmitoyl chloride, the reaction mixture was heated to 40 °C and was allowed to proceed 

for ~ 20 h. The reaction mixture was then transferred to dialysis tubing (25 kDa MWCO) and 

was dialyzed against MeOH for ~ 24 h at 21 °C. During dialysis, some material precipitated from 
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solution and largely redissolved after four changes of the dialysate. Following dialysis, a small 

amount of remaining insoluble material was separated via centrifugation for 10 min at 3000 g 

and discarded. Following centrifugation, the solution of crude product was concentrated using a 

rotary evaporator and precipitated in acetone. Three additional precipitations were performed: 

once more in acetone, and twice in Et2O. After each precipitation, the product was redissolved in 

MeOH. Following the final precipitation, the product was isolated as solid grains and dried under 

vacuum (~ 3 Pa) over several days. Purity and functionalization were confirmed by 1H NMR 

spectroscopy in CD3OD. Functionalization was determined relative to the HPG repeat unit using 

1H NMR spectroscopy. A factor of 1.1, corresponding to the average number of hydroxyl groups 

per repeat unit, previously determined from experiments with inverse-gated 13C NMR 

spectroscopy and size-exclusion chromatography with multi-angle light scattering, was used to 

estimate the degree of functionalization relative to hydroxyl groups, fn = 0.70. Appropriate size 

was confirmed by DLS. Percent yield was ~ 95%. 1H NMR (500 MHz, CD3OD): δ = 3.94–3.53 

(br; HPG), 2.37 (br, –CH2–), 1.63 (br, –CH2–), 1.30 (br, –CH2–), 0.91 (t, –CH3). 

 

4.3.5. Synthesis of SANs 

 

 Lyophilized BSA powder (2.00 g) was dissolved in 0.35 M phosphate buffer (58.69 mL; 

pH ~ 7.4 at 37 °C; I = 1.00 M, adjusted with NaCl) to afford a 0.5 mM solution of BSA. This 

solution was filtered with a 0.22 µm syringe filter (25 mm, cellulose acetate). The filtered 

solution (50 mL; 0.025 mmol) was then added to a 250 mL round-bottom flask equipped with an 

egg-shaped PTFE stir bar (1 in × 0.5 in). The flask was lowered into a water bath at 37 °C, 

Antifoam A solution (20 µL; 25% w/w in propylene glycol) was added to the BSA solution, and 
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the solution was stirred for 20 min at 250 rpm. Using a syringe pump, glutaraldehyde solution 

(8.7% w/w in H2O) was added over 3 h, at 37 °C, 250 rpm. Depending on the target size of the 

SAN, different addition rates were used to add different amounts of glutaraldehyde. For SAN-30, 

an addition rate of 0.377 mL h−1 was used (1.13 mL solution; 1.00 mmol glutaraldehyde). For 

SAN-45, an addition rate of 0.425 mL h−1 was used (1.27 mL solution; 1.13 mmol 

glutaraldehyde). For SAN-60, an addition rate of 0.471 mL h−1 was used (1.41 mL solution; 1.25 

mmol glutaraldehyde). Note: the source, age, and storage conditions for glutaraldehyde were 

found to be important for synthesizing SANs reproducibly in the nominal sizes. Some calibration 

of reaction conditions, especially between lots of glutaraldehyde could be necessary. 

Additionally, careful adjustment of the syringe pump and verification of accurate dispensing is 

essential, since relatively small differences in quantity of glutaraldehyde added can result in 

significant differences in sizes of the SANs. Immediately following complete addition of 

glutaraldehyde, ethanolamine hydrochloride solution (2.5 M) was added (4.00 mL, 10 mmol for 

SAN-30; 4.50 mL, 11.3 mmol for SAN-45; 5.00 mL, 12.5 mmol for SAN-60). The reaction was 

allowed to proceed under the same conditions (37 °C, 250 rpm) for 1 h. Next, NaBH4 solution 

(1.0 M) was added (2.5 mL, 2.5 mmol for SAN-30; 2.8 mL, 2.8 mmol for SAN-45; 3.1 mL, 3.1 

mL for SAN-60). After 30 min, an equivalent portion of NaBH4 was added, and the reaction was 

allowed to proceed under the same conditions (37 °C, 250 rpm) for another 30 min. Note: 

NaBH4 was pre-weighed and was dissolved in deionized H2O immediately before addition to the 

reaction mixture. A bleed needle was used to vent the reaction vessel following addition of 

NaBH4. The reaction mixture was incubated at 5 °C, stirring at 80 rpm for ~ 20 h. For 

purification, the reaction mixture was dialyzed (25 kDa MWCO) against deionized H2O for 3 d 

at 5 °C. Following dialysis, the SAN solution was filtered using 1 µm syringe filter (25 mm, 
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glass fiber), frozen using liquid N2, and lyophilized over 3 d. Appropriate size was confirmed by 

DLS. Typical percent yield was ~ 90%. SANs were stored at −20 °C or −80 °C until use. 

 

4.3.6. Dynamic Light Scattering (DLS) 

 

 For DLS of HPG, deionized H2O or MeOH was used as the dispersant. For DLS of 

HPG-C16, MeOH was used as the dispersant. Samples were filtered with 0.22 µm cellulose 

acetate syringe filters. DLS experiments were run at 25 °C, using a quartz cuvette. Experiments 

were conducted using 173° non-invasive back scatter configuration. Three measurements, 

consisting of 10 (10 s) runs each, were performed per sample and averaged. 

 

4.3.7. Circular Dichroism (CD) Spectroscopy of SANs 

 

SANs and BSA (for comparison) were dissolved in 25 mM phosphate buffer (pH ~ 7.4) 

at a concentration of 0.25 mg mL−1. Samples were filtered with a 0.22 µm syringe filter (25 mm, 

cellulose acetate). CD experiments were run at 25 °C, using a quartz cuvette with 0.5 mm path 

length. Spectra were obtained using a digital integration time of 4 s, a scanning speed of 20 nm 

min−1, an accumulation of 4 scans, and a bandwidth of 1 nm. The sample chamber was purged 

with N2 gas for 15 minutes after loading each sample, prior to running each experiment. A 

background spectrum for 25 mM phosphate buffer was recorded and subtracted from the 

spectrum for each material. Spectra were normalized using the area bounded by each curve. 

 

4.3.8. Preparation of Hydrogels 
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Hydrogels were prepared by adding solid components to one syringe and liquid 

components (1X PBS unless specified otherwise) to another, connecting both syringes with 90° 

elbow connector, and mixing the components by pushing the contents of the syringes back and 

forth between the two syringes. Contents of the syringes were dissolved and homogenized over 3 

d. The connected syringes were stored at 5 °C during this time, and their contents were mixed 

occasionally, every few hours, over the course of the 3 d. Finally, when the contents of the 

syringes appeared homogeneous, the contents were transferred to a single syringe, the syringe 

was capped, and it was centrifuged for 30 s at 1000 g with the tip of the syringe oriented upward, 

to aid in removal of excess air from the syringes. Note: care was taken to use minimal centrifugal 

force to avoid leakage from syringes. Capped syringes with excess air removed were additionally 

centrifuged tip-down in 10 min intervals at 3000 g to remove small bubbles, when necessary. 

Hydrogels were stored in capped syringes at 5 °C until use.  

For example, to prepare 2.0 g of a 15 wt% hydrogel with 1:1 HPG-C16 and SAN-45, 

HPG-C16 (0.12 g) was first added to a syringe with the plunger removed, followed by SAN-45 

(0.18 g). The plunger was removed from the second syringe, an elbow connector was attached, 

and the elbow connector was capped. 1X PBS (1.7 mL) was carefully added to the capped 

syringe without spillage into the elbow connector. The plunger was reattached, and the syringe 

was inverted and quickly shaken in a single motion to remove PBS from the tip of the syringe. 

The cap could then be removed from the elbow connector without risk of expelling PBS from the 

slightly pressurized system. The two syringes were then connected, their contents were dissolved 

and homogenized, and excess air and small bubbles were removed, as described above. 
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For preparing pre-saturated SAN hydrogels, pre-saturation of SANs with palmitate was 

accomplished by preparing stock solutions of the SANs, mixing them with an excess of 

powdered palmitate (50 mg palmitate for ~ 2.8 mL SAN solution), incubating with orbital 

shaking (21 °C, 25 h, 150 rpm), and filtration with 0.22 µm syringe filter (25 mm, cellulose 

acetate). The pre-saturated SAN stock solutions were used to prepare the pre-saturated SAN 

hydrogels. Standard SAN hydrogels were prepared analogously for direct rheologic comparison. 

 

4.3.9. Rheometry of Hydrogels 

 

Hydrogels for rheometry were prepared as described above. Particular care was taken to 

remove bubbles prior to testing, via centrifugation. For all experiments, a cross-hatched 20 mm 

stainless steel geometry was used, with a cross-hatched lower plate, and a solvent trap to 

minimize evaporation. The shear gap was set to 750 µm, with a trim gap of 25 µm. Samples were 

conditioned at 25 °C, using a 5 min pre-shear at a shear rate of 0.1 s−1, followed by equilibration 

for 5 min. For all experiments, at least three runs were performed per sample and averaged. 

Logarithmic shear rate sweeps in the range of 0.1–100 s−1 were performed at 25 °C to determine 

apparent viscosities of the hydrogels, as well as probe apparent shear thinning behavior. 

Oscillatory strain amplitude sweeps in the range of 0.1– 100% were performed at a constant 

angular frequency of 10 rad s−1, at 25 °C, to determine the limit of the linear viscoelastic regime. 

The limit of the linear viscoelastic regime in terms of stress amplitude was taken as the yield 

stress. Oscillatory frequency sweeps in the range of 0.1–100 rad s−1 were performed at a constant 

strain amplitude within the linear regime (1%), at 25 °C, to probe time-dependent viscoelastic 

behavior of the hydrogels. Multi-step oscillatory tests, with alternating small-amplitude and 
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large-amplitude steps, were used to investigate thixotropy and self-healing behavior of the 

hydrogels. For these tests, seven steps (60 s each), with alternating high (200%) and low (1%) 

strain amplitude, at constant angular frequency of 10 rad s−1, at 25 °C, were used. Tests with 

longer (600 s) steps were also performed. Finally, temperature ramps from 5–50 °C at a rate of 2 

°C min−1 were performed at a constant strain amplitude of 1% and a constant angular frequency 

of 10 rad s−1. 

 

4.3.10. Injection Force Measurements 

 

A custom syringe holder (Figure C3) was design and 3D printed using fused filament 

fabrication, with poly(lactide) filament. The syringe holder was designed to interface with the 

compression fixtures of a TestResources 100 Series Universal Test Machine and hold a 1 mL 

syringe (BD, 309628) with the tip of the syringe oriented downward. Tests were performed with 

23 G and 27 G needles of 0.5 in length. Hydrogels were prepared as described above. A slight 

excess of hydrogel was loaded into the syringe prior to each test. A pre-load of 0.1 N was used 

for each test. An injection rates of 1.2 mL min−1 (68 mm min−1) was used over a test period of 10 

s. For all experiments, three runs were performed and averaged. 

 

4.3.11. Hydrogel Dissolution Experiments 

 

 Hydrogels for dissolution experiments were prepared as described above. Each gel was 

prepared using the corresponding dissolution medium. Dissolution media were 1X PBS and 

DMEM with 10% FBS and 1% penicillin-streptomycin. NaN3 (50 mM) was included in 
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dissolution media to prevent microbial contamination. Hydrogels (300 mg) were loaded into 1.5 

mL microcentrifuge tubes (VWR, 89000-028) and centrifuged for 1 min at 3000 g to uniformly 

localize the gel samples to the bottoms of the tubes. Dissolution medium (1000 µL) was placed 

over each sample. Tubes were incubated at 37 °C without agitation. Time points for sampling 

were 0.5 d, 1.5 d, 3.5 d, 7.5 d, 15.5 d, and 31.5 d. At each time point, the supernatant was 

carefully collected from each tube and replaced with 1000 µL of fresh dissolution medium. 

Collected supernatants were frozen with liquid N2 and lyophilized. Mass loss from gels due to 

dissolution was estimated from dry mass remaining after lyophilization, assuming concentrations 

of the components of the dissolution media remained constant. 

 

4.3.12. In Vitro IgG Release Experiments 

 

 Lyophilized bovine IgG powder was reconstituted in 1X PBS to a concentration of 5 mg 

mL−1. Aliquots (1.0 mL) of the IgG stock solution were stored at −20 °C until use. NHS-sulfo-

Cy5 (5 mg) was dissolved in anhydrous DMF to prepare a stock solution (10 mM) and stored air-

free at −20 °C until use. NHS-palmitate (11.6 g) was dissolved in anhydrous DMF to prepare a 

stock solution (15 mM) and stored air-free at −20 °C until use. 

 IgG solution (4.7 mL; 0.14 µmol) was transferred to a glass vial. The IgG solution was 

diluted twofold with 0.1 M phosphate buffer (pH ~ 7.4) with 20% v/v DMSO, and 4% w/v 

CHAPS. NHS-sulfo-Cy5 solution (80 µL; 0.80 µmol) was added to IgG solution and promptly 

mixed in. The reaction was allowed to proceed for 2 h, at 21 °C, with orbital shaking at 150 rpm. 

Half of the reaction mixture (4.7 mL; 0.07 µmol IgG) was then transferred to a second glass vial, 

and NHS-palmitate solution (80 µL; 1.2 µmol) was added to the second vial and promptly mixed 
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in. The rection was allowed to proceed for 4 h, at 21 °C, with orbital shaking at 150 rpm. Both 

reaction mixtures were refrigerated for 12 h. Each crude IgG product was purified by 

diafiltration (Amicon Ultra-15; 50 kDa MWCO) against 75 mL of 1X PBS with 10% v/v DMSO 

followed by 75 mL of 1X PBS. A significant amount of protein adhering to the filter as well as a 

small amount of insoluble product appearing during filtration against pure PBS were taken as 

evidence of successful palmitate labeling. These phenomena were not observed with Cy5 

labeling alone. The small amount of insoluble material was separated by centrifugation and 

discarded. The pure modified IgG species were concentrated to ~ 5 mg mL−1 in 1X PBS and 

stored at 5 °C until use within 3 d. Cy5-containing mixtures were shielded from light whenever 

possible. Degree of labeling with the Cy5 dye was determined by spectrophotometry (i.e., using 

absorbance at 280 nm and 646 nm) to be 2.2 M M−1 and 2.0 M M−1 for IgG-Cy5 and IgG-Cy5-

C16, respectively. Percent yield was ~ 93% and ~ 62% for IgG-Cy5 and IgG-Cy5-C16, 

respectively. 

 Hydrogels for dissolution experiments were prepared as described above, using 1X PBS 

with NaN3 (50 mM) to prevent microbial contamination. The release medium was FluoroBrite 

DMEM with 10% FBS, 1% penicillin-streptomycin, and 50 mM NaN3. Hydrogels (300 mg) 

were loaded into 1.5 mL microcentrifuge tubes (VWR, 89000-028) and centrifuged for 1 min at 

3000 g to uniformly localize the gel samples to the bottoms of the tubes. Dissolution medium 

(1000 µL) was placed over each sample. Tubes were incubated at 37 °C without agitation. Time 

points for sampling were 0.5 d, 1.5 d, 3.5 d, 7.5 d, 15.5 d, and 31.5 d. At each time point, the 

supernatant was carefully collected from each tube and replaced with 1000 µL of fresh release 

medium. Quantities of IgG-Cy5 and IgG-Cy5-C16 were determined by measuring fluorescence 

intensity of the supernatants using a standard curve. 
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4.3.13. Direct Ink Writing (DIW) 

 

Direct ink writing was performed on a HyRel Engine SR extrusion-based 3D printer 

equipped with an SDS-5 syringe dispenser. Standard 5 mL syringes (BD) were used with 27 G 

needles with 0.5 in length. An extrusion rate of 70 pulse µL−1, a print speed of 200 mm min−1, 

and a layer height of 0.21 mm were used for all prints. 

 

4.4. Results and Discussion 

 

Our aim was to utilize protein-ligand interactions to obtain hydrogels that could (1) be 

conveniently mixed, (2) be dispensed from a syringe using modest force, yet (3) would exhibit 

mechanical stability once injected or deposited on a surface. Initial experiments with palmitate-

functionalized branched poly(ethylene glycol)s suggested a potential need for higher valency 

branched architectures in order to obtain self-supporting hydrogels. We hypothesized that 

hyperbranched poly(glycerol)s (HPGs) could fill this need. HPGs are hyperbranched polyethers 

with a globular structure and glycerol-derivative repeat units.60 They thus possess an abundance 

of hydroxyl side chains and end groups. Their globular structure and hydrophilic surface 

functionality afford high aqueous solubilities and low intrinsic viscosities.60–62 HPGs have 

additionally been shown to possess good biocompatibility in cell culture and in vivo.60,63,64 HPGs 

are typically synthesized by ring-opening multi-branching polymerization (ROMBP) of glycidol. 

Sunder at al. first demonstrated that substoichiometric deprotonation of the triol initiator, 

trimethylolpropane, in conjunction with slow addition of glycidol, improves control over size 
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and uniformity of HPGs.61 Kainthan et al. later reported that use of 1,4-dioxane as a diluent 

during ROMBP yields high-molecular-weight HPGs with excellent size uniformity.62 Here, we 

adopted the approach of Kainthan et al. to synthesize HPGs with Z-average hydrodynamic 

diameters, dH ≈ 14 nm with dispersities by DLS of ~ 0.04 (Figure 4.1a,b). 

We hypothesized that HPGs derivatized with palmitate moieties could exhibit 

supramolecular assembly with serum albumin via the native long-chain fatty acid binding of 

serum albumins. HPGs derivatized with hydrophobic aliphatic moieties have been previously 

reported as synthetic analogs of serum albumin and have been explored for therapeutic 

delivery.60,63,64 Upon synthesizing HPGs functionalized with palmitoyl moieties at ~ 0.7% 

(relative to hydroxyl groups) (Figure 4.1c,d), we observed self-association of these 

hydrophobically derivatized HPGs in aqueous solution to afford robust physical hydrogels at ≥ 

15 wt% polymer content (Figure 4.2a,b). Small-amplitude oscillatory shear experiments were 

performed to determine the strength and stiffness of a 15 wt% HPG-C16 gel, as well as the 

extent of its elastic character. This gel showed a storage modulus, G' ≈ 6800 Pa, tan δ ≈ 0.13, and 

an apparent yield stress, σy ≈ 130 Pa at angular frequency, ω = 10 rad s−1 (Figure 4.2c–g). 

Notably, HPG-C16 gels were opaque upon mixing but became nearly transparent after being 

allowed to rest. This change in opacity was reversible (Figure 4.2b). In order to test whether 

assembly between HPG-C16 and serum albumin would occur, 1:1 mixtures of HPG-C16 and 

BSA were prepared on a mass basis. This ratio of components nominally affords ~ 1.2 palmitate 

moieties per primary binding site of BSA. Interestingly, mixtures of HPG-C16 and BSA were 

nearly transparent, showing viscous liquid character (Figure 4.3a,d,e). Increasing transparency 

was observed at higher total BSA and HPG-C16 concentrations at constant mass ratio, as well as 

at higher BSA concentrations relative to that of HPG-C16. Increasing the amount of BSA in the 
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mixture relative to that of HPG-C16 also failed to afford a gel, and in fact yielded mixtures that 

flowed more readily. A 1:1 mixture with a total BSA and HPG-C16 content of 15 wt% showed 

tan δ > 1 over the frequency range, 0.1 rad s−1 ≤ ω ≤ 100 rad s−1 (Figure 4.3d). Steady-shear 

rheometry was used to measure apparent viscosity of this material with respect to shear rate. 

Logarithmic shear-rate sweeps showed apparent shear thinning behavior over the range of shear 

rates, 0.1 s−1 ≤ γ· ≤ 100 s−1, with an apparent viscosity, η ≈ 31 Pa s at γ· = 1.0 s−1 (Figure 4.3b,g). 

Increasing the total concentration to 30 wt% afforded markedly increased viscosity, η ≈ 1200 Pa 

s at γ· = 1.0 s−1 (Figure 4.3c,g). When the viscosity curves for the 15 wt% and 30 wt% materials 

were fit to a power law model, power law indices of n = 0.50 and n = 0.38, respectively, were 

determined, indicating more pronounced shear thinning behavior for the more concentrated 

mixture (Figure 4.3g). In order to further probe the effect of the albumin-palmitate interactions 

on rheology of these materials, we performed a series of tests on gels where the BSA was pre-

saturated with free palmitate. The maximum palmitate loading achievable for BSA in vitro is 6 

M M−1.49 Pre-saturated BSA and HPG-C16 mixtures were obtained simply by incubating a 

solution of BSA in the presence of excess powdered palmitate for 24 h,49 removing excess 

palmitate by filtration, and mixing the filtrate with HPG-C16. These mixtures containing free 

palmitate competitively bound to BSA showed markedly different rheologic behavior. For pre-

saturated 1:1 mixtures at 15 wt% and 30 wt% total concentrations, frequency sweeps showed tan 

δ < 1 over the entire frequency range investigated, indicating gel-like behavior (Figure 4.3d,e). 

Remarkably, for the pre-saturated mixtures, curves for viscoelastic moduli, G' and G", showed 

similar profiles to those of the pure HPG-C16 gel. Steady-shear curves also showed altered 

profiles when the BSA was pre-saturated, bearing resemblance to those of the pure HPG-C16 

gel. Notably, these mixtures containing free palmitate also appeared more opaque, with the 15 
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wt% mixture showing similar appearance to that of the pure HPG-C16 gel (Figure 4.2b; Figure 

4.3a). Again, increased transparency was observed at 30 wt%. Taken together, these rheologic 

findings supported the hypothesis that BSA was interacting with HPG-C16 via its palmitate 

moieties. However, these interactions, which could apparently be competitively inhibited, were 

not conducive to the formation of a physical network required for a self-supporting hydrogel. 

We hypothesized that substituting larger-scale species with higher valency for palmitate 

binding, for the native, predominantly monomeric BSA could afford productive self-assembly 

toward network formation. Palmer and coworkers have previously reported a simple and scalable 

approach for synthesizing nano-sized covalently cross-linked serum albumin species.65–67 These 

species were obtained by cross-linking albumin in dilute solution using glutaraldehyde. We 

adapted this approach to produce soluble albumin nanostructures (SANs) in Z-average 

hydrodynamic diameters, dH ≈ 30 nm (SAN-30), dH ≈ 45 nm (SAN-45), dH ≈ 60 nm (SAN-60), 

with dispersities by DLS ~ 0.24–0.27 (Figure 4.4a–c). These SANs retained high aqueous 

solubilities and relatively low intrinsic viscosities reminiscent of native BSA. Circular dichroism 

(CD) spectroscopy of the SANs additionally showed retention of the characteristic α-helical 

secondary structure of serum albumins (Figure 4.4d), suggesting that intact BSA units of the 

SANs could retain capacity for ligand binding. Upon mixing SAN-45 with HPG-C16 in a 3:2 

mass ratio, at 15 wt% total concentration, we observed gel formation (Figure 4.5a,b,d). Initially, 

excesses of the SANs over HPG-C16 were included in formulations, to attempt to account for 

expected obstruction of some proportion of fatty acid binding site due to cross-linking of the 

albumin. The 15 wt% 3:2 gel was transparent (Figure 4.5b) like the HPG-C16 and BSA mixtures, 

possibly suggesting disruption of HPG-C16 self-association. Yet, the mixtures with the SAN 

showed tan δ < 1 over the entire frequency range investigated (Figure 4.5d), indicating dominant 
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elastic character afforded by continuous network structure. This gel exhibited G' ≈ 2200 Pa, tan δ 

≈ 0.42, and σy ≈ 270 Pa at ω = 10 rad s−1 (Figure 4.5d,e,g,h). This gel also exhibited η ≈ 630 Pa s 

at γ· = 1.0 s−1 and n = 0.27 (Figure 4.5c,f). Finally, when the SAN-45 was pre-saturated with free 

palmitate in a manner analogous to that with BSA, the palmitate-saturated gel looked optically 

similar the unsaturated gel; however, the saturated gel showed significantly different rheological 

behavior (Figure 4.5c–h). This suggested that the SAN-45 exhibited palmitate-binding, and this 

interaction could be competitively inhibited—vide infra. We chose this 15 wt% 3:2 gel made 

with SAN-45 (unsaturated) as our “intermediate” formulation and proceeded to investigation of 

the rheological effects of individually increasing or decreasing (1) the total concentration, (2) the 

mass ratio of the SAN to HPG-C16, and (3) the size of the SAN. 

For the investigation of the effects of varying total concentration, the mass ratio of the 

two components was kept constant at 3:2, and SAN-45 was used in all formulations. We 

observed that a 10 wt% mixture appeared opaque and exhibited a weak gel character (Figure 

4.6a,g). Increasing total concentration to 20 wt% afforded a strong, transparent gel (Figure 

4.6a,g,j). The overall trends observed were that viscosity, storage modulus, and yield stress 

increased steadily with total concentration; however, n and tan δ did not change significantly 

between 10 wt% and 15 wt%, and only showed statistically significant but slight reductions at 20 

wt% (Figure 4.7a,d,g). This indicated that a slightly more elastic and more strongly shear 

thinning gel could be produced by increasing total concentration; however, these changes would 

be accompanied by a more prominent increase in the material’s resistance to being sheared or 

dispensed from a syringe. While we desired stability of the gel at rest, as well as strong shear 

thinning behavior, we found that the 20 wt% gel offered excessive resistance to mixing, removal 

of bubbles via centrifugation, and injection/extrusion. 
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Next, we investigated the effects of varying the mass of ratio of the SAN and HPG-C16. 

Total concentration was kept constant at 15 wt%, and SAN-45 was used in all formulations. The 

three formulations tested, 7:3, 3:2, and 1:1, SAN to HPG-C16, were largely transparent, but 

showed slightly increasing opacity with increasing HPG-C16 content (Figure 4.6b). Increasing 

elastic character, quantified by tan δ, and increasing extent of shear thinning, quantified by n, 

were also apparent with increasing HPG-C16 content (Figure 4.7b,e). Changes in viscosity, 

storage modulus, and yield stress were not substantial, especially when increasing HPG-C16 

content from 40% of the macromolecule content (in the 3:2 formulation) to 50% (in the 1:1 

formulation) (Figure 4.7b,e,h). Ultimately, the 7:3 and 3:2 formulations showed dominant 

viscous character (tan δ > 1) at low angular frequencies (Figure 4.6h), and thus were not very 

stable (i.e., flowed noticeably) at rest. 

Finally, we investigated the effects of varying the SAN size. Total concentration was kept 

constant at 15 wt%, and the mass ratio of the two components was kept constant at 3:2. Again, 

the three formulations, made with SAN-30, SAN-45, or SAN-60, were largely transparent 

(Figure 4.6c). The formulation with SAN-30 showed viscoelastic liquid (as opposed to gel) 

character (Figure 4.6i). Between the SAN-45 and SAN-60 formulations, increasing size of the 

SAN did not result in substantial changes in viscosity, storage modulus, and yield stress; 

however, moderate decreases in tan δ and n indicated increased elastic character and shear 

thinning behavior (Figure 4.7c,f,i). To obtain a hydrogel that could (1) be conveniently mixed, 

(2) be dispensed from a syringe using modest force, yet (3) would exhibit mechanical stability 

once injected or deposited on a surface, we decided to proceed with 15 wt% total concentration 

and 1:1 mass ratio of SAN-60 to HPG-C16. We refer to this formulation as the “combined” 

formulation, as it involved combing the approaches of increasing HPG-C16 content and SAN 
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size relative to the intermediate formulation (Figure 4.8a). This gel exhibited G' ≈ 3400 Pa, tan δ 

≈ 0.33, and σy ≈ 170 Pa at ω = 10 rad s−1 (Figure 4.8c,d,f,g). This gel also showed η ≈ 510 Pa s at 

γ· = 1.0 s−1 and a power law index, n ≈ 0.04 (Figure 4.8b,e). This gel was noticeably more stable 

at rest than the intermediate formulation but still exhibited good flowability under shear load. 

To investigate the thixotropy and self-healing behaviors of the intermediate and 

combined gels, we performed multi-step oscillatory tests with alternating small-amplitude (γ0 = 

1%) and large-amplitude (γ0 = 200%) steps. Both intermediate and combined gels exhibited time-

dependent disruption of their physical network structures at high strain amplitude, with prompt 

recovery of moduli during the subsequent low-amplitude interval (Figure 4.8h). The combined 

gel exhibited slightly more pronounced thixotropic behavior, as evidenced by the more 

pronounced gradients of the modulus curves in both the high-strain and low-stain intervals 

(Figure 4.8h). Finally, to investigate thermo-rheological behaviors of these gels, temperature 

ramps were performed on both intermediate and combined gels. Tan δ < 1 was observed for both 

gels between 5 °C and 50 °C. Both gels exhibited increasing tan δ with increasing temperature. 

Both gels showed dominant albeit reduced elastic character, as well as reduced G', at 37 °C 

(Figure 4.8i,j). 

Next, to investigate in greater detail the effects of competitive inhibition of HPG-C16 

binding of the SANs, we prepared intermediate and combined gels containing SANs pre-

saturated with palmitate. In general, during steady-shear rheometry, gels comprising non-

saturated SANs and HPG-C16 exhibited edge fracture and occasionally sample displacement 

from the shear gap at high shear rates, due to viscoelastic instability. This is a signature of high 

elastic character at high shear rates or over short timescales.68 In the steady-shear curves of the 

intermediate and combined gels, viscoelastic instability is evidenced by minima in steady-shear 
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stress at moderate to high shear rates (Figure 4.5c; Figure 4.9a). Interestingly, when SANs were 

pre-saturated with free palmitate, both intermediate and combined gels could be sheared 

noticeably more smoothly, and signs of viscoelastic instability were absent from steady-shear 

curves (Figure 4.5c; Figure 4.9a). In addition, tan δ was greater for both pre-saturated 

intermediate and combined gels at moderate to high frequencies. However, interestingly, in these 

pre-saturated gels, tan δ was lower at low frequencies (Figure 4.5d,g; Figure 4.9b,e). This was a 

serendipitous finding, as it indicated that pre-saturation of SANs with free palmitate contributed 

simultaneously to smoother extrusion of the gels in addition to improving mechanical stability at 

rest. In addition, for the intermediate gel, pre-saturation resulted in decreased viscosity, storage 

modulus, and yield stress (Figure 4.5c–h). For the combined gel, changes in viscosity, storage 

modulus, and yield stress were not substantial (Figure 4.9a–f). 

Injection force measurements are a direct means of assessing clinically relevant rheology 

of injectable materials under high shear load (Figure 4.10a). Forces < 20 N are preferred for 

clinical application of injectable formulations.8,69,70 Additionally, quantification of 

injection/extrusion force can be valuable for assessing printability of a material via direct ink 

writing.7 To investigate injectability/extrudability of these hydrogels, we performed force 

measurements using 1 mL syringes equipped with 23 gauge and 27 gauge needles of 0.5 in 

length (Figure 4.10b). All tests were performed at an injection rate of 1.2 mL min−1. Using 23 

gauge needles, the 15 wt% HPG-C16 gel, the intermediate gel, and the combined gel all showed 

injection forces < 10 N (Figure 4.10c). Using 27 gauge needles, the 15 wt% HPG-C16 gel and 

intermediate gel showed injection force < 20 N. The combined gel showed slightly higher 

injection force at 22 N (Figure 4.10d). For comparison, a 30wt% Pluronic F-127 gel was tested. 

The F-127 gel showed an injection force of ~ 15 N through the 23 G needle (Figure 4.10c); 
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however, the injection force increased beyond clinically relevant levels to ~ 67 N when the 27 G 

needle was used (Figure 4.10d). 

Interestingly, all investigated mixtures containing some portion of HPG-C16 showed 

limited solubility in excess aqueous media. Despite the fact that homogeneous, nearly transparent 

hydrogels can be prepared from HPG-C16 at ≥ 15 wt% polymer content, when HPG-C16 

containing gels are incubated in excess aqueous solution, they appear to exhibit further phase 

separation (Figure 4.11a). The same phenomenon was observed at 21 °C and 37 °C. Thus, to 

explore dissolution of these materials in relevant aqueous media, we performed dissolution 

experiments over a period of one month (Figure 4.11b–d). Each gel (0.3 g) was incubated in a 

1.5 mL microcentrifuge tube containing an additional 1.0 mL of dissolution medium. Tests were 

performed under static conditions at 37 °C. When 1X phosphate buffered saline (PBS) was used 

as the dissolution medium, the materials showed dissolution profiles characteristic of a first-

order process (Figure 4.11c). In this case, the 15 wt% HPG-C16 gel exhibited the least mass loss, 

at 6.4% over 31.5 d. The 15 wt% 1:1 mixture of BSA and HPG-C16 exhibited the greatest mass 

loss, at 53% over 31.5 d. The intermediate and combined gels exhibited moderate degrees of 

mass loss, at 24% and 15%, respectively, over 31.5 d (Figure 4.11c). We hypothesized that serum 

components present in cell culture applications or in vivo could accelerate dissolution of these 

materials by potentially competing with binding interactions and/or solubilizing the network 

components. Therefore, we conducted an analogous test with Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) as the dissolution medium. 

Relative to results with 1X PBS, we observed similar degrees of mass loss in the serum-

containing DMEM until the 15.5 d time point. Interestingly, at the 31.5 d time point, mass loss 

was markedly increased (Figure 4.11d). The 15 wt% 1:1 mixture of BSA and HPG-C16 exhibited 
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virtually complete dissolution over this period. Surprisingly, the 15 wt% HPG-C16 gel exhibited 

87% mass loss over 31.5 d. The intermediate and combined gels exhibited 71% and 40% mass 

loss over 31.5 d (Figure 4.11d). 

Next, to demonstrate in vitro release of a model protein therapeutic from these gels, we 

prepared gels containing 1 mg mL−1 IgG labeled with either a sulfo-Cyanine5 dye or both a 

sulfo-Cyanine5 dye and palmitate. Derivatization of protein and peptides therapeutics with fatty 

acids is a proven strategy to extend the half-lives of these species in vivo.71 Toward such 

application, we sought to investigate whether fatty acid derivatization of IgG would slow its 

release from our materials in vitro (Figure 4.12a) The extent of labeling of the IgG with palmitate 

was kept low to retain solubility of the labeled IgG in pure aqueous buffer free of albumin or 

solubilizing detergents. As with the dissolution experiments, 0.3 g of each gel was incubated in a 

1.5 mL microcentrifuge tube containing an additional 1.0 mL of release medium. Tests were 

performed under static conditions at 37 °C. The release medium was DMEM with 10% FBS. 

Release of IgG was tracked over approximately two weeks by measuring fluorescence of the 

Cynanine5 dye relative to a standard curve. The three gels (15 wt% HPG-C16, intermediate, and 

combined) all showed ~ 50–60% IgG release over 15.5 d (Figure 4.12b,c,e,f) On average, IgG 

labeled with palmitate released more slowly (Figure 4.12b); however, the differences were not 

substantial with the degree of palmitate labeling employed. The 15 wt% 1:1 mixture of BSA and 

HPG-C16 showed full release over the two-week period (Figure 4.12d). 

Finally, as an initial proof of concept, we used DIW to pattern a single-layer serpentine 

structure using the intermediate formulation (Figure 4.13a,b). This material exhibited smooth and 

consistent extrusion but was not ideal for patterning multiple layers without the use of a support 

material or secondary cross-linking. The combined formulation was better suited for printing 
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multi-layered constructs. Using the combined formulation, we were able to print a cuboidal 

structure; however, some distortion of the structure after several minutes was observed (Figure 

4.13c). 

 

4.5. Conclusion 

 

Dynamic hydrogels, which exhibit solid-like behavior at rest but can be injected or 3D 

printed via stress-induced flow from a syringe, are valuable in therapeutic delivery and 

biofabrication applications. Relatively few examples of dynamic hydrogels that utilize 

biomolecular recognition in network design currently exist in the literature. To our knowledge, 

all previous reports of dynamic hydrogels which incorporate specific protein or peptide 

interactions toward network formation feature engineered peptides or recombinant proteins, 

which may limit their scalability or accessibility. Here, we have exploited the long-chain fatty 

acid binding functionality of one of the most readily available proteins, bovine serum albumin, 

for the synthesis and rheological tuning of novel injectable/extrudable hydrogels. We have also 

highlighted the utility of a globular, high-molecular-weight hyperbranched poly(glycerol) in 

presenting palmitate moieties to the albumin species, as well as in formation of pure 

hyperbranched poly(glycerol) networks. Finally, we have preliminarily characterized the 

injectability of these hydrogels, their dissolution behavior, their ability to gradually release a 

model protein therapeutic, and their promise for direct ink writing. Future work will be aimed at 

further tuning these materials for specific applications in therapeutic delivery and biofabrication. 
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Figure 4.1. (a) Abbreviated synthetic scheme for hyperbranched poly(glycerol) (HPG). (b) 

Dynamic light scattering trace for HPG. A Z-average hydrodynamic diameter, dH ≈ 14 nm was 

obtained, with a dispersity by DLS of ~ 0.04. (c) Abbreviated synthetic scheme for HPG 

functionalized with palmitate moieties (HPG-C16). Palmitate functionalization relative to 

hydroxyl groups, fn = 0.7% was obtained. (d) 1H NMR spectra (500 MHz, CD3OD) of HPG and 

HPG-C16. 
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Figure 4.2. (a) Hypothetical depiction of HPG-C16 self-association in formation of dynamic 

networks. (b) 15 wt% HPG-C16 hydrogel vial inversion, showing the reversible transition 

between a nearly transparent gel state and an opaque gel state. (c) Steady-shear viscosity and 

stress curves for the 15 wt% HPG-C16 hydrogel. (d) Frequency sweep data for the 15 wt% HPG-

C16 hydrogel. (e) Stress amplitude sweep data for the 15 wt% HPG-C16 hydrogel. (f) Multi-step 

high- and low-amplitude oscillatory tests showing self-healing and thixotropy of 15 wt% HPG-

C16 hydrogel. (g) Temperature ramp data for the 15 wt% HPG-C16 hydrogel. 
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Figure 4.3. (a) Photograph of the 15 wt% 1:1 BSA and HPG-C16 mixture after vial inversion, 

showing viscous liquid character (left); and photographs showing the appearance of unsaturated 

and saturated 15 wt% 1:1 BSA and HPG-C16 mixtures (right). “Unsaturated” (unsat.) refers to 

mixtures comprising fatty-acid-free BSA. “Saturated” (sat.) refers to mixtures comprising BSA 

pre-saturated with free palmitate. (b) Steady-shear viscosity and stress curves for the 15 wt% 1:1 

BSA and HPG-C16 mixtures (unsaturated and saturated). (c) Steady-shear viscosity and stress 

curves for the 30 wt% 1:1 BSA and HPG-C16 mixtures (unsaturated and saturated). (d) 

Frequency sweep data for the 15 wt% 1:1 BSA and HPG-C16 mixtures (unsaturated and 
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saturated). (e) Frequency sweep data for the 30 wt% 1:1 BSA and HPG-C16 mixtures 

(unsaturated and saturated). (f) Stress amplitude sweep data for the 15 wt% and 30 wt% saturated 

1:1 BSA and HPG-C16 mixtures. Unsaturated mixtures did not show yield stresses. (g) 

Comparison of apparent viscosity at shear rate, γ· = 1.0 s−1 and power law index, n, for all 1:1 

BSA and HPG-C16 mixtures. (h) Comparison of G' and tan δ at angular frequency, ω = 10 rad 

s−1 for all 1:1 BSA and HPG-C16 mixtures. (i) Comparison of apparent yield stress for 15 wt% 

and 30 wt% saturated 1:1 BSA and HPG-C16 mixtures. 

 

 

 

 
Figure 4.4. (a) Abbreviated synthetic scheme for SAN-30, SAN-45, and SAN-60. (b) Dynamic 

light scattering traces for SANs and native BSA. (c) Comparison of Z-average hydrodynamic 

diameters, dH and dispersities by DLS for SANs and native BSA. (d) Circular dichroism (CD) 

spectra for SANs and native BSA showing that SANs retained the characteristic α-helical 

secondary structure of serum albumin. 
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Figure 4.5. (a) Hypothetical depiction of SAN + HPG-C16 dynamic network formation. (b) The 

15 wt% (3:2) SAN-45 and HPG-C16 hydrogel (termed “intermediate”) inverted, inside of a 

syringe. (c) Steady-shear viscosity and stress curves for the intermediate gel (unsaturated and 

saturated). “Unsaturated” (unsat.) refers to mixtures comprising fatty-acid-free SAN. “Saturated” 

(sat.) refers to mixtures comprising SAN pre-saturated with free palmitate. (d) Frequency sweep 

data for the intermediate gel (unsaturated and saturated). (e) Stress amplitude sweep data for the 

intermediate gel (unsaturated and saturated). (f) Comparison of apparent viscosity at shear rate, γ· 

= 1.0 s−1 and power law index, n, for the intermediate gel (unsaturated and saturated). (g) 

Comparison of G' at angular frequency, ω = 10 rad s−1, and tan δ at two angular frequencies, for 
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the intermediate gel (unsaturated and saturated). (h) Comparison of apparent yield stress for the 

intermediate gel (unsaturated and saturated). 
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Figure 4.6. (a) Photographs of hydrogels with 3:2 mass fraction of SAN-45 and HPG-C16, with 

variable total concentration. (b) Photographs of hydrogels with 15 wt% SAN-45 and HPG-C16, 

with variable mass fraction of the components. (c) Photograph of hydrogels with 15 wt% (3:2) 

SAN and HPG-C16, with variable SAN size. (d–f) Steady-shear viscosity and stress curves for 

the three variable sets. (g–i) Frequency sweep data for the three variable sets. (j–l) Stress 

amplitude sweep data for the three variable sets. 
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Figure 4.7. (a–c) Comparisons of apparent viscosity at shear rate, γ· = 1.0 s−1 and power law 

index, n, for the three variable sets (varied total concentration, varied ratio of components, and 

varied SAN size). (d–f) Comparisons of G' and tan δ at angular frequency, ω = 10 rad s−1 for the 

three variable sets. (g–i) Comparison of apparent yield stress for the three variable sets. 
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Figure 4.8. (a) The 15 wt% (1:1) SAN-60 and HPG-C16 hydrogel (termed “combined”) 

inverted, inside of a syringe (right), compared to the intermediate gel (left). (b) Steady-shear 

viscosity and stress curves for the intermediate and combined gels. (c) Frequency sweep data for 

the intermediate and combined gels. (d) Stress amplitude sweep data for the intermediate and 

combined gels. (e) Comparison of apparent viscosity at shear rate, γ· = 1.0 s−1 and power law 

index, n, for the intermediate and combined gels. (f) Comparison of G' and tan δ at angular 

frequency, ω = 10 rad s−1 for the intermediate and combined gels. (g). Comparison of apparent 

yield stress for the intermediate and combined gels. (h) Multi-step high- and low-amplitude 

oscillatory tests showing self-healing and thixotropy of intermediate and combined gels. (i) 
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Temperature ramp data for the intermediate and combined gels. (j) Comparison of G' and tan δ at 

21 °C and 37 °C for the intermediate and combined gels. 

 

 

 

 
Figure 4.9. (a) Steady-shear viscosity and stress curves for the 15 wt% (1:1) SAN-60 and HPG-

C16 hydrogel (termed “combined”)—saturated and unsaturated. (b) Frequency sweep data for 

the combined gel (saturated and unsaturated). (c) Stress amplitude sweep data for the combined 

gel (saturated and unsaturated). (d) Comparison of apparent viscosity at shear rate, γ· = 1.0 s−1 

and power law index, n, for the combined gel (saturated and unsaturated). (e) Comparison of G' 

at angular frequency, ω = 10 rad s−1, and tan δ at two angular frequencies, for the combined gel 

(saturated and unsaturated). (f) Comparison of apparent yield stress for the combined gel 

(saturated and unsaturated). 
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Figure 4.10. (a) Schematic representation of injection force measurement using a load frame. (b) 

Injection force curves obtained using 1 mL syringes with 0.5 in needles (23 G and 27 G), using a 

1.2 mL min−1 injection rate. (c) Comparison of plateau force using 23 G needle. (d) Comparison 

of plateau force using 27 G needle. Data for 30 wt% F-127 gel included for comparison. 

 

 

 

 
Figure 4.11. (a) SAN + HPG-C16 gel before and after immersing in water. The increased opacity 

suggests phase separation is occurring in the presence of excess aqueous medium. (b) Materials 

after 31.5 d in dissolution medium (1X PBS or DMEM with 10% FBS) at 37 °C, static 

conditions. (c) Cumulative mass loss of materials in 1X PBS at 37 °C, static conditions. (d) 

Cumulative mass loss of materials in DMEM with 10% FBS at 37 °C, static conditions. 
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Figure 4.12. (a) Schematic representation of in vitro release experiments. (b) Comparison of 

cumulative release of Cy5-labeled IgG or Cy-5 labeled IgG-C16 from materials after 15.5 d in 

DMEM with 10% FBS at 37 °C, static conditions. (c–f) Cumulative release of Cy5-labeled IgG 

or Cy5-labeled IgG-C16 from materials over 15.5 d. 
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Figure 4.13. (a) Schematic representation of direct ink writing. (b) Single-layer print with 

intermediate gel (dyed blue). (c) Multi-layered print with combined gel (dyed maroon). 
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Appendix A 

 

3D-Printed Coaxial Nozzles for the Extrusion of Hydrogel Tubes Toward Modeling Vascular 

Endothelium 

 

 
Figure A1. 1H NMR spectrum of F127-BUM (500 MHz, 293 K, CDCl3). 

 

 
Figure A2. 1H NMR spectrum of F127 (500 MHz, 293 K, CDCl3). 
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Figure A3. (a) GPC trace of F127; Ð = 1.28. (b) GPC trace of F127-BUM; Ð = 1.28. 
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Appendix B 

 

3D-Printed Protein-Based Bioplastics with Tunable Mechanical Properties Using Glycerol or 

Hyperbranched Poly(glycerol)s as Plasticizers 

 

 

 

 
Figure B1. 1H NMR spectrum of HPG-S (500 MHz, CD3OD). Asterisk denotes signal from 

vacuum grease. “TMP” refers to TMP core of HPG. 
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Figure B2. 1H NMR spectrum of HPG-M (500 MHz, CD3OD). Asterisk denotes signal from 

vacuum grease. 

 

 

 

 
Figure B3. 1H NMR spectrum of HPG-L (500 MHz, CD3OD). Asterisk denotes signal from 

vacuum grease. 
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Figure B4. DLS trace for HPG-S in deionized water. 

 

 

 

 
Figure B5. DLS trace for HPG-M in deionized water. 
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Figure B6. DLS trace for HPG-L in deionized water. 

 

 

 

Table B1. Tensile properties of cast bioplastics with increasing glycerol content. 

Glycerol Content 

[wt%] 

Elastic Modulus, Et 

[MPa] 

Yield Stress, σy 

[MPa] 

Strain at Break, εtb 

[%] 

Toughness, Ut 

[MJ m−3] 

0 1018 ± 57 50.04 ± 0.29 49 ± 13 19.0 ± 4.6 

5 517 ± 30 22.94 ± 0.27 178 ± 28 29.7 ± 5.1 

10 166 ± 17 7.15 ± 0.12 287 ± 35 20.0 ± 3.4 

15 29.1 ± 2.0 1.770 ± 0.039 358 ± 36 9.0 ± 1.5 

Tensile properties reported as mean ± SD 
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Table B2. Tensile properties of cast bioplastics with increasing HPG-M content. 

HPG Content 

[wt%] 

Elastic Modulus, Et 

[MPa] 

Yield Stress, σy 

[MPa] 

Strain at Break, εtb 

[%] 

Toughness, Ut 

[MJ m−3] 

0 1018 ± 57 50.04 ± 0.29 49 ± 13 19.0 ± 4.6 

5 797 ± 40 38.16 ± 0.19 59.5 ± 7.6 17.3 ± 2.0 

10 554 ± 17 25.75 ± 0.11 97 ± 27 19.1 ± 5.1 

15 296 ± 22 15.81 ± 0.10 113 ± 35 14.0 ± 4.1 

Tensile properties reported as mean ± SD 

 

 

 

Table B3. Tensile properties of cast bioplastics with different additives at 15 wt%. 

Additive 

(15 wt%) 

Elastic Modulus, Et 

[MPa] 

Yield Stress, σy 

[MPa] 

Strain at Break, εtb 

[%] 

Toughness, Ut 

[MJ m−3] 

No Additive 1018 ± 57 50.04 ± 0.29 49 ± 13 19.0 ± 4.6 

Glycerol 29.1 ± 2.0 1.770 ± 0.039 358 ± 36 9.0 ± 1.5 

HPG-S 248.1 ± 6.1 11.62 ± 0.16 233 ± 33 19.8 ± 3.1 

HPG-M 296 ± 22 15.81 ± 0.10 113 ± 35 14.0 ± 4.1 

HPG-L 295 ± 10 15.75 ± 0.12 92 ± 24 13.1 ± 3.6 

Tensile properties reported as mean ± SD 
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Table B4. Tensile properties of cast bioplastics versus 3D printed bioplastics. 

Specimen 
Elastic Modulus, Et 

[MPa] 

Yield Stress, σy 

[MPa] 

Strain at Break, εtb 

[%] 

Toughness, Ut 

[MJ m−3] 

No Additive Cast 1018 ± 57 50.04 ± 0.29 49 ± 13 19.0 ± 4.6 

No Additive 3DP 852 ± 78 40.14 ± 0.86 52 ± 12 15.4 ± 3.3 

15% Glycerol Cast 29.1 ± 2.0 1.770 ± 0.039 358 ± 36 9.0 ± 1.5 

15% Glycerol 3DP 17.4 ± 3.2 1.363 ± 0.052 427 ± 42 6.8 ± 1.0 

15% HPG-M Cast 296 ± 22 15.81 ± 0.10 113 ± 35 14.0 ± 4.1 

15% HPG-M 3DP 200 ± 15 10.14 ± 0.18 163 ± 53 12.1 ± 3.7 

Tensile properties reported as mean ± SD 

 

 

 

 
Figure B7. 1H NMR spectrum of LAP (500 MHz, D2O). 
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Figure B8. ATR-FTIR spectra for bioplastics (amide I region). 
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Table B5. Numerical data for Ashby plot (Figure 3.14). Tensile strength and strain at break 
values for commercial resins for light-based 3D printing. 

Manufacturer Material Tensile Strength, σm 
[MPa] 

Strain at Break, εtb 
[%] 

Anycubica) Standard 41 10 
Anycubica) Standard + 35 18 
Anycubica) Water-Wash + 38 11.5 
Anycubica) ABS-Like + 32 25 
Anycubica) DLP Craftsman 43 40 
Anycubica) Plant-Based 44 10 
Anycubica) UV Tough 38 40 
Formlabsb) Elastic 50A V1 – Green 1.6 100 
Formlabsb) Elastic 50A V1 – Postcured 3.2 160 
Formlabsb) Elastic 50A V2 – Green 1.7 160 
Formlabsb) Elastic 50A V2 – Postcured 3.4 160 
Formlabsb) Flexible 80A – Green 3.7 100 
Formlabsb) Flexible 80A – Postcured 8.9 120 
Formlabsb) BioMed Clear – Postcured 52 12 
Formlabsb) BioMed Flex 80A – Postcured 7.2 135 
Formlabsb) BioMed Elastic 50A – Postcured 2.3 150 
Formlabsb) IBT Flex – Postcured 7.2 135 
Formlabsb) Dental LT Comfort – Postcured – 33 
Formlabsb) Dental LT Clear V2 – Postcured – 12 
Formlabsb) Dental Model – Green 33 25 
Formlabsb) Dental Model – Postcured 61 5 
Formlabsb) BioMed Durable – Postcured 29 33 
Formlabsb) Silicone 40 – Postcured 5 230 
Formlabsb) BioMed Black – Postcured 36 14 
Formlabsb) BioMed White – Postcured 46 10 
Formlabsb) BioMed Amber – Postcured 73 12 
Formlabsb) ESD – Postcured 44 12 
Formlabsb) Custom Tray – Postcured 70 3 
Formlabsb) Surgical Guide – Postcured – 12 
Formlabsb) Castable Wax – Green 12 13 
Formlabsb) High Temp – Green 21 14 
Formlabsb) High Temp – Postcured 58 3.3 
Formlabsb) Tough 1500 – Green 26 69 
Formlabsb) Tough 1500 – Postcured 33 51 
Formlabsb) Tough 2000 – Green 29 74 
Formlabsb) Tough 2000 – Postcured 46 48 
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Formlabsb) PU Rigid 1000 – Postcured 35 80 
Formlabsb) PU Rigid 650 – Postcured 34 170 
Formlabsb) Rigid 10K – Green 55 2 
Formlabsb) Rigid 10K – UV Cure 65 1 
Formlabsb) Rigid 10K – UV+Thermal Cure 53 1 
Formlabsb) Rigid 10K – UV+Media Blast 88 1.7 
Formlabsb) Rigid 4000 – Green 33 23 
Formlabsb) Rigid 4000 – Postcured 69 5.3 
Formlabsb) Standard Clear V5 46 13 
Formlabsb) Precision Model – Green 44 11 
Formlabsb) Precision Model – Postcured 50 8.6 
Formlabsb) Model V1 27 14 
Formlabsb) Model V2 33 25 
Formlabsb) Model V3 – Green 27 14 
Formlabsb) Model V3 – Postcured 48 4.8 
Formlabsb) Fast Model – Green 46 22 
Formlabsb) Fast Model – Postcured 55 15 
Formlabsb) Black V5 – Green 48 19 
Formlabsb) Black V5 – Postcured 57 14 
Formlabsb) White V5 – Green 46 22 
Formlabsb) White V5 – Postcured 64 15 
Formlabsb) Grey V5 – Green 46 22 
Formlabsb) Grey V5 – Postcured 54 15 
Formlabsb) Grey Pro – Green 35 32.5 
Formlabsb) Grey Pro – Postcured 61 13 
Formlabsb) Clear V5 – Green 46 13 
Formlabsb) Clear V5 – Postcured 51 10 
Formlabsb) Draft – Green 24 14 
Formlabsb) Draft – Postcured 36 5 
Formlabsb) Draft – Postcured+Thermal 52 4 
Formlabsb) Flame Retardant – Green 24 20 
Formlabsb) Flame Retardant – Postcured 38 9.4 
Formlabsb) Color Base V4 – Green 38 12 
Formlabsb) Color Base V4 – Postcured 65 6 
Formlabsb) Durable – Green 13 75 
Formlabsb) Durable – Postcured 28 55 
ELEGOOc) Standard 32 17.5 
ELEGOOc) Rapid Standard 38 11.1 
ELEGOOc) Standard V2.0 33 10 
ELEGOOc) 8K Standard 39 9.4 
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ELEGOOc) Water-Washable 23 14.9 
ELEGOOc) 8K Water-Washable 24 – 
ELEGOOc) ABS-Like V1 39 – 
ELEGOOc) ABS-Like V2 Grey 36 – 
ELEGOOc) ABS-Like V3 40 24 
ELEGOOc) Plant-Based 27 21.8 
ELEGOOc) Thermochromic 39 9.4 

Siraya Techd) ABS-Like 32 40 
Siraya Techd) Regular Tough 50 32 
Siraya Techd) Plant-Based 28 3 
Siraya Techd) High Temperature Resistant 35 5 
Siraya Techd) Castable 20 5 

eSUNe) Standard 57 32 
eSUNe) S200 Standard 50 24 
eSUNe) eResin PLA Pro 55 10 
eSUNe) Bio-Based PLA 43 26.5 
eSUNe) PW100 PLA Water Washable 48 25 
eSUNe) Water-Washable 33 23.5 
eSUNe) Hard Tough 45 43.5 
eSUNe) High Temp – Green 45 11.8 
eSUNe) High Temp – Postcured 54 6.4 
eSUNe) DM 100 Dental Model 26 25.5 
eSUNe) DM100 Dental Restoration 56 14 
eSUNe) eResin-Flex 7 225 
eSUNe) Water-Washable 33 23.5 
eSUNe) PA100 Nylon-Like 68 15 
eSUNe) PM200 PMMA-Like 45 36 
eSUNe) SG100 Surgical Guide 47 28.4 
eSUNe) OM100 Ortho Model 34 8.8 
eSUNe) WO100 Water-Washable Ortho 23 14.9 
eSUNe) TC100 Temporary C&B 30 6.5 
eSUNe) eResn-ABS 52 16 
eSUNe) eResin-Elastic 4.5 300 

SUNLUf) Standard 36 10 
SUNLUf) Water-Washable 50 12 
SUNLUf) ABS-Like 34 20 
SUNLUf) Plant-Based 28 8.5 
Carbong) CE 221 85 3 
Carbong) MPU 100 35 15 
Carbong) RPU 70 40 30 
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Carbong) RPU 130 35 100 
Carbong) Loctite 3843 38 52 
Carbong) UMA 90 30 30 
Carbong) EPX 82 80 5 
Carbong) EPX 86FR 90 10 
Carbong) EPX 150 76 9 
Carbong) Loctite IND405 Black 24 89 
Carbong) FPU 50 25 200 
Carbong) Loctite IND147 67 2.4 
Carbong) Loctite IND405 42 120 
Carbong) Loctite IND3380 28 2.5 
Carbong) EPU 40 19 400 
Carbong) EPU 41 – Green 15 300 
Carbong) EPU 43 17 380 
Carbong) EPU 43 – IPA Wash 19 420 
Carbong) EPU 44 24 275 
Carbong) EPU 45 24 290 
Carbong) EPU 45 – IPA Wash 24 240 
Carbong) EPU 46 23 330 
Carbong) EPU46 Soft 21 300 
Carbong) EPU46 Extra Soft 15 250 
Carbong) SIL 30 3.5 350 
Carbong) Loctite MED414 1.4 223 
Carbong) DPR 10 45 4 

Forward AMh) Ulteacur3D FL300 5 245 
Forward AMh) Ulteacur3D FL60 4 90 
Forward AMh) Ulteacur3D EL60 9 95 
Forward AMh) Ulteacur3D EL150 7 182 
Forward AMh) Ulteacur3D EL4000 11 170 
Forward AMh) Ulteacur3D RD35 80 6 

This Work No Additive 50 49 
This Work No Additive – 3DP 40 52 
This Work 5% Glycerol 23 178 
This Work 10% Glycerol 7.2 287 
This Work 15% Glycerol 3.9 358 
This Work 15% Glycerol – 3DP 2.5 427 
This Work 5% HPG-M 38 60 
This Work 10% HPG-M 26 97 
This Work 15% HPG-M 16 113 
This Work 15% HPG-M – 3DP 10 163 
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This Work 15% HPG-S 12 233 
This Work 15% HPG-L 16 92 

a) Data obtained from Anycubic; b) Data obtained from Formlabs; c) Data obtained from 
ELEGOO; d) Data obtained from Siraya Tech;9 e) Data obtained from eSUN; f) Data obtained 
from SUNLU; g) Data obtained from Carbon; h) Data obtained from Forward AM.  
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Appendix C 

 

Dynamic Protein-Based Hydrogels Utilizing Native Ligand Binding Toward Applications in 

Therapeutic Delivery and 3D Bioprinting 

 

 

 

 

Figure C1. (a) Steady-shear viscosity and stress curves for 30 wt% F-127 hydrogel. (b) 

Frequency sweep data for 30 wt% F-127 hydrogel. (c) Stress amplitude sweep data for 30 wt% 

F-127 hydrogel. (d) Multi-step high- and low-amplitude oscillatory tests showing self-healing 

and thixotropy of 30 wt% F-127 hydrogel. 
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Figure C2. Hypothetical depiction of saturated SAN + HPG-C16 dynamic network formation. 

 

 

 

 

Figure C3. Custom syringe holder used for injection force measurements. It was 3D printed 

using fused filament fabrication, with poly(lactide) filament. 


