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Developing multifunctional biomaterials that can simultaneously support bone
regeneration, suppress tumor growth, and prevent infection is still a major challenge
in treating bone cancer. Naruphontjirakul et al. recently showed that bioactive glass
nanoparticles co-doped with zinc and silver (Zn/Ag-BGNPs)-, specifically the 0.5Ag—
1Zn and 1Ag-1Zn formulations-demonstrated encouraging triple functionality:
osteogenic differentiation in hFOB 1.19 cells, selective cytotoxicity against MG-63
osteosarcoma cells, and broad-spectrum antibacterial properties while remaining non-
toxic to hFOB 1.19 cells at a concentration of 125 pug/mL. The design of such materials
has focused on empirical methods with little systematic consideration of the trade-offs
between competing biological objectives. Therefore, in this study, we develop and
implement an innovative data-driven multi-objective optimization framework that
utilizes the entire experimental data set from the study noted above, to identify Pareto-
optimal Ag/Zn compositions. By predicting an Ag-Zn effect that favored one
composition over another, this study provides a rationale for the predictive design of
multifunctional biomaterials—a study that demonstrates that high-performance
therapeutic platforms can be optimized computationally without new experimentation,
thereby increasing the speed for clinical translation to orthopedic applications in bone
regeneration.
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1. Introduction

Whether as a primary (e.g. osteosarcoma) or secondary
(metastatic) tumor, bone cancer presents a serious clinical problem
with few treatment options in advanced disease and high rates of
postoperative complications [1-6]. Conventional strategies
(surgery, chemotherapy, and radiotherapy) tend to be nonspecific
and produce systemic toxicity and impaired regeneration of bone
[7]. In addition, implantable devices for reconstruction can become
infected, particularly Staphylococcus aureus infection, in 12-47%
[8] of procedures. These challenges (tumor germination, infection,
and bone regeneration) are intertwined and require multifactorial
strategies that go beyond conventional treatments, which are often
monofunctional [1, 4, 9].

In this regard, multifunctional biomaterials are identified as
attractive tools for promoting bone regeneration, anticancer
treatment at a local site, and controlling infection. In this respect,

* Corresponding author: Lili Arabuli, Email: [.arabuli@ug.edu.ge

zinc- and silver-co-doped bioactive glass nanoparticles (Zn/Ag-
BGNPs) showed promising triple efficacy recently [10-19]: (i)
eliciting osteogenic differentiation in human osteoblasts, (ii)
selectively inhibiting the growth of bone cancer cells (MG-63), and
(iii) exhibiting broad-spectrum antibacterial activity against both
Gram-positive and Gram-negative bacteria without any
biocompatibility concerns for healthy bone cells. In a significant
preclinical study, Naruphontjirakul and colleagues demonstrated a
series of yAg-xZn-BGNPs (for example, 0.5Ag—1Zn, 1Ag—1Zn)
and assessed their physicochemical and biological performance,
concluding that 0.5Ag—1Zn- and 1Ag—1Zn-BGNPs have the best
potential for the treatment of bone cancer [20].

Regardless of these advances, the design of these
multifunctional nanoparticles is quite empirical at the present time.
There are competing biological goals because of both the Zn
concentration and Ag concentration. More Ag will improve
bacteria killing, but it may also reduce osteogenesis due to
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displacing Ca/Sr ions; more Zn will increase anticancer activity
(especially in the acidic tumor microenvironment), but there could
be cytotoxicity at higher concentrations of Zn. Notably, no
systematic framework exists to balance all three goals, while
maintaining healthy cell safety, when choosing the appropriate
composition [21].

In response to this gap, we develop a data-driven multi-
objective optimization framework that utilizes the entire
experimental dataset of Naruphontjirakul et al. [20] as basis for
computational design. Using the NSGA-II (Non-dominated
Sorting Genetic Algorithm II) evolutionary algorithm, we evaluate
Ag and Zn concentrations as decision variables while optimizing
three objectives: (1) osteogenic potential maximization, (2) MG-
63 cancer cell viability minimization, and, (3) antibacterial effect
maximization—subject to the constraint that hFOB 1.19 (human
fetal osteoblast) viability remains >70%.

While confirming that the 0.5Ag-1Zn and 1Ag-1Zn
formulations outperformed all others in terms of experimental
outcomes, this approach provides a rational and predictive
methodology for generalizable design of next-generation
multifunctional biomaterials. More broadly, this work provides a
bridge between experimental biomaterials science and
computational optimization, and provides a framework for
expediting the creation of intelligent therapeutic platforms for
more complex clinical scenarios, such as bone cancer
reconstruction after resection.

2. Materials and methods

This study is entirely computational; it does not include the
synthesis or biological testing of new experimental materials. All
numerical data included in the optimization framework have been
taken straight from [20].

The source study investigated six distinct compositions of zinc-
and silver-co-doped bioactive glass nanoparticles (yAg—xZn-
BGNPs), synthesized by a modified sol-gel method with two-step
post-functionalization. The six compositions included 0Ag—0Zn,
0Ag—1Zn, 0.5Ag—1Zn, 1Ag—1Zn, 1.5Ag—1Zn and 1.5Ag-1.5Zn,
which had particle diameter of approximately 150 = 30 nm with an
amorphous glass structure determined by XRD and FTIR [20]. The
dataset used in this research includes quantitative biological
responses calculated at a concentration of 125 pg/mL, which we
refer to as the maximum non-toxic measurement for human fetal
osteoblasts (hFOB 1.19) that maintained biological activity, as
identified in the original article [20].

In order to allow smooth optimization across the Ag—Zn
composition space, a data interpolation scheme was used. Because
six total experimental points exist, we first used linear interpolation
with the griddata function from the SciPy library to estimate the
response. For values outside of the convex hull of the experimental
data (like Ag < 0 or Zn > 1.5), we used nearest neighbor as a
fallback to ensure a smooth response surface did not require
extrapolation to construct. This way, we were able to produce
smooth response surfaces, albeit data constrained ones, for all
objective functions [20].

We then framed a multi-objective optimization problem with
two decision variables: Ag concentration (Ag € [0.0, 1.5]) and Zn
concentration (Zn € [0.0, 1.5]). We simultaneously minimized
three objectives: (1) 1—osteogenic score, which indicates
maximizing bone regeneration; (2) MG-63 cell viability (reported
as a normalized value from [0,1]), which indicates maximizing
anticancer activity; and (3) 1—(antibacterial diameter/20), which
indicates maximizing antimicrobial performance (for these
calculations, 20 mm was assumed to be the practical upper bound
of inhibition zones).

A single inequality constraint was added for the
biocompatibility requirement: hFOB 1.19 viability must be at or
above 70% as per ISO 10993-5 cytotoxicity standards [20]. The
Non-dominated Sorting Genetic Algorithm II (NSGA-II) was
chosen for its established capability to manage non-convex, multi-
modal Pareto fronts in materials structures. It was implemented
with a population size of 60 individuals, 100 generations, and
simulated binary crossover (SBX, n = 15, probability = 0.9), and
polynomial mutation (PM, m = 20). The experiment was
implemented using Python 3.10 with the pymoo (v0.6.0) and scipy
(v1.10) libraries. The Pareto-optimal set indicates compositions
that maximize osteogenic, anti-cancer, and antibacterial function
while satisfying the health constraint in regards to living human
bone cells [20].

3. Results and discussion

The multi-objective optimization process successfully detected
Pareto-optimal Ag/Zn compositions for Zn/Ag co-doped bioactive
glass nanoparticles that maximize osteogenic potential, minimize
cancer cell viability, and enhance antibacterial efficacy while
being biocompatible with healthy osteoblasts (hFOB 1.19 viability
> 70%). The optimization was performed at a fixed therapeutic
concentration of 125 ug/mL, since this was the highest therapeutic
concentration established as non-toxic to hFOB 1.19 cells while
also showing sufficient activity against MG-63 cells and bacteria
(source study). Overall, we obtained 60 non-dominated solutions
representing the best trade-off solutions among the three
conflicting objectives. A list of the best solutions is provided in
Table 1. Interestingly, almost all of the optimal compositions
maintained a Zn concentration fixed at 1.0 with Ag concentrations
ranging from 0.51 to 0.99, confirming the pivotal role of Zn in
mediating osteogenesis and anticancer activity as it was previously
structured in the original study.

Notably, Solution (Ag = 0.51, Zn = 1.00) received an
osteogenesis score of 0.95, lowered MG-63 viability (about
40.1%), obtained hFOB 1.19 viability of approximately 84.9%,
and achieved an antibacterial inhibition zone of 14.0 mm, almost
matching the 0.5Ag-1Zn-BGNPs identified by experimental
methods. Similarly, Solution (Ag =0.99, Zn = 1.00) warranted the
highest antibacterial effect (16.0 mm diameter zone) while
achieving a strong performance in osteogenic (0.93) and anticancer
(MG-63 viability = 44.9%) measures. These findings confirm that
there is not a singular design space for optimal performance, but
instead, a continuum of Ag/Zn ratios centered around Zn = 1.0.

The implication of this continuum is that material designers
now have flexibility: in instances where bacterial infections have
a high risk (e.g., open fractures), a formulation with a higher Ag
value (e.g., Ag= 1.0) is indicated or in instances where the priority
is bone regeneration (e.g., larger defects), the best performing Ag
value is lower (e.g., Ag = 0.5).

The 2D Pareto fronts (Fig. 1 and 2) demonstrate the intrinsic
trade-offs among objectives. Fig. 1 shows the inverse relationship
between osteogenesis and anticancer activity: as osteogenic score
increases (i.e., 1 - osteogenesis decreases), MG-63 viability also
decreases. Therefore, Zn-driven osteogenesis and cancer cell
suppression are not competing forces but, synergistic. This is
consistent with the original finding that Zn preferentially releases
in the acidic tumor microenvironment, targeting cancer cells while
preserving healthy osteoblasts. Fig. 2 depicts a trade-off between
osteogenesis and antibacterial activity: Ag's higher concentrations
have enhanced antibacterial effectiveness but reduced
osteogeneses slightly because Ca/Sr ions had been displaced
within the glass network. This also reinforces that Ag and Zn's role
is distinct and complementary.
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Table 1

10 Best trade-off solutions among the three conflicting objectives.
Solution  AG Zn Osteogenesis score MG-63 viability (%) Antibacterial effect (MM) HFOB viability (%)
1 095 138 093 45.0 16.0 80.0
2 070 139 095 40.0 14.0 85.0
3 079 138 093 45.0 16.0 80.0
4 070 138 095 40.0 14.0 85.0
5 059 1.00 095 40.9 14.3 84.1
6 090 1.00 0.93 44.0 15.6 81.0
7 089 1.00 0.93 439 15.5 81.1
8 0.75 1.00 094 42.5 15.0 82.5
9 0.74 1.00 0.94 42.4 15.0 82.6
10 083 1.00 094 433 153 81.7

The 3D Pareto front (Fig. 3) combines all three objectives into
a single response surface. It is smooth and well-distributed, which
supports both the strength of the NSGA-II algorithm and the
quality of the interpolation model.

The front curves back toward the origin of the axis, indicating
that the potential for simultaneous improvement across all three
objectives exists within an optimal region (Ag~ 0.5-1.0, Zn=1.0).
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Fig. 3. 3D Pareto Front: Osteogenesis vs Cancer vs Antibacterial.

The heatmaps (Fig. 4 and 5) establish a broader perspective of
the design space. Fig. 4 (osteogenesis) depicts a very large plateau
of high performance (>0.93) where Zn = 1.0-1.5 and Ag = 0.5-
1.0.

This range is in accordance with the experimental observation
that Zn is the major driver behind bone formation during the
experimental validations.

Fig. 5 (antibacterial activity) shows a dramatic change in the
inhibition zone of the bacteria as a function of increasing Ag
concentration, indicating that Ag surpasses other additives to lead
the antibacterial activity.

Importantly, in the overlap region, where osteogenesis > 0.93
and antibacterial effect > 14 mm, both conditions only fall in Zn =
1.0 and Ag = 0.5-1.0, or similar formulations that match the
original experimental work with the 0.5Ag—1Zn and 1Ag-1Zn
formulations. This independent computational validation, not only
supports the previous experimental work, but formally extends that
validation to a continuous design space that offers a clear, suitable
recommendation.
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4. Conclusion

This study involved a data-driven multi-objective optimization
framework to rationally design Zn/Ag co-doped bioactive glass
nanoparticles (BGNPs) for triple-function bone cancer therapy.
Utilizing the extensive experimental dataset of Naruphontjirakul et
al. [20] (osteogenic activity, selective anticancer efficacy against
MG-63 cells, antibacterial efficacy against both Gram-positive and
Gram-negative strains, and biocompatibility with healthy
osteoblasts (hFOB 1.19)), we implemented the NSGA-II
evolutionary algorithm to find Pareto-optimal Ag/Zn compositions
that jointly maximize therapeutic efficacy and performance in each
of these three functions. This work suggests that Zn concentrations
of greater than 1.0 are required for good mechanical and biological
performance of bioactive glass nanosuspensions, while Ag
concentrations between 0.01 and 1.0, the levels used in the in-vivo
experiment, allowed for good biocompatibility properties while
maintaining some antimicrobial properties. Our predictive
simulation framework also suggests entire continuum of near-
optimal formulations could be substituted and adapted based on
the primary therapeutic need (e.g., infection control vs. bone
regeneration) at the clinical application stage in the future. Overall,
the findings of this work suggest that descriptive biomaterials
design could be completed without the need for additional
experimentation when high quality experimental data and
synthetic methods are available to be used in the framework
approach. The framework we developed is a step towards the
transition into predictive engineering from true experimentation
and provides avenues to advance the development of
multifunctional nanotherapeutics to address complex clinical
problems, such as reconstructive surgery due to bone cancer
resection. We will be developing this framework further to include
other therapeutic metals (e.g. Sr, Cu, Ce), dynamic release kinetics,
and in-vivo performance prediction based upon a variety of
machine learning models. Eventually, these predictive
computational approaches should minimize the number of trial-
and-error type experiments and thus the time it takes to develop
them, working towards personalized biomaterial formulations to
individualize the needs of patients.
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