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Abstract

As personalized medicine rapidly evolves, there is a critical demand for advanced
biocompatible materials surpassing current additive manufacturing capabilities. This study
presents a novel printable bioresin engineered with tunable mechanical, thermal, and
biocompatibility properties through strategic molecular modifications. We introduce a new
bioresin comprising methyl methacrylate (MMA), ethylene glycol dimethacrylate (EGDMA),
and a photoinitiator, which is further enhanced by incorporating high molecular weight
polymethyl methacrylate (PMMA) to improve biostability and mechanical performance. The
integration of printable PMMA presented several synthesis and processing challenges,
necessitating substantial modifications to the 3D printing process. Additionally, the bioresin
was functionalized with antibacterial silver oxide and bone-growth-promoting hydroxyapatite
at various weight ratios to extend its application further. Our results demonstrate the agile
printability of the novel bioresin and its potential for transformative impact in biomedical
applications, offering a versatile material platform for additive manufacturing-enabled
personalized medicine. This work highlights the adaptability of our novel printable bioresin for
real-life applications and its capacity for multiscale structural tailoring, potentially achieving
properties comparable to native tissues and extending beyond conventional additive

manufacturing techniques.



1. Introduction
In the emergent field of personalized medicine, the development of advanced printable
materials is paramount for novel therapeutic solutions, including radiotherapy wearables (1]
drug delivery 1%, anatomic models for agile surgery planning *!, and tissue-replacing implants
[, Nonetheless, the state-of-the-art is eclipsed by the limited availability of viable material
solutions, providing aseptic materials that are inconducive to advanced and personalized
implants. For instance, available bioinert materials predominantly constrained cranioplasties
51 hindering transformative advancement in orthopedics using additive manufacturing.
Therefore, we introduce a new class of advanced and printable resins, termed osseoPRINT,
which transcends the state-of-the-art on multiple fronts, including (1) strategic integration of
antibacterial and osteoinductive agents, (2) a streamlined synthesis process, (3) compatibility
with 3D printing methodologies, and (4) versatility across various additive manufacturing
techniques. The newly synthesized osseoPRINT resins surpass the bioinertness asymptote of
the current barriers to personalized and translational medicine applications.

Research into advanced material systems aimed at accelerating personalized medicine
has bifurcated into various directions, with some focusing on biology-based approaches (e.g.,

(6] and stem cells ") and

extraction of biological tissues from animals matching humans
engineering-based directions (e.g., bio-simulant materials with integrated cells [, 3D printing
of living organs %!, and advanced manufacturing of implants with complex geometries '!]).
While biology-based approaches hold promise, their nascent stage and associated ethical
concerns present significant hurdles to their practical application in clinical settings, e.g.,
bedside treatments. In contrast, engineering advanced materials and structures for orthopedics
offers a more immediately viable path due to their scientific, technological, and economic
feasibility. At the forefront of advanced materials research, polymers (and their composites)
are most suitable for the personalization of medical solutions, such as load-bearing implants,
due to (1) processability 1?1, (2) mechanical and structural compatibility 131, (3) stability and

(141" and (4) agility in rapid formulation and synthesis !'*. However, the

tailorability
development of bio-suitable and additively manufacturable polymers has been stagnant due to
the limited availability of bioinert and bio-tailorable materials amendable to 3D printing.
Bioinert materials are the cornerstones in developing therapeutics from the onset of the
personalized medicine paradigm, providing temporary and durable solutions to a diverse range

151 161 In orthopedic ontology, mainly where regeneration is unviable or

of pathologies [
unavailable, polymers such as poly(methyl methacrylate) (PMMA), ultra-high molecular

weight polyethylene (UHMWPE), and poly(ether-ether-ketone) (PEEK) are ubiquitous in load-



bearing orthopedics due to their biocompatible behaviors, commercial availability, bio-
inertness, persistent stability, and reliable performance [!”). The side-effects of using these
material candidates in orthopedics, including the conventional manufacturing and integration
approaches, overshadow these advantages since it could potentially endanger the patients (e.g.,
PMMA molding of implants might toxify insertion site with unterminated radicalized or
uninitiated monomers, and the exothermic polymerization reaction) ['8]. The advent of additive
manufacturing (AM) is opportune for broader personalization for patient-specific orthopedics,
strategic material decoration for multifunctionality, and, in turn, improving the quality of care
and life "1 201 AM techniques trump the state-of-the-art in realizing complex structures with
unprecedented geometrical tailorability derived directly from medical images ). Hence, AM,
polymers, molecular decorations, and personalized orthopedics are the foundations for the
presented advanced (and printable) material systems, osseoPRINT.

Among the various bioinert materials emulating the properties of bone,
polymethylmethacrylate (PMMA) remains a prevalent choice for FDA-approved orthopedic
and cranioplasty applications due to its thermomechanical stability, ease of

(221,[23).[241125)126]  To  further enhance its

photopolymerization, and minimal toxicity
thermomechanical attributes, crosslinking PMMA with chemically and biologically
compatible compounds has emerged as a strategic approach 271, Ethylene glycol dimethacrylate
(EGDMA), an oligomer, has been extensively studied in its polymerized state and

2811291 Previous research has successfully

demonstrated to be biocompatible and cell-friendly !
employed EGDMA as a crosslinker for PMMA and methyl methacrylate (MMA) in implants
to bolster their thermomechanical stability % Moreover, incorporating nanoscale particles as
molecular decorations into physically and chemically crosslinked PMMA and poly(MMA-co-
EGDMA) can lead to a biomaterial with superior biocompatibility. Silver nanoparticles, known
for their antibacterial, antifungal, and antioxidant properties, have been widely used as bio-
fillers while exhibiting low cytotoxicity at appropriate concentrations [P1H32L33]
Hydroxyapatite (HAp), a bio-ceramic that closely resembles the mineral composition of bone,
promotes osteointegration by stimulating bone growth and osteoblast proliferation 2435, HAp
is a versatile material with numerous biomedical applications, such as surface modifications

and functionalization for tissue engineering P6M371,

While these compounds have been
individually studied, this research, to our knowledge, presents the first report of a printable,
biomaterial with tunable properties, incorporating the above-mentioned chemicals into a single

formulation.



To placate the bio-inertness limitations in the current state-of-the-art, we have
developed a novel class of advanced printable resins, osseoPRINT, with tunable
thermomechanical and rheological properties enabled by solely adding antibacterial and
osteoinductive agents (Fig. 1). The versatility of osseoPRINT is rooted in its additive-
manufacturing-technique agnosticism by carefully optimizing the monomer-to-polymer ratios
while avoiding rheological modifiers that compromise the resin biocompatibility and
negatively alter the mechanical and structural responses. All rheological modifiers are
eliminated from osseoPRINT, evidencing additional novelty of the research leading to this
paper. The synthesis of osseoPRINT was easily optimized for vat photopolymerization (VPP)
3D printing, demonstrating the adaptability of the process without negatively reflecting on the
mechanical performance. The fully integrated osseoPRINT resins were found suitable for
producing intricate geometries of bone microstructure representations. Thus, our osseoPRINT
resins are a facile and flexible solution for additive manufacturing advanced resin implants.

The processing-mandated viscosity of the base resin was achieved by tailoring the
amounts of high-molecular polymethyl-methacrylate (PMMA) to a base of methyl-
methacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA), Fig. 1la-i. The
incorporation or absence of PMMA was reflected in a viscosity range between 0.04 and 14.60
Pa-s without affecting the synthesis or manufacturing process (Fig 1a-ii). Printed plates
exhibited an average storage modulus of 3.12 + 0.13 GPa (Fig. 1a-iii), further manifesting the
manufacturing adaptability with stable mechanical properties independent of the PMMA
concentration. Adding antibacterial and osteoinductive agents had a meager effect on the
printable resin properties, irrespective of the nano-filler content (Fig. 1b). Fig. 1b-i compiles
the different composition iterations and the slight change in viscosity through its lifetime,
where 0 wt.% PMMA resin and 10 wt.% resin are the bounding compositions in terms of
viscosity values (0.04 and 13.42 Pa-s before printing and 0.07 and 34.72 Pa-s after printing).
The mechanical stability of the resin was maintained after hybridization, reporting a similar
storage modulus of 3.15 GPa, on average, at body temperature (37 °C), and only at high
temperatures (un-physiological) was the behavior damped by the dopant agents (Fig. 1b-ii).
The thermal history of the composite (Fig. 1b-iii) reported Tc =116.4 + 16.4 °C and Tr, = 264.2
+ 9.7 °C, elucidating the possibility of using material extrusion as a manufacturing technique
after the pelletization or spoolization of the osseoPRINT; an active area of research in our
group. The successful printing of the miniaturized gyroid structures (Fig. 1¢) ascertains the
reality of implementing osseoPRINT, which reported compressive mechanical properties

suitable for bone replacement applications. The selection of a gyroid triply periodic minimal



surface (TPMS) structure to emulate the bone is elaborated upon in the forthcoming sections,
while compressive stiffnesses are compared to other engineered topologies. This advanced
resin significantly enhances the translational potential for bone-replacement implants, offering

exceptional adaptability and suitability across diverse manufacturing processes.
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1a-iii Dynamic properties of osseoPRINT as a function of PMMA content
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1b-iii Effect of decorating agents on thermal transitions
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Figure 1. Novel printable and tunable bioresin (0sseoPRINT) and its process-property
interrelations. (a) Structure and molecular decoration of 0sseoPRINT resin generations,
showing the integration of modifying nanoscale antibacterial and osteoinductive agents
are additively manufactured using modified VPP 3D printing, rheological stability of
printable bio-compatible 0sseoPRINT resins, and the dynamic properties of 0sseoPRINT
samples at body temperature (37 °C). (b) Process-property nexus of newly synthesized and
printed bioresin, showing the influence of antibacterial and osteoinductive agents on (i)
lifetime, (ii) mechanical properties, and (iii) thermal transitions (i.e., glass transition and
melting temperatures). (c) Practical demonstration of streamlined bone replacement
implants evidencing miniaturized gyroid structures (10 x 10 x 10 mm?), epitomizing the
agility and facility of novel osseoPRINT.

with nHAp osteoinductive agent oni

2. Results and discussion

2.1. Synthesis, printability, and lifetime of 0sseoPRINT

The synthesis of the first generation (neat versions) of osseoPRINT resins focused on creating
a bioinert formulation suitable for personalized medicine applications while avoiding
unnecessary chemical modifiers to mitigate potential toxicity and bio-rejection 8], The neat
version of osseoPRINT exhibits a broad and tunable range of rheological and mechanical

properties by adjusting the weight ratio of PMMA powder, as delineated in §4. The base resin



was formulated by homogenizing MMA monomer and EGDMA in a 50:50 weight ratio
followed by 180 s elliptical mixing with BAPO, resulting in the printable bioinert polymer
(Fig. 2a-i). To fine-tune the rheological properties and stabilize the chemical, thermal, and
mechanical behavior of the base printable resin, PMMA powder (@ = 100-250 pm) was added
to the MMA/EGDMA solution at varying weight ratios, ranging from 0 to 10 wt.%, while
continuously stirring in a heated water bath at 50 °C for 210 min to balance between proper
mixing and avoiding premature gelation due to the relatively low thermal stability of the
PMMA 3%, The solubility of PMMA in the MMA monomer is highly dependent on the content
ratio and the synthesis temperature to control the Trommsdorff effect. The latter prevents rapid
polymerization, which, if occurred, leaves undissolved PMMA powder beads suspended (but
hidden within the solution due to the refractive index matching) within the flash-cured gel %!,
The flash-cured gel exhibits ultrahigh viscosity, deeming it unmovable from the mixing
container to the 3D printer, i.e., compromising the feasibility of the 3D printing process. Hence,
selecting the proper synthesis conditions (e.g., temperature and stirring speed) is paramount for
formulating 3D printable PMMA-based resins. The balanced conditions provide ample time to
radicalize the PMMA chains within the MMA/EGDMA solution without inducing the
complete polymerization reaction **). The final step is strategically adding the photoinitiator
to the PMMA/MMA/EGDMA to induce radical polymerization upon ultraviolet exposure
during 3D printing !!. This carefully choreographed synthesis process resulted in the first
generation of agile osseoPRINT resins (agility is defined as facile tunability), Fig. 2a-ii,
evidenced by the successful preparation of several batches.

The viscosity is the primary barrier to successful 3D printing of the osseoPRINT base
resins using the VPP 3D printing process by dictating the critical processing parameters (421,
such as approach and retraction speeds, layer height, and bottom layer exposure, to name a few
(431 To address this challenge, several modifications were made to standard VPP equipment:
(1) printing was conducted under an inert nitrogen atmosphere by adding a purging mechanism
to mitigate the reactivity of PMMA in ambient conditions 4, (2) printing parameters were
optimized to accommodate the broad viscosity range associated with different PMMA
concentrations, and (3) the incubation period between resin formulation and print initiation was
carefully controlled. The printing process was performed in a nitrogen-filled environment to
prevent organic volatiles from destabilizing the resin and impairing print quality. Fig. 2a-i
shows a schematic of the printing procedure, where the resin was transferred to the vat,
followed by purging the printing chamber with nitrogen at 0.75 MPa and 1.5 I/min for 10 min

before starting the printing process. The same N> flow conditions were also maintained



throughout the additive manufacturing process to preserve the chemical stability of the resin
and the printed artifacts. The heuristically optimized printing parameters include 30 s bottom
exposure time, 10 s exposure time, and a platform speed of 4-6 mm/s. The printing lift (vj= 4
mm/s) and retraction (v,= 6 mm/s) speeds are correlated to a shear rate of y = 1 and 1.5 s,
respectively, giving that y=vye (v; is the platform speed with the subscript i = / for lift and r
for retraction, and e is the layer height) [29]. The rheological properties and their relationship
to the printing process as a function of PMMA concentrations are discussed next. The samples
were then post-processed using the conditions delineated in the Experimental Methods section.

The rheological properties (Fig. 2b-i) of the first-generation osseoPRINT resins (neat
versions) provided additional insights into the dynamic mechanisms dominating the 3D
printing process. On the one hand, the viscosity-shear rate interrelation is highly sensitive to
the PMMA wt.%, where resins > 5 wt.% PMMA exhibit quasi-Newtonian fluid behavior [*°],
while < 2.5 wt.% PMMA demonstrates a pronounced shear thinning phenomenon 4. This
difference is attributed to the solute-solvent interactions stemming from the distinct molecular
weight and chain mobility of the constituents, where increasing the wt.% of the high Mw
PMMA hinders the free motion of MMA and EGDMA molecules *71. The absence of
significant PMMA content in osseoPRINT resins (i.e., < 2.5 wt.%) is conducive to solvent
(MMA and EGDMA) breakdown that transpires as shear thinning 31, The dichotomy between
the resin viscosity as a function of PMMA, shear thinning to quasi-Newtonian transition,
axiomatically manifested during the transfer from the mixing container to the printing vat,
evidencing rapid FEP (fluorinated ethylene propylene) sheet wetting for resins with low wt.%
PMMA to forced wetting (i.e., forcibly spreading the resin onto the FEP sheet) for the higher
wt.% counterparts. While the latter observation is anecdotal, it coincides with the rheological
properties of the osseoPRINT resins. The printing shear rates correspond to a dynamic viscosity
of 0.05 and 10 Pa-s, defying the limits of off-the-shelf resins for VPP (denoted on the
corresponding figures of the rheological properties). In other words, our modified printing
process readily accommodates the low viscosity resins (i.e., 0osseoPRINT with < 2.5 wt.%
PMMA) and their higher viscosity counterparts (i.e., osseoPRINT with > 5 wt.% PMMA),
remarkably without any alteration of the printing parameters. On the other hand, the shear stress
(1) is also related to the shear strain rate (and by induction to the printing speed) and viscosity,
as shown in Fig. 2b-ii. The importance of the shear stress (t =y X n(y)) epitomizes the
spreading of the osseoPRINT resin during the additive manufacturing process as the printing

platform regulates the layer height throughout the process (i.e., retracting away from the FEP



sheet to allow the fresh resin to seep into the printing region and approaching the LCD screen
to commence the exposure). Rheology is leveraged again to provide insights into this dynamic
printing environment, where T = 0.05 — 36 Pa withiny = 1 and 1.5 s™!, respectively, translating
to shear strain (y = [ 7/n(y ) dt) in O(1) that indicates the spreading (Fig. 2b-iii) of the resin
within the printing area (60 X 12.9 mm?). It is, however, imperative to reiterate that the additive
manufacturing of osseoPRINT is classified as evolutionary since changes in the viscosity are
temporal as a function of printing time and conditions, as discussed next.

The affinity of photopolymerizable osseoPRINT to ultraviolet radiation during the
printing process affects the lifetime of the resin and, in turn, reduces the production yield from
each batch. The interaction between the activating ultraviolet light rays (and their diffraction
around the sample edges) results in the evolution of the dynamic viscosity as a function of time,
deeming the resin unprintable after a few printing cycles. The diffraction of ultraviolet light
within the resin container during printing inevitably results in the curing of the adjacent
polymer voxels in the vicinity of edges and internal features, affecting the viscosity due to the
immiscibility of polymerized particles. To ascertain the usable lifetime of osseoPRINT, the
initial viscosity of each batch is compared to the remnant viscosity after three printing cycles,
indicating the retention of idiosyncratic Newtonian or quasi-Newtonian properties (Fig. 2b-i).
The simple chemical decoration of the base osseoPRINT amplified the scattering effect during
printing (inevitable curing during photopolymerization from scattered light), given the absence
of light-obscuring particulates (pigments, modifiers, additives, etc.) [°!, leading to increasing
viscosity after each printing iteration, especially pronounced for resins with higher PMMA
concentrations (Fig. 2b-ii). This light-resin interaction phenomenon (schematics shown in the
inset in Fig. 2b-iii) was axiomatic in resins with > 5 wt.% PMMA, which, despite initially
fulfilling the viscosity requirements for successful VPP manufacturing, becomes futile upon
repeated usage. Otherwise, the tempered influence of ultraviolet on PMMA-based resins
affirmed their suitability for further decoration with osteoinductive and antibacterial agents, as
discussed next. Consequently, 2.5 wt.% PMMA osseoPRINT resin emerges from all other
PMMA concentrations as the most viable option for printing structures with tunable and
customizable biomedical attributes. It is worth noting that investigating osseoPRINT with
different PMMA concentrations led to identifying the suitable content ratio for the following
printable resin generation, i.e., an informal optimization approach.

The second generation of osseoPRINT resin focused on improving the potential

acceptability of this novel material by the human body, such that adding antibacterial and



osteoinductive agents to the substratum (i.e., the base resin) enhanced the biomechanisms for
proper integration. The selection of the specific decorating compounds was discussed in the
introduction, motivated by previous research that investigated them separately for biomedical
applications. The formulation of this version of 0sseoPRINT (i.e., individually including
antibacterial and osteoinductive agents) faithfully followed the steps used to prepare the base
resins with two minor modifications. Here, progressive tailoring of the formulation was
imperative to accentuate the stability of the final printable resin. The first modification entailed
the addition of mineralized hydroxyapatite nanoparticles (nHAp) at weight ratios of 0.1, 0.5,
and 1% with respect to the total weight of MMA/EGDMA/PMMA (2.5 wt.%). The upper bound
of nHAp hybridization balances between sufficient potential osteointegration %, matching
mechanical properties of the native tissue [*!!, and subduing light diffraction from the particles
during printing (i.e., achieving printability and biointegration synchronously). The nHAp
dopant was added to the printable base resin with 2.5 wt.% PMMA in the planetary mixer for
240 s, followed by a 24-hour resting period based on a twofold rationale. This resting period
was crucial to properly distributing and stabilizing the nHAp within the resin matrix.

The initial mixing of the nHAp with the base resin in the planetary mixer is
predominately dictated by the Marangoni flow 2! resulting in an apparent homogenized
solution with the osteoinductive agent fully suspended throughout. However, HAp nanoparticle
agglomerates tend to rapidly settle at the bottom of the mixing vial due to Stokes settling (u =
g-d?- (ps — p)/(18u), where g is gravitational acceleration, d is the particle diameter, pq
and p, the particle and the liquid densities, respectively, and u the viscosity) 53!, The settling
velocity is directly proportional to the squared diameter (0(10~° m)) and inversely related to
the dynamic viscosity (O (10 mPa. s)), resulting in settling time O (3000 s) that coincides with
the visual estimation of the settling during the synthesis process. Notably, after 24 h, the nHAp
percolated throughout the solution, resulting in a two-phase system in which the smaller
diameter particles were suspended in an equilibrium between weight-penalized drag (F; =
1/2 C4V2pA + mg, where Cy is the drag coefficient, V the velocity, p the density, A the area,
m the mass, and g the gravity) and floating-induced buoyancy (F, = —pgV) forces 4 3], The
larger nHAp particles remained settled (Fig. 2¢-i). Fig. S2 and Fig. S3 in the Supplementary
Document depict a model describing the settling and percolation processes, leading to a
printable hybridized resin (tHAp + MMA/EGDMA/PMMA(2.5 wt.%)).

The second modification incorporated the antibacterial agent, Ag>O, in the same ratios

as nHAp nanoparticles in MMA/EGDMA/PMMA(2.5 wt.%) base resin. Ag>O nanoparticles,



in controlled concentrations, exhibit remarkable antibacterial properties with proven lower
infection rates in integrated orthopedics, as discussed in the introductory remarks 61, but high

571, Hence, the upper bound of Ag>O nanoparticle

concentrations adversely toxify osteoblasts !
concentration was limited to 1 wt.% and the lower bound to 0.1 wt.% since reduced silver
content is deemed futile. The additive manufacturing process also constrained the controlled
concentrations of AgrO nanoparticles due to the light-nanoparticle interactions (e.g.,
diffraction and scattering) %!, The Ag,0- MMA/EGDMA/PMMA(2.5 wt.%) hybrid resin was
also left to rest ca. 24 h before printing based on the physical phenomena discussed above. The
nHAp powder resulted in a slightly higher viscosity (Fig. 2¢-ii) than Ag>O nanoparticles due
to the differences in atomic weight. The printing parameters were slightly modified to
accommodate the new decorations based on liquid-solid and light-resin interactions, leading to
80 s bottom exposure time and 30 s exposure time. All other parameters remained unchanged.
The lifetime expectancy (comparing left and right panels in Fig. 2¢-ii) of the second-generation
0sseoPRINT resins was consistent with previous estimations. A final resin configuration was
synthesized and additively manufactured, leveraging the optimized properties of earlier
generations. The final osseoPRINT version comprises 0.5 wt.% nHAp and 0.5 wt.% AgO
nanoparticles in MMA/EGDMA/PMMA(2.5 wt.%) to balance printability, desired properties,

and lifetime.
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Fig. 2. The synthesis, physics, and rheology of tunable and printable decorated
photocurable bio-suitable (osseoPRINT) resins. (a) Bench formational of osseoPRINT
resulting in agile preparation and printing protocols. (b) Rheological underpinnings of

poly(MMA-co-EGDMA)+PMMA photopolymrs, including viscosity and shear stress, are
required to define printing parameters, lifetime, and spreading for handling during
transport and processing. (c) Transport phenomena associated with the addition of
nanoparticle decorations and the resulting rheology of the enhanced osseoPRINT with
nHAp and Ag:0 modifying bioagents.




2.2. Multi-physical property mapping of 0sseoPRINT resins
The chemical integrity and signature of the 3D printed osseoPRINT resins were ascertained
using FTIR-ATR, as discussed in the Experimental Methods section. The spectral peaks in Fig.
3a are primarily characteristic of PMMA and EGDMA ), with an emphasis on the C-H
stretching vibrations from the carbonyl group, primary polymer chain, and pendant methyl
groups (A=2945 cm™) (%9 the C=0 group (A=1719 cm™!) [%601 1611 '[62] 'the C=CH, stretching
(A=1636 cm™) %, the C-CH; and C-CHj3 bending (A=1445 cm™) [6!] the C-O-C asymmetric
stretching (A=1145 cm™) 1] the O-CHj3 rocking (A=960, 980 cm™) [5°1 and the C-C skeletal
mode (A=748 cm’") (611 1631 60 The decorated printed samples inherited the spectra of the 2.5
wt.% PMMA base resin, replicating the spectral peaks shown in Fig. 3a-i. The hydroxyapatite
concentrations (specifically 1 wt.%) exhibited a noticeable peak centered at 574 cm™,
attributed to the bending of the PO~ group [ 191, The spectroscopic results confirm the
anticipated chemical structure, including that of the osteoinductive and antibacterial agents.
DSC study elucidated the molecular interactions between poly(MMA-co-EGDMA) and
PMMA. The DSC thermograms are based on the first heating cycle at a rate of 3 °C/min and
show the suppression of T, which is influenced by the chain tacticity and heating rate (661 (7]
(681 [691 [70] (Fig. 3b-i). The crystallization temperature varied between 93.2 °C and 143.6 °C,
with 10 wt.% PMMA resin showing the lowest value (Fig. 3b-ii) due to the amorphous
structure at increased content ratios. At the end of the thermal history, two peaks were
observed: the first peak corresponds to the melting temperature (Twm), and the second was
attributed to the thermal decomposition. T exhibited minimal variation across all osseoPRINT
configurations (averaging around 260 °C as depicted in Fig. 3b-iii), yielding higher values than
pure PMMA due to the apparition of crosslinking sites "!l. In the molecularly decorated
configurations, the Ag>O melting point emerges after the base polymer Tm but is only
discernible in those resins with high compound concentrations. The diminution in Tm
accentuates changes in PMMA molecular weight during the 3D printing process, which
restricts molecular mobility and free volume due to the polymerization of poly(MMA-co-
EGDMA), leading to a decrease in enthalpy during the non-isothermal process "2 [3]. The
second endothermic peaks, centered around ~320 °C, are attributed to the thermal
decomposition due to carbonization, evidenced by notable color changes on the polymer
powder beads remaining in the pan after testing (Fig. S7 in the Supplementary Document). The
endothermic decomposition peaks apodictically ascertain the thermal stability of the 3D-

printed polymers and corroborate the accompanying DMA analysis.
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Fig. 3. Physicochemical and thermal properties of neat and decorated 0sseoPRINT resins.
(a) Chemical signatures (FTIR-ATR spectra) of all osseoPRINT configurations show the
chemical stability of the printable base resins (a-i) and the molecular decorated (a-ii). (b)
Thermal history of the powderized 0sseoPRINT printed resins(b-i), including the effects of

nHAp and Ag:0 nanoparticles on the crystallization (b-ii) and melting temperatures (b-iii),

overall indicating biothermal stability in implant conditions.

The primary foreseen application for the photocurable osseoPRINT resins is skeletal implants

adjacent to the native bone tissue, stipulating the need to match their mechanical properties



closely: (i) congruent mechanics to avoid stress shielding ¥, (ii) nanoscale tailorability and
decorations to improve acceptability and lifetime ], and (iii) comparable time-dependent
attributes (viscoelastic behavior) to gracefully manage dynamic loading scenarios (e.g.,
mundane, leisure, or occupational movements) [, The mechanical response of all osseoPRINT
generations was thoroughly investigated using dynamic mechanical analysis (DMA) and
nanoindentation, as discussed in the Experimental Methods section. In DMA testing, the
samples were loaded in the double cantilever configuration with 10 pm amplitude at 1 Hz and
temperature ramp from 26 °C to 190 °C, reporting the storage modulus (E"), loss modulus (E'"),
and fan(&) in Fig. 4a-i. Irrespective of the osseoPRINT resin generation, the storage and loss
moduli exhibit a decaying behavior as a function of temperature leading away from the glassy
region, accentuating the previous discussion based on the physicochemical signatures. The
decaying trend in the moduli reveals the complex structure of the resulting macromolecule,
inheriting the attributes of linear and crosslinked polymers that stem from photopolymerization
during printing. The printed and cured 0sseoPRINT structure is a byproduct of the chemically
crosslinked poly(MMA-co-EGDMA) and physically crosslinked high-molecular PMMA
chains, as elaborated upon in the Supplementary Document. Undecorated osseoPRINT resins
<5 wt.% PMMA demonstrated higher amounts of crosslinking sites, resulting in a 50% drop
in E' during the glass-to-rubber transition (i.e., E' = 3.22 GPa in the glassy regime > E' =1.63
GPa in the rubbery plateau). The 7.5 wt.% and 10 wt.% PMMA reduced the storage modulus
by 82% and 76%, respectively (0.44 and 0.72 GPa). The dependence on the PMMA content
ratio is explicated based on reducing the number of crosslinked chains and, consequently,
allowing more molecular mobility within the chemically and physically crosslinked
macromolecule [77!. All first-generation prints using neat osseoPRINT versions demonstrated
good mechanical and geometrical stability at relatively higher temperatures, amending the
typical properties of neat, amorphous PMMA 78], This thermomechanical endurance also
transpired in E”, and apodictically in fan(§), with limited activation energy dissipation
mechanisms, evidencing predominantly elastic behavior and negligible dampening "°!. The
effective modulus (E¢rf = VE2 + E"2) is insensitive to E" such that E, £r =~ E' throughout
the thermal history except for the transition regime. Nonetheless, E” and tan(8) as a function
of temperature further confirm the physical and chemical crosslinking duality of osseoPRINT
resins. In the case of 0 wt.% PMMA, the manifestation of a single peak centered at 97.4 °C
corresponds to the glass transition temperature of the poly(MMA-co-EGDMA), while two



transitions coexisted for resins > 2.5 wt.% PMMA at 68.2 °C (for poly(MMA-co-EGDMA))
and 129.1 °C (for high-Mw PMMA), pointing to a pseudo block copolymer structure.

The thermomechanical behavior of osseoPRINT resins (Fig. 4a-ii) remained unchanged
after adding the antibacterial agent (Ag>0) due to the monodispersity of the nanoscale particles
and the crosslinking duality of the underlying pseudo copolymer. This is remarkable since
hybridizing the base resins for advanced biofunctionality proved effective in maintaining
thermal (including transitions), chemical (spectral peaks), and mechanical (viscoelastic)
stabilities. The Ag>O nanoparticles act as non-impeding pinning sites, allowing the chain
mobility afforded by the molecular structure, as discussed above, while inducing an
antibacterial shield over the printed artifacts %1, The addition of the nHAp osteoinductive
agent, on the other hand, significantly reduced E’ throughout the entire thermal history (Fig.
4a-iii), effectively acting as stress-transfer inhibitors (i.e., nanoscale inclusions) 8!, This
interaction is rationalized based on twofold reasoning: (1) nonconformable and (2) ununiform
geometry of the nHAp particles. The former (nonconformal) is substantiated by the distinct
mechanical properties of nHAp (E = 114 GPa and p = 3.14 g/cm?®) compared to the surrounding
polymer matrix and their chemical incompatibility. The nHAp particles remain suspended but
unreactive to the polymer, evidenced by the unchanged physicochemical signatures. The "tHAp
particles, at the lower size limit, may also pin the relative molecular motion and positively
affect the resistance to deformation in low loading regimes. The ununiform morphology
implies possible poor adhesion between the nHAp particles and the resin [#%), leading to partial
or complete debonding such that the osteoinductive fillers resemble voids that compromise the
stiffness, E’ (83, However, dampening is oblivious to the net effect of hybridization with nHAp
given the heterogeneous interactions and polydispersity of the filler. These several osseoPRINT
generations are suitable for biomedical implants (e.g., dental, cranioplasties, and
maxillofacial). Still, the final variation with nHAp osteoinductive and Ag>O antibacterial
agents exemplifies the ultimate solution for implants with complex biointegration
functionality. The resulting effective modulus at body temperature, E.rr ~ 3GPa, is
remarkably similar to the native bone stiffness (even without structural enhancements, as
discussed next). osseoPRINT resin with nHAp and Ag>O transcends the state-of-the-art in
mechanics and performance while accounting for advanced manufacturability and printability,
meeting the high aspirations of practitioners (surgeons and biomechanicians alike).

Finally, complete and successful biointegration stems from the nanoscale mechanical

properties that promote ingrowth and bio-acceptance. Fig. 4b summarizes the nano-mechanical



properties of osseoPRINT resins leading to the final generation (i.e., 2.5 wt.% PMMA base
resin, 0.5 wt.% nHAp, and 0.5 wt.% AgyO separately and hybridized into fully integrated
0sseoPRINT resin). The nano-hardness of osseoPRINT resins are 0.25+0.04 GPa, Fig. 4b-i,
compares well with those of human bones (ca. 0.4-0.6 GPa), eclipsing the mechanical
incompatibility in the bone-implant interfaces in current metal-bone or ceramic-bone solutions
[841 18] The hardness of osseoPRINT is a byproduct of the base polymer (0.22+0.14 GPa), Ag,O
antibacterial nanoparticles due to its crystalline structure (0.24+0.03 GPa), and the nHAp
osseoinducive agent with nearly similar structure as the mineralized calcium found in bone
tissues even at low content (0.32+0.04 GPa). The corroboration of the hardness values between
the native bone and the newly introduced osseoPRINT diminishes the potential of fretting wear
in articulating joints or contact regions, leading to better biointegration by forming quick and
firm interlocking connections [%¢!. Hence, meso- and micro-scale mechanics are also imperative

[87]

for biomechanical compatibility '°’/, i.e., mechanochemical interlocking.

2
1-Viesin

The nanoscale reduced modulus (Ei = , since the properties of 0sseoPRINT <<

resin

than those of the indenter and assuming v = 0.4) was 5.16+£0.46 GPa, closely resembling bone
tissue at sites such as the cranium 8. The molecular structure decorations using nHAp and
Ag>O nanoparticles corresponded to a unique alteration of the nano-mechanics, where the
former enhanced the stiffness of the base resin (E = 4.95+0.20 GPa without ntHAp = 5.73+0.49
GPa with 0.5 wt.% nHAp). Adding Ag>O nanoparticles softened the nanoscale behavior (E =
4.95+0.20 GPa without AgoO - 4.68+0.28 GPa with 0.5 wt.% Ag>0). Such alteration also
manifested in the indentation work, culminated in the elastic and plastic works (Fig. 4b-ii),
where adding nHAp filler subdued the plastic work to merely 89.51+7.53 nJ compared to
112.96+1.73 nJ and 116+£3.97 nJ for the undecorated and AgrO-only decorated resins,
respectively. The effect of 0.5 wt.% Ag>O nanoparticles and 0.5 wt.% nHAp in the final resin
configuration resulted in 120.10+8.77 nJ of plastic work (primarily due to the former) and
68.16+1.32 nJ of elastic work (culminating the contribution of all the decoration agents). In all,
the nanoscale mechanics corroborate the conclusions based on all previous characterizations,
substantiating the biomechanical superiority of the 3D printed osseoPRINT resins as an
advanced material system, accelerating the translational potential of the next generation of

biomedical implants while emphasizing personalized medicine.
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Fig. 4. Thermomechanical properties of neat and decorated osseoPRINT resins for bioimplants in
personalized medicine. (a) Dynamic thermomechanical behavior of the printed osseoPRINT plates as a
function of temperature, including the performance metrics of stiffness and dampening with emphasis on
mechanical performance at body temperature: a-i the response from base resin as a function of PMMA
wt. %, a-ii Ag20 nanoparticles, and a-iii nHAp. (b) Nanomechanics of 0osseoPRINT samples, elucidating the
interrelation between nanoscale hardness, modulus, b-i, and elastic/plastic energy, b-ii, with essential
nanoparticle decorations (nHAp and Ag:0).



2.3. Personalized medicine translational potential of 0sseoPRINT resins

To confirm the applicability of our osseoPRINT resins for personalized medicine implants with
tailorable topologies, we successfully 3D printed bone surrogate meta-structures to explore the
mechanical performance. The intricate geometry of bone tissue and its relationship with the
topology of the implant %! are paramount to proper osseointegration and avoiding detrimental
phenomena such as the prolonged presence of a fibrous capsule-induced pain or loosening %,
Mathematically generated meta-structures, e.g., triply periodic minimal surface (TPMS)
structures, have emerged as viable bone surrogate topologies for skeletal implants based on the
congruency between the computer-generated geometries and natural bone microstructures.
TPMS meta-structures are innovative topologies due to their interconnected porous diploé-like
architecture !, eclipsing state-of-the-art limitations such as reducing stress concentration, zero

921931 The unique attributes of the explored

average curvature, and open porous structure
TPMS scaffold porosity assist cell migration and vascularization for better osseointegration
while mitigating stress-shielding . Notably, the selected TPMS scaffold is a demonstrative
testbed for this printable advanced material, while other TPMS geometries can be readily
fabricated and characterized. To exemplify and demonstrate the applicability of the
0sseoPRINT resins, a 10 x 10 x 10 mm?® gyroid structure (Fig. 1¢) was 3D printed using the
modified VPP process and decorated bioresin with 0.5 wt.% nHAp and 0.5 wt.% Ag>O. The
compressive force-displacement response of the 3D printed fully decorated miniaturized gyroid
is shown in Fig. 5a, resulting in a compressive stiffness of 734 + 7.5 N/m based on the
delineated linear response after the initial toe region. The miniaturized gyroids failed at a
compressive force of ~370 N after nearly 1 mm compressive deflection, which can be further
optimized via formal algorithms as part of future incremental developments. To facilitate the
latter, the compression response was numerically simulated using finite element methods
(Abaqus®) by ascribing comparable boundary conditions to those imposed during the
experiment and assigning the properties deduced from the comprehensive testing regiment
discussed above. Notably, the exact solid model used in VPP printing of the gyroid structure
was used in the computational simulation. The effective modulus was adjusted for inherited
porosity and internal cracks from nanoscale hybridization with nHAp and AgrO using

MacKenzie and Salganik equations [>26L07]

respectively, resulting in a correct elastic
modulus of 1.75 GPa and Poisson’s ratio of 0.3. The computational compressive force-
displacement response agrees well with the experimental results, as shown in Fig. 5a while
providing insights into the deformation distribution within the representative gyroid unit cell.

The FEA model was then extended to account for the effect of other molecular decoration



levels on the compressive response, affirming the stiffening effect of nHAp and the softening
byproduct of antibacterial silver nanoparticles. Hence, this FEA modeling approach has been
validated and calibrated to explore a range of TPMS geometries compared to bone (from
different anatomical locations) properties.

The bone microstructure encompasses a broad range of topologies, depending on
gender, age, and prognosis, which has been a research focus for biomechanicians and
biophysicists alike. Hence, three additional TPMS structures (Diamond, IW-P, and Fischer-
Koch) were computationally investigated, Fig. Sb-i, due to their resemblance to bone
microstructure from different anatomical sites **M°1, The simulation boundary conditions and
materials assignment faithfully followed the settings used to compare the numerical and
experimental results based on the abovementioned gyroid structure. The Diamond, IW-P, and
Fischer-Koch TPMS lattices exhibited higher compressive stiffnesses (Fig. Sb-ii) than the
gyroid counterparts, ranging between 600-1000 N/m. Overall, the compressive stiffnesses of
the TPMS structures considered herein are compared to the bone stiffness from the entire tested
skull frontally and laterally 1% the whole vertebral body %!, and femoral trabecular %%,
being remarkably similar to the latter, as summarized in Fig. 5b-ii. At the outset, the FEA
model was further leveraged to explore the sensitivity of the bone microstructure resembled by
TPMS structures to Poisson’s ratio, given the inherent tunability of osseoPRINT, by adjusting
the weight percentage of high Mw PMMA. The computational simulations were repeated while
varying the Poisson’s ratio between 0.30, 0.35, and 0.40, i.e., within the range of values known
for PMMA. The compressive force-displacement results are summarized in Fig. 5¢, showing
dependence on the TPMS geometry and apparent insensitivity to the Poisson’s ratio. The
results also evidence the suitability and adaptability of osseoPRINT for additive manufacturing
of bone surrogates and implants, irrespective of the anatomical complexity, a leap toward
personalized medicine. Advanced material systems, the additive mindset, and the pursuit of a
viable and practical pathway to personalized medicine unlock the possibility of easily tailoring
implants, envisioned in Fig. 5d, by combining different configurations and geometries to

precisely mimic the bone structure and mechanics.



5a Experimental/computational behavior of gyroids
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5¢ Mechanics of various osseoPRINT TPMS structures
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Fig. 5. Patient-specific, anatomically relevant implants using osseoPRINT resins with
osteoinductive and antibacterial agents to potentially improve bio-acceptability. (a)
Comparison between experimental and computational mechanics of 3D printed gyroid
structures, representing bone microstructure and elucidating the reliability of the
numerical model, which can be tuned as a function of the photocurable resin properties.
(b) Computational exploration of several common triply periodic minimum surface
topologies based on other variations of bone structures, comparing the compressive
stiffnesses (deduced from the numerical results based on 0sseoPRINT properties) with
biological tissue properties. (c) Compressive force-displacement of gyroids, Schwarz
diamond, IWP, and Fischer-Koch TPMS structures based on the computational results

as a function of Poisson’s ratio, showing the predictive capabilities of the FEA model.
(d) Demonstrative of personalized medicine application, where an envisioned



cranioplasty implant (parietal-temporal implant at the squamous-coronal sutures) can
be readily 3D printed using osseoPRINT.

3. Conclusion

This study presents a comprehensive approach to designing, synthesizing, and characterizing
innovative biocompatible resins tailored for additively manufactured personalized skeletal
implants, specifically employing vat photopolymerization techniques. The research thoroughly
examined the rheological impact of incorporating PMMA within an MMA-EGDMA
crosslinked framework while optimizing the fabrication process under inert atmospheric
conditions. All weight percentage formulations demonstrated superior printability and
exhibited thermomechanical properties suitable for the intended application as a function of
physiological operating conditions. Notably, resins with lower PMMA content exhibited
enhanced mechanical stability due to increased crosslinked chain density. Further advancement
involved integrating osteoinductive and antibacterial agents to enhance the inherent
bioinertness of the new printable photocurable resin, unlocking the transitional potential of this
novel photocurable material system. This refinement led to the development of printed
structures that closely mimic bone tissue at both macro- and nanoscale levels, which is crucial
for effective tissue integration and the prevention of stress shielding. The final formulation,
comprising 0.5 wt.% nHAp and 0.5 wt.% Ag>O within a 2.5 wt.% PMMA matrix was utilized
to validate the printability and performance of complex structures. The resulting lattices,
exhibiting mechanical properties akin to trabecular bone, underscore the adaptability and
potential of this personalized bone repair framework, paving the way for the development of

easily printable and customizable implants.

4. Experimental section

Materials: All materials were used as received, with no modifications or purifications. MMA
(W400201, Sigma-Aldrich), EGDMA (335681, Sigma-Aldrich) and PMMA (445746, Sigma-
Aldrich) were used for the synthesis of the base resin. Two extra dopant compounds were added
to the base resin a posteriori, antibacterial silver nanoparticles, Ag>O, (221163, Sigma
Aldrich), and osseoinducive agent, HAp nanoparticles, (677418, Sigma Aldrich).
Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (511447, Sigma Aldrich) was the
photoinitiator to induce the photocuring process.

0sseoPRINT resin preparation: Five generations of printable resins were prepared with

different functional modifiers. The base resins, MMA and EGDMA (50:50) with PMMA (0,



2.5,5,7.5, and 10 wt. %), were mixed in a magnetic stirrer for 3 h and 30 min at 300 rpm and
50 °C. The photoinitiator was then mixed to enable stereolithography-based printing using a
planetary centrifugal mixer (Thinky Mixer, Thinky) at 2000 rpm for 3 min. Resins with the
remaining dopant compounds (Ag2O and HAp) were synthesized faithfully following the
previous steps.

Printing and curing: A modified mSLA (Masked Stereolithography) 3D printer (Anycubic
Photon Mono 2, Anycubic) was used throughout this research. It is imperative to perform the
additive manufacturing process under an inert atmosphere to prevent potential chemical attacks
to the uncured samples, hence the modification with a closed-circuit nitrogen flow (0.75 MPa
and 1.5 I/min). All 3D printing was done using previously optimized parameters, including 30-
80 s exposure times for the bottom layers and 10-60 s for the remaining ones, depending on the
composition. Printed specimens were cured in an oven for 40 min at 60 °C under a UV lamp
(6 high-power 405nm UV LEDs).

Characterization: The rheological properties of all osseoPRINT resin generations were
analyzed with a rheometer (Discovery HR 30, TA Instruments) with a parallel plate
configuration (¢25 mm) as a function of shear rate (0.1 s to 100 s™!). The rheological
measurements were done at ambient conditions with a geometrical gap of 0.2 mm. The exact
measurements were repeated after extended conditioning in the ambient environment to assess
the lifetime of the osseoPRINT resins. The thermal properties of the additively manufactured
0sseoPRINT resins were quantified using differential scanning calorimetry (DSC 25, TA
Instruments) over a temperature history extending from -120 °C to 400 °C at a heating rate of
3 °C/min. A 9.6-10.4 mg of powderized osseoPRINT samples were loaded in an aluminum
crucible for the DSC measurements. The physicochemical composition of the printed samples
was probed with FTIR spectroscopy (Nicolet iS5, Thermo Fischer Scientific) over a
wavenumber range of 400 cm™! to 4000 cm™. The viscoelastic properties of 60 x 13 x 1.85 mm
plates were characterized in a dynamic mechanical analyzer (Discovery DMA 850, TA
Instruments) using a dual cantilever beam configuration at 1 Hz and 10 pum amplitude as a
function of temperature (35 °C to 190 °C) at a heating rate of 5 °C/min. Nanoindentation
experiments (NanoTest Vantage, Micro Materials) were carried out to complete the mechanical
inspection with a load of 100mN. Finally, miniaturized gyroid structures (emulating internal
bone microstructure) were designed using MSLattice and mechanically tested under quasi-

static compressive loading (Instron 5843, Instron) with a crosshead speed of 0.5 mm/min.
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