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We report an elastic, degradable, and sustainable thiol-norbornene photopolymer for digital light proces-
sing. Caffeine, benign and bio-derived, catalyzes the in-tandem ring-opening reaction of cis-5-norbor-
nene-endo-2,3-dicarboxylic anhydride and propylene oxide by alcohol-terminated polycaprolactone and
produces the polymer at a 90 g scale. The synthesis tolerates moisture and adheres to green chemistry
principles. The product doesn't require purification; mixing it directly with thiol cross-linkers and photo-
additives affords the thiol-norbornene photopolymer. Digital light processing converts the photopolymer
into high-fidelity prints with excellent elastic recovery. Printed objects include a 3D aortic arch and
branched carotid artery rendered from anonymized patient CT scans and microfluidic devices with patent
3D corkscrew channels. Caffeine-catalysis affords various percentages of alcohol chain end that control
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the photopolymer’'s degradation rate. The material demonstrates good biocompatibility in vitro and in a
subcutaneous implantation model. The elasticity, biocompatibility, affordability, sustainability, and versati-
lity of this new photopolymer platform will open up new opportunities for sustainable 3D printing

rsc.li/greenchem materials.

Green foundation

1. Most photopolymers for 3D printing use the hazardous and non-renewable (meth)acrylates, and the end products are often non-degradable. Our work uses
caffeine catalysis to afford degradable photopolymers with benign starting materials and synthesis—without sacrificing printability and mechanical
properties.

2. Using 1 mol% caffeine catalyzes the solvent-free reaction and avoids time-consuming and solvent-intensive purifications, directly affording 3D printable
photopolymer at a 90 g scale. Further, the material is degradable, and the feedstocks are partially renewable. Polycaprolactone can be derived from ligno-
cellulosic biomass, cis-5-norbornene-endo-2,3-dicarboxylic anhydride from maleic anhydride which can be derived from bio-based 1-butanol and furfural.

3. In future work, alternative epoxides derived from biomass (such as epoxidized soybean oil) may be used to increase the bio-renewable content. Reaction
kinetics should also be studied to minimize reaction time and energy expenditure.

limited end-of-life fate. Moreover, methacrylic anhydride and
acryloyl chloride are common starting materials but they are

1 Introduction

An exciting method to build a complex 3D object is Digital
Light Processing (DLP)."* The 3D printing technique uses pro-
jected ultraviolet (UV) patterns to cure photopolymers layer by
layer, balancing speed, resolution, and cost."””> Nevertheless,
scalable photopolymers commonly use (meth)acrylates with
extensively documented toxicity concerns.® Their free radical
cross-linking is inhibited by oxygen and has an early gelation
point.* This leads to low monomer conversion that causes sig-
nificant shrinkage stress and monomer leaching.”” Further,
(meth)acrylates form a non-degradable backbone, thus having
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hazardous and unsustainable." Thus there is an unmet need
for a greener approach for photopolymers that can form the
basis of DLP resin.

Replacing (meth)acrylates with maleates, fumarates, or ita-
conates—all renewable feedstocks and benign human metab-
olites—improves sustainability and safety. 3D-printed poly
(propylene fumarate) (PPF) and poly(octamethylene maleate
(anhydride) citrate) (POMac) are two examples.®* > PPF is syn-
thesized from either ring opening copolymerization (ROCOP)
of maleic anhydride and propylene oxide or transesterification
of propylene glycol and ethyl fumarate.®'°"*® ROCOP uses cata-
lysts such as Mg(BHT), (THF), and metal salen complexes,'”
whereas transesterification is catalyst-free or uses a catalytic
amount of strong acid. The resultant materials have been 3D
printed into bone scaffolds,'® and vascular grafts."® Additional
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polymer architecture (ABA triblock) and chain ends (such as
alkyne) can further enhance their properties.">'® POMaC uses
a catalyst-free melt condensation between octymethylalcohol,
maleic anhydride, and citric acid.*>*' The cross-linked POMaC
network is soft (Young’s modulus: max. 543 kPa) and degrades
quickly (3 h lifetime in 0.25 M NaOH),? and it has been used
for cardiac tissue engineering.”’ Unlike maleates and fuma-
rates, itaconates have received far less attention. This stems
from itaconic anhydride’s resistance to ring-opening copoly-
merization with common catalysts and its tendency to isomer-
ize to citraconates under basic conditions.?”> For the few
reported itaconate-derived photopolymers,>*** a large amount
of reactive diluents (sometimes comprising acrylate) and/or
photoinitiators enhance reactivity.

Nevertheless, fumarates, maleates, and itaconates cross-
link via a free radical mechanism that is subject to oxygen
inhibition and premature gelation. Thiol-ene click chemistry
overcomes these drawbacks.” Upon irradiation, a radical gener-
ated from the photoinitiator abstracts a thiol’s hydrogen to
afford a thiyl radical, which then adds to an alkene to form a
thiol ether. This step growth mechanism leads to delayed gela-
tion, a more homogenous network, and reduced shrinkage
stress.®>>2% Further, the thiyl radical is not sensitive to oxygen
inhibition.* For example, PPF cross-linked via thiol-ene chem-
istry is elastic and tunable, thus amenable to soft biomaterial
applications.** In addition, thiol-ene-based photo-
polymerization is also compatible with naturally occurring
terpenes.”’° But terpenes are less reactive than other
alkenes.*®

Norbornene and allyl ether achieve facile thiol-ene photo-
polymerization without using (meth)acrylates. Allyl-functiona-
lized polyesters are degradable and printable via DLP.'*3"3?
Among them, photopolymers comprising polycaprolactone
(PCL) end-functionalized with allyl bromide have high tough-
ness, potentially due to the chain entanglement of the PCL
backbone.?® These high molecular weight PCLs, however,
necessitate the use of large amounts of solvent to reduce the
resin viscosity. This minimizes the shape fidelity as solvent
removal causes volume shrinkage. To solve this, Segal et al.
synthesized low viscosity, solvent-free photopolymers by copo-
lymerizing allyl glycidyl ether with succinic anhydride."
Despite their many uses in photopolymerization, feedstocks
such as allyl glycidyl ether and allyl bromide are synthesized
from petroleum sources and are non-renewable.

In contrast, cis-5-norbornene-endo-2,3-dicarboxylic anhy-
dride (CA), a norbornene feedstock, is partially renewable
since it is synthesized from cyclopentadiene and maleic anhy-
dride—the latter can be derived from bio-based 1-butanol and
furfural.®®* Further, norbornene-based click chemistry is
biorthogonal.*® Norbornene-functionalized gelatin, polyethyl-
ene glycol, and hyaluronic acid have countless applications in
organ-on-a-chip and tissue regeneration.>>*” Some are used in
3D bioprinting, which demands biocompatibility because
living cells are mixed with uncross-linked photopolymers.*>~’
Primary alcohols and amines readily ring open CA to achieve
norbornene functionalization, although coupling with 5-nor-
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bornene-2-carboxylic acid and 5-norbornene-2-methylamine is
more popular. In 3D printing, CA has been used to synthesize
norbornene-functionalized polyethylene glycol,*® hyaluronic
acid,* and gelatin®’—each affording thiol-norbornene photo-
cross-linkable hydrogel with excellent biocompatibility but
weak mechanical properties and poor handleability.

CA’s scant usage in non-hydrogel photopolymers sharply
contrasts its synthetic versatility and scalability. CA reacts with
alcohol to yield esters—and in the case of amines, it under-
goes dehydration to afford norbornene dicarboximide.*®
Although neither reaction requires a catalyst, acid catalysts
such as sulfuric acid and p-toluenesulfonic acid, as well as
base catalysts like 4-dimethylaminopyridine (DMAP) and tri-
ethylamine (Et;N), are often used. CA’s alcoholysis affords car-
boxylic acid that accelerates hydrolytic degradation.*®
Esterification or amidation of the carboxylic acid eliminates
the acidic proton and improves the photopolymer’s resistance
to hydrolytic degradation.®® In addition to the facile
functionalization, CA’s ease of handling and affordability are
also advantageous.>® Because most DLP printers require at
least 50 g of materials to fill the resin vat, CA-based synthesis
may accelerate the development of thiol-norbornene photopo-
lymers for 3D printing.

To the best of our knowledge, 4Degra™ is the only 3D-prin-
table, norbornene-based, non-hydrogel photopolymer before
our previous publications.'®***° It is polymerized from nor-
bornene- and allyl-functionalized cyclic carbonates, which are
derived from 5-nobornene-2-carboxaldehyde and allyl
bromide, respectively.’® Earlier this year, we reported the ring-
opening copolymerization of propylene oxide (PO) and CA
catalyzed by a Lewis pair catalyst.'® The catalyst is pyrophoric
and requires stringent air-free conditions for reproducible syn-
thesis, thus unlikely to be scaled to a 100+g scale. We then
reported a 100 g scale synthesis using the air-tolerant norbor-
nene dicarboxamide condensation. Despite water being the
only byproduct, the final material is not non-degradable due
to its PDMS backbone.*°

Therefore, we design a scalable and green synthesis to
access degradable and elastic photopolymers for DLP 3D print-
ing. First, we consider the backbone. PCL is cheap and can be
derived from lignocellulosic biomass.*' Second, we adjust the
material’s degradability with a tunable chain end (ie. car-
boxylic acid vs. alcohol). The less-acidic alcohol chain end
slows down the degradation.*® And finally, caffeine catalyzes
the synthesis. Building on the work of DiCiccio et al.,*” we use
caffeine catalysis to enable the in-tandem ring opening of CA
and PO by alcohol-terminated PCL at a 90 g scale (limited by
reaction vessel size). Varying the reaction time—or excluding
PO—results in the tunable chain end. Mixing the product—
without purification—with pentaerythritol tetrakis(3-mercapto-
propionate) (PETMP) and appropriate photo-additives affords
the thiol-norbornene photopolymers. DLP transforms them
into tough, elastomeric structures with tunable mechanical
properties, controlled degradability, promising biocompatibil-
ity, and customized shapes including patient-specific geome-
tries. This work has these aspects of sustainability: the green

This journal is © The Royal Society of Chemistry 2025
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catalyst (caffeine), solventless synthesis, renewable feedstocks
(PCL and CA), and degradable materials.

2 Materials and methods
2.1 Synthesis

For uncatalyzed thermal condensation, polycaprolactone diol
(bPCL) and cis-5-norbornene-endo-2,3-dicarboxylic anhydride
(CA) (1: 2 molar ratio) were combined in a round bottom flask
equipped with a stir bar. The reaction was then stirred at 95 °C
for 5 h. The product was a viscous, clear liquid upon cooling
to room temperature. For caffeine-catalyzed reactions, bPCL or
polycaprolactone triol (tPCL), CA, and propylene oxide (PO)
(molar ratio: 1:2:10) were added to a threaded glass pressure
flask (Ace Glass). To this mixture was then added 1 mol% (rela-
tive to CA) of caffeine. The flask was sealed with a Teflon plug.
The reaction was then stirred at 90 °C for the appropriate
amount of time, after which excess PO was removed in vacuo to
yield a viscous product.

2.2 Formulating photopolymer and 3D printing

Because carboxylic acid chain ends on bPCL-CA increased the
photopolymer viscosity, we added 10 wt% of propylene carbon-
ate to formulate bPCL-CA photopolymers, regardless of thiol
stoichiometry. Other macromers did not require dilution.
Next, 0.05 wt% of 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thio-
phene (BBOT), 0.5 wt% of diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide (TPO), and 0.01 wt% of (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl (TEMPO) were dissolved in a small amount
of acetone and added to the synthesized macromer. To the
homogenized mixture was then added an appropriate amount
of pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) to
reach the desired thiol-to-norbornene ratio. 0.7 equivalent of
PETMP was added to yield an off-stoichiometric photopoly-
mer. The resultant photopolymer was stored away from light
and poured into the photopolymer vat for DLP 3D printing
(Asiga Max). For 3D printing, STL files were sliced with Asiga
Composer, with a base layer exposure for 6 s at 30 mW cm™2,
and all subsequent layers at 3 s for 20 mW c¢m™>. The prints
were post-processed by washing briefly in ethyl acetate and
cured under ultraviolet radiation (Asiga Flash UV Chamber) for
1 h. If the photopolymer was diluted with propylene carbonate,
the prints were washed in ethanol at room temperature for a
day. All prints were then air-dried for three days before any
characterization.

2.3 Invitro degradation test

Circular 6 mm diameter and 1 mm height pucks were 3D
printed according to protocol. After drying, pucks
were weighed, transferred to dram vials containing 4 mL of
250 mM NaOH, and agitated at 37 °C for a predetermined
amount of time. At the end of each time point, the pucks were
washed with water, vacuum dried, and weighed to determine
percentage weight loss. To evaluate material degradation in

physiological  conditions, the degradation test was

This journal is © The Royal Society of Chemistry 2025
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conducted in Dulbecco’s phosphate-buffered saline (pH = 7.2)
at 37 °C. Samples were weighed on day 10, day 20, day 30, and
day 40.

2.4 Biocompatibility

The in vitro test was conducted with human umbilical vein
endothelial cells (HUVECs) on thin films, and the in vivo test
with circular gyroid pucks in mouse models. Details are in the
ESL+

2.5 Statistics

All statistical tests were conducted using Student’s t-test with
triplicate samples (n = 3). A p-value less than 0.05 was con-
sidered statistically significant. Error bars represent the mean
+ standard error.

2.6 Animal ethics

The in vivo biocompatibility study was conducted according to
an approved protocol (Cornell University IACUC protocol
number: 2017-0118).

3 Results and discussion
3.1 Synthesis and chain end control

Ring-opening CA affords carboxylic acid chain ends (Fig. 1).
Eliminating them will achieve controlled degradation, which is
crucial for many material applications.*® Therefore, our syn-
thesis uses a caffeine-catalyzed in tandem ring opening
(CITRO) of CA and PO initiated by alcohol-terminated PCL
(Fig. 1). 1 mol% of caffeine catalyzes the quantitative conver-
sion of terminal carboxylic acids to alcohols after 44 h (Fig. 1).
Decreasing the reaction time to 17 h lowers the percentage of
alcohol chain ends to 41%, yielding tPCL-CA-PO41 (Fig. 2).
Unlike the caffeine-free synthesis (Fig. 2 and Fig. S17}), CITRO
reaches 100% CA conversion. This can be due to the extended
reaction time, the catalytic effect of caffeine, or a combination
of both. We also tried to eliminate the acid chain end via
H,SO, or lipase-catalyzed esterification with ethanol or
hexanol. However, they caused extensive transesterification of
the PCL backbone that renders the final product unable to
cross-link. CITRO avoids this due to the absence of excess
primary alcohols. The caffeine catalysis is inspired by DiCiccio
et al.,, who used 10 mol% caffeine to catalyze the gel formation
from citric acid and polyethylene glycol diglycidyl ether.** They
proposed that caffeine accelerated the nucleophilic attack on
epoxide by deprotonating the carboxylic acid to yield the more
nucleophilic carboxylate ion. Caffeine’s weak basicity may also
partially deprotonate the alcohol. This accelerates ring
opening of CA by alcohol-terminated PCLs, evident by the
100% CA conversion of CITRO.

Besides chain-end functionality, CITRO is well-controlled in
two more aspects. First, environmental moisture does not
initiate the reaction, as indicated by the unimodal distribution
of resonances on diffusion NMR (Fig. S21). The GPC traces of
tPCL-CA-PO100 (Fig. 2) and tPCL-CA-PO41 (Fig. S3t) suggest

Green Chem., 2025, 27, 8319-8332 | 8321
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Fig. 1 Synthesis of norbornene-functionalized polycaprolactone (PCL). PCL diol (bPCL, M,,
can be used, and the products are abbreviated accordingly. For the caffeine-
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= 530 g mol™) and PCL triol (tPCL, M,, = 900 g mol™)
catalyzed in tandem ring opening (CITRO) of CA and PO, the numerical

suffix represents the percentage of the alcohol chain ends. CA is ring-opened by the alcohol chain ends of bPCL or tPCL, PO by the resultant acid

chain end of ring-opened CA.

the same result via their unimodal molecular weight distri-
butions. Second, excess PO does not form ether linkages that
sometimes occur under base catalysis:*> 'H-'H correlated
NMR spectroscopy (COSY) indicates no methyl (CH;3) and
methylene (CH,) coupling in the ether region (5§ =
3.75-3.5 ppm, Fig. 2). We also noticed a peak at 5.0 ppm
(Fig. 2 and Fig. S4, 57), corresponding to the methine (CH)
proton adjacent to an ester bond.'® Its correlation to the
methyl (CH3) group at 1.13 ppm suggests that a minor fraction
of PO is ring-opened at the methine group (Fig. 2). bPCL-CA-
PO100 and tPCL-CA-PO100, respectively, contain 36% and
21% of this minor regioisomer (Fig. S4 and 5%). Expectedly,
the regioselectivity favors COOH attacking PO on the less-hin-
dered methylene group. CITRO’s regioselectivity is comparable
to that of ring-opening of PO by acetic acid catalyzed by a

8322 | Green Chem., 2025, 27, 8319-8332

salenCo(m) complex.** Unlike metal salen complexes, caffeine
does not have known asymmetric catalytic activity. Regardless,
we do not believe the regioselectivity would affect material
properties.

Overall, CITRO is a simple, green platform for accessing
PCL-based norbornene macromers with tunable chain-end
functionality. PCL and CA can be derived from renewable
sources."® The catalyst, caffeine, is generally regarded as safe
(GRAS) by the FDA, therefore eliminating laborious purifi-
cation and hazardous wastes. The moisture-tolerant mecha-
nism requires only a simple bench-top setup. The only toxic
starting material is PO but easily evaporated. Lastly, we expect
CITRO to be compatible with other initiators with terminal
primary alcohols such as butanediol, polyethylene glycol, and
polytetrahydrofuran, as well as epoxides such as epoxybutane.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 'H-H COSY of tPCL-CA-PO100 (500 MHz, CDCls) shows the structural variation of the CA—PO linkage and the lack of ether formation. Gel
Permeation Chromatography (GPC) traces (tetrahydrofuran mobile phase at 30 °C, polystyrene standards) show tPCL-CA-PO100’s unimodal distri-
bution (M,, = 1.7 kDa, D = 1.39). *H-NMR (500 MHz, CDCls) of CA-functionalized bPCL shows uncatalyzed condensation (no PO, no caffeine) and

CITRO (17 h or 44 h reaction time) controlling the chain-end functionality
at 1.3 ppm is from unreacted PO before its evaporation in vacuo.

As a result, this highly scalable platform is expected to have
wide adaptability.

In terms of norbornene functionalization of primary alco-
hols, CITRO is greener and easier. Previous methods include
carbodiimide-mediated esterification of 5-norbornene-2-car-
boxylic acid,’” ring opening of CA catalyzed by 4-dimethyl-
aminopyridine (DMAP),** and ring-opening (co)polymerization
of norbornene carbonate or CA.?”**>**® These methods present
various obstacles to scale-up. Carbodiimide yields a stoichio-
metric amount of urea byproduct; thus, it has low atomic
efficiency and necessitates laborious purification. On the other
hand, ring-opening reactions—whether mono-functionali-
zation or (co)polymerization—have high atomic efficiencies
but suffer from the potential toxicity of residual catalysts.
DMAP used in base-catalyzed ring-opening of CA and the tran-
sition metal catalyst used in ROCOP are two
examples.>®*36748 These factors lead to laborious purification,
thus causing a high price tag. 1 g of norbornene-functiona-
lized polyethylene glycol costs $315,">*° more expensive than a
12K resolution DLP printer (ANYCUBIC Photon Mono M5s,
$269).%° The affordable CITRO will further expand the portfolio
of norbornene-functionalized molecules.

3.2 High-fidelity DLP 3D printing

Adding a stoichiometric amount of PETMP and appropriate
photo additives (Fig. 3A) to each macromers affords the corres-
ponding thiol-norbornene photopolymer. Photorheology
shows that bPCL-CA cross-links slower than bPCL-CA-100
(Fig. S6t). According to Esfandiari et al. who stabilizes thiol-
ene resin with acids, bPCL-CA’s carboxylic acid chain end
likely inhibits the extent of base-catalyzed addition of thiol to
the ene double bond.’" As noted in our previous work, BBOT
helps to reduce overcuring in the z direction, while TEMPO

This journal is © The Royal Society of Chemistry 2025

(the asterisk denotes unreacted CA. R: H or ring opened PO). The doublet

improves the resin shelf life."> We also previously optimized
printing parameters such as layer height, exposure time, and
exposure power level.'®*® One main benefit of thiol-norbor-
nene photopolymers is their homogeneous network (Fig. 3B),
whose cross-linking is not susceptible to oxygen inhibition.
However, we could not calculate double bond conversion via
Fourier-transform infrared spectroscopy (FT-IR) because the
carbonyl C=O0 stretch eclipses the low-intensity norbornene
C=C stretch and S-H stretch. Although we could not probe
the conversion directly in our system, thiol-norbornene photo-
crosslinking inherently has high conversion. This is due to
thiol-ene click chemistry’s oxygen tolerance and delayed gela-
tion point, as concluded by the seminal review by Hoyle and
Bowman.*

We then conducted a series of proof-of-concept 3D printing
on an Asiga Max 3D printer (4 = 385 nm). First, 3D-printed
porous gyroid tubular structures show good pore (200-300 pm
diameter) and strut resolution (Fig. 4A),"® suggesting high fide-
lity to CAD models (ESIt). These porous structures are useful
as scaffolds to culture cells.*® 3D-printing microfluidic devices
is another application of photopolymers (Fig. S71). Enclosed
channels are challenging to 3D print because UV penetration
can cure leftover resins in the enclosed channel.’*** Although
this renders the maximum resolution of DLP much lower than
that of soft lithography,> DLP can fabricate true 3D devices,”*
like the one with cork-screw-shaped channels (1 mm diameter,
Fig. S71). Such geometries would have been laborious and
costly, if practical, to fabricate through soft lithography.>* As
the channel narrows to 500 pum and 250 pm, the uncured
photopolymer becomes harder to clear during printing, as evi-
denced by the partially clogged 500 pm channels and fully
clogged 250 pm channels (Fig. S7t1). With the refinement of
the photoabsorber and photoinitiator concentrations and

Green Chem., 2025, 27, 8319-8332 | 8323
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Fig. 3 (A) The thiol cross-linker and photo-additives used in photopolymers. A stoichiometric amount of or less PETMP adjusts the mechanical pro-
perties of the photopolymers. TPO initiates the radical reaction under UV; BBOT absorbs UV to reduce penetration depth; and TEMPO is a radical
scavenger. (B) The general structure of the photopolymers using PCL-CA—-PO100 as an example.

Carotid Artery

bt

Fig. 4 Representative 3D-printed products. (A) A photograph (1 mm ruler division) and a scanning electron microscopy (SEM) image (scale bar:
500 pm) of porous gyroid pucks. (B) Artery STL models rendered from anonymized patient DICOM scans and resultant 3D-printed models from a
DLP printer. The photopolymer is bPCL-CA-PO100, which is representative of the printability of other photopolymers in Table 1.
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investment in a printer optimized for microfluidic printing, we
expect that these materials can produce microfluidic devices
with narrower channels.>*

3D-printed personalized, resorbable surgical prostheses are
another high-impact application. Conventional fabrication
methods (extrusion, textile, electrospinning, etc.) do not meet
the demand for precision and personal medicine at scale.
Take human arteries: the dominant Dacron™ and expanded
polytetrafluoroethylene (ePTFE) grafts are orders of magnitude
stiffer than native arteries. This compliance mismatch causes
poor patient outcomes.”® 3D-printable, biodegradable elasto-
mers enable 3D printing of personalized vascular grafts. We
segmented and converted anonymized patient CT angiography
DICOM data to 3D models using STL language.'® We printed
the aortic arch at 50% scale (1.5 mm effective wall thickness)
to fit the maximum build volume. We printed the common
carotid artery true-to-size but with a 2 mm wall thickness
because our DLP printer is not optimized for low-adhesion-
force printing necessary for soft materials. Even the softest
material, OS-bPCL-CA (Table 1), can print challenging hollow
artery models, although its low strength makes it more prone
to failure. Nevertheless, both prototypes match their respective
3D models with clearly defined details and patent, flexible
arterial branches (Fig. 4B and Fig. S8¥).

3.3 Mechanical properties of CA-functionalized
photopolymers

Our photopolymers’ low glass transition temperature (Ty)
reflects their amorphous nature at room temperature and
above (Table 1). All networks withstand 100 cycles of loading
and unloading between 0-25% strain without plastic defor-
mation (Fig. 5A-D). This strain range is relevant to tissue
engineering because many mechanically active tissues such as
ligaments and arteries typically experience less than 20%
strain under physiological conditions.”® We further note the
absence of the Mullin effect, which, according to Chen et al.,
occurs during the first elongation when some weak inter-
actions are removed.”” Nevertheless, none of our photopoly-
mers exhibit melting or crystallization points. The PCL back-
bone is likely too small to significantly contribute to the
thermal properties of networks, but different backbone struc-
tures (bPCL or tPCL) result in disparate mechanical properties.

Table 1 Network properties

Network E (MPa) Emax” Omax (MPa) T (°C)?
bPCL-CA” 24+003 61%+17% 1.0+0.2 -7
bPCL-CA-PO100 2.8 + 0.1 43% +2% 1.0 +0.01 —
0S-bPCL-CA? 0.3+0.03 270% +29% 0.5+ 0.1 -10
tPCL-CA-PO100 3.4 +0.1 32%+1%  1.3+0.1 -18
tPCL-CA-PO41 31+0.1 56% +7%  1.3+0.1 —

“ Formulated using a stoichiometric amount of PETMP. ” Off-stoichio-
metric (OS) formulation is formulated with 0.7 eq. of PETMP. © Derived
from stress-strain curves (n = 3). E: Young’s modulus; ep.x: Strain-at-
failure; opmax: ultimate tensile strength. 4 Measured by Differential
Scanning Calorimetry (DSC) at the second heating ramp.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Overall, tPCL-based networks (tPCL-CA-PO100: E = 3.4 + 0.1
MPa, tPCL-CA-PO41: E = 3.1 + 0.1 MPa) are stiffer than the
bPCL-based networks (bPCL-CA-PO100: E = 2.8 + 0.1 MPa,
bPCL-CA: E = 2.4 + 0.03 MPa). Because only two out of the
three alcohols in tPCL are functionalized, the third alcohol
likely hydrogen-bonds with one another and increases Young’s
modulus. Another contributing factor is the higher crystallinity
of tPCL due to its higher molecular weight.

The degree of CA functionalization and thiol stoichiometry
also affect the mechanical properties. CITRO leads to complete
norbornene functionalization. Compared with bPCL-CA which
has 80% functionalization, the CITRO photopolymers have a
higher cross-linking density. As a result, the bPCL-CA-PO100
network (E = 2.8 + 0.1 MPa) is slightly stiffer than the bPCL-CA
network (E = 2.4 = 0.03 MPa). Furthermore, an increasing
percentage of alcohol chain ends (tPCL-CA-PO41 vs. tPCL-CA-
PO100) have little impact. This is likely because alcohol and
carboxylic acid are both capable of hydrogen bonding. Another
parameter we can control is the thiol stoichiometry.
Adding 0.7 eq. of PETMP formulates an off-stoichiometric
photopolymer (OS-bPCL-CA). The OS-bPCL-CA (E = 0.30 + 0.03
MPa) network is softer than its counterparts with stoichio-
metric amounts of PETMP (Table 1, bPCL-CA). Its T, corre-
spondingly decreases to —10 °C. The lower elastic modulus
and T, and the increased strain-at-failure are expected, as a
lower cross-linker concentration typically lowers the cross-
linking density.

Overall, three factors control the mechanical properties of
this series of photopolymers: macromer backbone, degree of
CA functionalization, and thiol stoichiometry. The tunable
Young’s modulus ranges from 0.3 MPa to 3.4 MPa—with an
off-stoichiometric amount of PETMP resulting in the softest
network (OS-bPCL-CA, E = 0.30 + 0.03 MPa), while the more
crystalline tPCL backbone and 100% CA functionalization,
tPCL-CA-PO100, yields the stiffest network (E = 3.4 + 0.1 MPa).
The low-molecular-weight tPCL (M,, = 0.9 kDa) and bPCL (M,, =
0.5 kDa) used here contrast the higher-molecular-weight bPCL
(M,, = 2.3-8.4 kDa) used to synthesize 3D-printable thiol-ene
photopolymers in Thijssen et al,** which are stiffer (E =
66-252 MPa) and have early yield points (¢ = 10-20%) due to
PCL crystallization. Therefore, our photopolymer platform
targets applications that require relatively soft and elastic
materials. One such area is the tissue engineering of vital
organs: the range of Young’s modulus covers tissues such as
the heart, lungs, arteries, and veins. Cyclic testing shows these
materials’ promise in the dynamic physiological
environment.>”>®

Moreover, we directly compared OS-bPCL-CA with a state-
of-the-art commercial elastic resin, Formlabs BioMed Elastic
50A. We performed uniaxial tensile testing on a ring-shaped
cross-section of the 3D-printed grafts to compare their
mechanical properties. The ring test’s stress-strain relation-
ship first warrants test parameter validation.>® The calculated
Young’s modulus from the ring tests agrees with that derived
from tensile testing using dog-bone-shaped specimens
(Table 1). According to cyclic stress-strain curves of the ring
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test, 3D-printed OS-bPCL-CA (Fig. 6) has near-identical
mechanical stress after 500 cycles of loading and unloading
between 0-40% strain, whereas Formlabs BioMed Elastic 50A
displays a noticeable energy loss (Fig. 6), indicating plastic
deformation. In addition, artery models printed using OS-
bPCL-CA exhibit a higher circumferential failure strain
(Fig. 6). Another difference is Formlabs BioMed Elastic 50A’s
pronounced toe region at 0-40% strain (Fig. 6). The MSDS of
Formlabs BioMed Elastic 50A states that the resin is made
from polyurethane acrylate macromers. The resin is also very
viscous. Thus, the polyurethane likely has a larger molecular
weight than the PCL macromers used in our resin. Uncoiling
of the polyurethane backbone likely contributes to the long toe
region.

3.4 Tunable degradability via macromer backbone and chain
end functionality

Hydrolytically degradable material can alleviate the current
accumulation of plastic wastes. The degradability should be
tunable and well-controlled to satisfy various application
requirements. Expectedly, the bPCL-CA network rapidly
degrades in 60 mM NaOH at 37 °C (Fig. S9%): its specimens
lose 50% mass in 4.5 h. They become more brittle and rigid
post-degradation, consistent with the trend observed in many
other polyesters after hydrolytic degradation. The rapid degra-
dation is consistent with known literature on locally low pH
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(A—D) Cyclic tensile testing of dog-bone shaped specimens 3D printed from various photopolymers as noted in the plot.

caused by terminal carboxylic acids accelerating hydrolytic
degradation.>>°%7%?

Converting the terminal carboxylic acids to alcohols via
CITRO slows down the degradation. The bPCL-CA-PO100
network loses 20% mass after 48 h in 0.25 M NaOH solution at
37 °C, and the tPCL-CA-PO100 network loses 60% mass in
the same period (Fig. 7A). Conversely, preserving a portion of
the terminal carboxylic acids accelerates the degradation:
the tPCL-CA-PO41 network degrades over 20 times faster than
the tPCL-CA-PO100 network (Fig. 7A). The observed linear
degradation, and that the samples kept their initial shapes,
indicate a surface erosion mechanism.”” The bPCL-CA
network, in contrast, rapidly swelled and ruptured into pieces
during the accelerated degradation experiments. This
suggests that the alcohol chain ends are critical to the surface
eroding degradation. SEM images of the tPCL-CA-PO100
network before and after 48 h of degradation support this
claim. Except for some micro-cracks, the surface of the par-
tially degraded specimens appears almost identical to those of
the fresh specimens (Fig. 7A). Unlike many other surface-
eroding polyesters, our polyester-based photopolymers lack
the characteristic erosion pits after degradation. This may be
due to the layer-by-layer profile of the DLP-printed specimens.
Lastly, between tPCL-CA-PO100 and bPCL-CA-PO100, tPCL
causes the network to degrade twice as fast (Fig. 7A), likely
because of the plasticizing effect of the unfunctionalized PCL
arm.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Uniaxial ring test of aortic arch 3D printed from OS-bPCL-CA
(abbreviated as OS-bPCL in the figure) or Formlabs Biomed Elastic 50A.
The ring is taken from the ascending aorta portion.

To mimic physiological conditions, we also conducted
in vitro degradation with tPCL-CA-PO100 and pPCL-CA-PO41
networks in Dulbecco’s phosphate buffered saline (pH = 7.2)
at 37 °C. tPCL-CA-PO100 displays statistically insignificant
mass loss over 40 days, while bPCL-CA-PO41 shows a 14%
mass loss (Fig. S10t). This comparison agrees with the result
of the accelerated degradation test. Combined, CITRO affords
clickable photopolymers with a wide range of controllable
degradation rates.

The established biocompatibility of PCL and thiol-norbor-
nene chemistry can inform the potential environmental
impacts of degradation products. PCL has been commercia-
lized as resorbable sutures. And in vivo studies of non-com-
mercial PCL-based biomaterials show their
biocompatibility.**** For PETMP and the norbornene end
group, the resultant thiol ether is stable to hydrolytic degra-
dation. However, PETMP has four ester bonds that can hydro-
lyze to yield pentaerythritol, which is the least toxic degra-
dation product among common bioresorbable polymers: PCL,
poly(hydroxy butyrate valerate), poly(r-lactic acid), poly(glycolic
acid), and polyorthoesters.®* As a result, we expect the degra-
dation products to be relatively non-toxic and environmentally
benign.

In addition to linear mass loss, surface erosion prevents a
sudden loss of material strength during degradation.”” We
thus investigated the mechanical properties of the tPCL-CA-
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Fig. 7 (A) Degradation profiles of tPCL-CA-PO100, tPCL-CA-PO41,

and bPCL-CA-PO100 networks (n = 3 each), with SEM images showing
the surface of dog-bone shaped specimens of tPCL-CA-PO100 before
(top) and after (bottom) 48 h of immersion in 0.25 M NaOH at 37 °C
(scale bar: 250 pm). (B) Mechanical properties of fresh and partially
degraded tPCL-CA-PO100 network (n = 3, *p < 0.05, **p < 0.01, ***p <
0.001). (C) Mechanical properties of fresh and partially degraded tPCL—
CA-PO41 network (n = 3, ns: not significant). Statistical significance is
determined via Student’s t-test by comparing degraded samples with
fresh samples. p < 0.05 is deemed statistically significant.

PO100 and bPCL-CA-PO100 networks at different stages of
degradation. Instead of a decrease in stiffness, as observed for
other surface-eroding elastomers such as poly(glycerol seba-
cate), mechanical properties of the tPCL-CA-PO100 and
bPCL-CA-PO100 networks either remain unchanged or
increased (Fig. 7B and Fig. S107). This trend also holds in the
faster-degrading tPCL-CA-PO41 network (Fig. 7C), suggesting
the beneficial effect of maintaining mechanical integrity by
even partially capping the terminal carboxylic acids. The pres-
ervation of mechanical properties further supports a con-
trolled surface erosion mechanism during which a slight
decrease in the cross-linking density increases the chain
length between cross-links. This does not significantly affect
Young’s modulus but disproportionately increases the strain-
at-failure.
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3.5 Preliminary biocompatibility

The cytocompatibility of our photopolymers is assessed with
bPCL-CA and tPCL-CA-PO100 networks. We chose direct
seeding of human umbilical vein endothelial cells (HUVECs)
on test surfaces as a representative of possible cellular
responses to a print. Compared with tissue-culture-treated
polystyrene (TCPS), the bPCL-CA and the tPCL-CA-PO100 net-
works are both cytocompatible (Fig. 8A), as >75% viability indi-
cates cytocompatibility per the ISO 10993-5 standard.
Furthermore, calcein-AM staining on day 1-4 shows identical
cell morphologies on all surfaces (Fig. 8B and Fig. S11}), and
the growth curve indicates that HUVECs proliferate at roughly
the same rate on all test surfaces (Fig. S127). As a result, bPCL—
CA’s terminal carboxylic acids do not impact the viability and
cell morphology (Fig. 8B).

Encouraged by this result, we conducted a preliminary sub-
cutaneous implant study of the tPCL-CA-PO100 network using
3D-printed porous pucks (Fig. 8C). Two female BALB/c] mice
each received two implants explanted after 15 days. The
absence of foreign body giant cells, preservation of the muscle
layer’s native architecture, and vascularized surrounding
tissues represent a benign response to an implant (Fig. 8C).
Interestingly, the host develops a vascularized cellular infiltra-
tion into the pores of the print. The vascularized nature of the
host response and the relatively thin capsule during the early
phase are encouraging signs of biocompatibility (Fig. 8C).

A 0%
100%
80%
60%
40%
20%
0%

Viability

Day 2 Day 4
mPCL mPCL-CA ' tPCL-CA-PO100

. —
55

Fig. 8 (A) Human umbilical vein endothelial cells (HUVECs) viability (n =
3, *p < 0.05) on bare PCL (M,, = 80 kDa), bPCL-CA network, and tPCL—
CA-PO100 network. ATP-based luminescent cell viability assay is used,
and viability is calculated by dividing the luminescence signal by that of
HUVECs grown on tissue-culture-treated polystyrene (TCPS). (B) Calcein
AM staining of HUVECs on day 4 of the in vitro test (scale bar: 100 pm).
(C) Subcutaneous tPCL-CA-PO100 implants explanted from mice after
15 days; H&E staining shows little inflammatory response and healthy
surrounding tissues. The implant is marked with “*". Cell infiltration in
the pores is outlined with a box (scale bar: 100 pm).
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Further studies will explore inflammatory cells’ nature and
potential phenotype changes over longer periods.

In the future, we may also replace TPO with more biocom-
patible macro-initiators once they become commercially avail-
able. So far, all commercial photoinitiators are small mole-
cules. Unreacted photoinitiators and their photolytic products
can migrate out of the material and cause harm. The
European Union has banned TPO as a nail polish ingredient,
and benzophenones are possible human carcinogens.®®
Macro-initiators with polymerizable groups curb the leaching
problem by covalently linking themselves to the polymer. Two
examples include poly-a-ketoesters synthesized from ketogluta-
ric acid - a human metabolite - and PEG diacrylate with
pendant thioxanthone groups.®>®

3.6 Comparison with other sustainable thiol-ene
photopolymers

CITRO is a step toward sustainable 3D printing material. In
this platform, CA is partially renewable as it is synthesized
from maleic anhydride,® and PCL can be produced from
lignocellulosic biomass.*' Other scalable, green thiol-ene
photopolymers use renewable feedstocks such as carbon
dioxide and terpenes."%2%2°

Poon et al. copolymerized carbon dioxide and 4-vinyl-cyclo-
hexene oxide to synthesize a block copolyester that is DLP-
printable via thiol-ene chemistry.’ The resultant photopolymer
is elastic (E = 0.093-0.12 MPa) and able to withstand cyclic
stress. Varying the monomer compositions alters the block
composition, which in turn tune properties such as T, and the
Young’s modulus. The toughest material in this work has a
Oomax Of 145 kPa and a e, of 113%. And the material also
suffers from decaying strength over 20 cycles of cyclic testing
with 20% elongation. Converting carbon dioxide to functional
materials for additive manufacturing is meritorious. However,
this process requires a custom heterodinuclear MgCo catalyst.
An reductive amination between 4-tert-butyl-2,6-diformylphe-
nol and 2,2-dimethyl-1,3-propanediamine affords the pro-
ligand. The pro-ligand is then treated with Mg(N(Si(CHj3)3),)s
and Co(OAc), in tetrahydrofuran at 100 °C for 16 h in air-free
condition to afford the MgCo catalyst.®” The non-trivial syn-
thesis may limit its future adaptation.

Unlike carbon dioxide, terpenes readily forms cross-linked
networks with thiol cross-linkers.'*®?° However, terpenes are
the least reactive among alkenes.” Prebihalo et al’s work on
thiol-terpene thermoset indirectly confirms terpenes’ low reac-
tivity, as the thermoset is cross-linked with UV light over-
night.?® To overcome the slow reaction, Constant et al. first
copolymerized B-myrcene and limonene, and then mixed the
oligomers with PETMP and 1,3,5-triallyl-1,3,5-triazine-2,4,6
(1H,3H,5H)-trione to afford printable DLP resins.>®> Combining
the oligomers with the triallyl monomer causes the mixture to
gel at a lower conversion rate than monomeric terpenes. More
recently, Chiaradia et al. ring-opened itaconic anhydride - an
renewable feedstock itself — with perillyl alcohol to afford peri-
llyl itaconate.®® Itaconate’s conjugated double bond increases
the reactivity. The resultant materials is a tough elastomer
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(6max = 3.1-10.6 MPa, e, = 158-353%) printable via DLP.
Although Chiaradia et al. did not conduct a degradation study,
we expect this terpene-based material to be less degradable
due to the lack of hydrolyzable esters bonds and the potential
homo-polymerization between the alkenes.

Compared with the ring opening of carbon dioxide, CITRO
only requires a benign, inexpensive catalyst and is easier to
scale, and the resultant material has increased elasticity and a
wider range of Young’s modulus. Compared with terpenes,
norbornene’s higher reactivity permits better compatibility
with DLP and SLA and a lower loading of photoinitiator and/or
reactive diluent. Further, thiol-ene thermoset polymerized
purely from terpene also are slower to degrade due to the back-
bone’s hydrophobicity and a higher cross-linking density.

Using bio-derived thiol cross-linkers would increase the bio-
content of the CITRO platform. But according to our best
knowledge, they are neither commercially available nor
reported in the literature. PETMP is synthesized from 3-mercap-
topropionic acid and pentaerythritol — both derived from pet-
roleum sources. Trimethylolpropane tris(3-mercaptopropio-
nate) is another popular multifunctional cross-linker. But its
precursor, trimethylolpropane, is non-renewable. While thio-
lated biomacromolecules (such as gelatin and chitosan) are
multifunctional and partially bio-renewable, they are immisci-
ble with norbornene-functionalized PCL. One can conceivably
synthesize a tri-functional thiol from glycerol and 3-mercapto-
propionic acid. Lipoic acid can be another green thiol precur-
sor. It’s a naturally occurring nutritional supplement, and have
been explored in making ultra high molecular weight polymers
and in 3D printing.®®”7> Contrasting green thiols, green photo-
absorber and photoinitiators - besides not commercially avail-
able - do not meaningfully increase the bio-content of our
resin as they constitute less than 0.2 wt% of the resin.

Overall, the main goal of the paper is to report a partially
renewable thiol-norbornene resin synthesized with 100%
atom efficiency using a benign, food-grade catalyst. The thiol
cross-linker and photo-additives serve as a proof of concept,
that the resultant norbornene-functionalized PCL is compati-
ble with DLP printing. Had green thiols and green photo-addi-
tives been commercially available, we would expect them to be
compatible with our current system. At this stage, using com-
mercially available reagents enables other researchers to
quickly adapt this work.

4 Conclusion

Caffeine catalyzes the green synthesis of PCL-based thiol-nor-
bornene photopolymers for 3D printing. Varying the reaction
time tunes the chain-end functionality, which in turn controls
the degradation kinetics of the DLP-printed materials. The
photopolymers also exhibit mechanical properties that vary
with the backbone structure and thiol stoichiometry. These
photopolymers are highly elastic when repeatedly extended to
40% strain. Further, in vitro study with human umbilical vein
endothelial cells shows high cytocompatibility and early-phase
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subcutaneous implantation in mice elicits a mild host
response. Lastly, notable aspects of sustainability are the green
catalyst (caffeine), solventless synthesis, renewable feedstocks
(PCL and CA), and degradability. Thus, this photopolymer plat-
form is poised to enable sustainable additive manufacturing
of soft biomaterials and beyond.
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