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catalysts. Moreover, the fundamental

reaction mechanism of Li-CO2 batteries

with a mixture atmosphere of O2 and

CO2 involves an even more compli-

cated reaction mechanism, which is still

unclear. The lithium anode is not safe

and is highly reactive to the gas diffused

to anode side resulting in self-discharg-

ing. All of these works need to be done

before the real application of Li-CO2

system.

In conclusion, the synthesis of ultrathin

triangular RuRh alloy nanosheets has

shown the remarkable performance to

accelerate the CO2 reduction and evo-

lution reactions for the high-perfor-

mance Li-CO2 batteries. The critical

reason is the activation barrier of

Li2CO3 is substantially lowered with

strong d-d orbital correlation within

RuRh, which minimizes the charging po-

tential in a positive correlation. This

work supplies insightful knowledge in
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novel EES for the future rational design

of catalysts in the future.

1. Schrag, D.P. (2007). Preparing to capture
carbon. Science 315, 812–813.

2. Gough, C. (2008). State of the art in carbon
dioxide capture and storage in the UK: An
experts’ review. Int. J. Greenh. Gas Control 2,
155–168.

3. Takechi, K., Shiga, T., and Asaoka, T. (2011). A
Li-O2/CO2 battery. Chem. Commun. (Camb.)
47, 3463–3465.

4. Liu, Y., Wang, R., Lyu, Y., Li, H., and Chen, L.
(2014). Rechargeable Li/CO2-O2 (2:1) battery
and Li/CO2 battery. Energy Environ. Sci. 7,
677–681.

5. Cai, F.S., Hu, Z., and Chou, S.-L. (2018).
Progress and Future Perspectives on Li(Na)–
CO2 Batteries. Adv. Sustainable Syst. 2,
1800060.

6. Zhang, Z., Zhang, Q., Chen, Y., Bao, J., Zhou,
X., Xie, Z., Wei, J., and Zhou, Z. (2015). The
first introduction of graphene to
rechargeable Li-CO2 batteries. Angew.
Chem. Int. Ed. Engl. 54, 6550–6553.

7. Hu, X., Li, Z., and Chen, J. (2017). Flexible Li-
CO2 Batteries with Liquid-Free Electrolyte.
Angew. Chem. Int. Ed. Engl. 56, 5785–5789.
vier Inc.
8. Zhang, Z., Yang, C., Wu, S., Wang, A., Zhao,
L., Zhai, D., Ren, B., Cao, K., and Zhou, Z.
(2019). Exploiting synergistic effect by
integrating ruthenium-copper
nanoparticles highly co-dispersed on
graphene as efficient air cathodes for
Li–CO2 batteries. Adv. Energy Mater. 9,
1802805.

9. Yang, S., Qiao, Y., He, P., Liu, Y., Cheng, Z.,
Zhu, J.-J., and Zhou, H. (2017). A reversible
lithium–CO2 battery with Ru nanoparticles as
a cathode catalyst. Energy Environ. Sci. 10,
972–978.

10. Xing, Y., Wang, K., Li, N., Su, D., Wong, W.-T.,
Huang, B., and Guo, S. (2020). Ultrathin RuRh
Alloy Nanosheets Enable High Performance
Lithium-CO2 Battery. Matter 2, this issue,
1494–1508.

11. Zhou, J., Li, X., Yang, C., Li, Y., Guo, K.,
Cheng, J., Yuan, D., Song, C., Lu, J., and
Wang, B. (2019). A quasi-solid-state flexible
fiber-shaped Li-CO2 battery with low
overpotential and high energy efficiency.
Adv. Mater. 31, e1804439.

12. Chen, J., Zou, K., Ding, P., Deng, J., Zha,
C., Hu, Y., Zhao, X., Wu, J., Fan, J., and
Li, Y. (2019). Conjugated cobalt
polyphthalocyanine as the elastic
and reprocessable catalyst for flexible
Li-CO2 batteries. Adv. Mater. 31,
e1805484.
Shifting Gears in Biomaterials
Discovery

Jan de Boer1,*
High-throughput screening of cell-biomaterial interactions com-
bined with machine learning algorithms leads the way toward the
future of medical device manufacturing: in silico modeling of cell
and tissue response. Bio-compatible medical implants will have a
huge clinical impact.
1Department of Biomedical Engineering and
Institute for Complex Molecular Systems,
Eindhoven University of Technology, Eindhoven,
the Netherlands

*Correspondence: j.d.boer@tue.nl

https://doi.org/10.1016/j.matt.2020.05.009
Here and Now

In times of COVID-19, it is not difficult

to advocate the importance of large

volumes of high-quality data and

powerful predictive models. Epidemi-

ologists are the new heroes. Data help

us to understand and design an

informed strategy to tackle complex

medical problems—and not just

COVID-19.
While the coronavirus is being combated

with unified forces, a slower, silent revolu-

tion is taking place that will affect the

health of even more people; the article

by Rostam and co-workers in this issue

ofMatter is a feat of that.1 Smart medical

implants play an increasingly important

role in human health care, and many un-

met clinical challenges can be solved us-

ing biomaterials. But the proper interac-
tion of the inorganic material surface

with the biological system is of utmost

importance for the success of the implant.

The relation between surface properties

and biological response is complex, and

that’s where data-driven research kicks in.

Medical implants have saved and/or

improved the lives of millions of people

and include pacemakers (I wear one

myself!), hip implants, catheters, and

stents to name a few out of many hun-

dreds of implants. With all the benefit

they bring the patient, many unwanted

side effects occur. Patients wearing a

stent must take blood thinners for a life-

time to prevent coagulation at the stent

http://refhub.elsevier.com/S2590-2385(20)30241-1/sref1
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref1
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref2
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref2
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref2
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref2
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref3
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref3
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref3
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref3
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref3
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref4
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref4
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref4
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref4
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref4
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref4
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref4
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref5
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref5
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref5
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref5
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref5
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref6
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref6
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref6
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref6
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref6
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref6
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref7
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref7
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref7
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref7
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref8
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref9
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref9
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref9
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref9
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref9
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref9
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref10
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref10
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref10
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref10
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref10
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref10
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref11
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref11
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref11
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref11
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref11
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref11
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref11
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
http://refhub.elsevier.com/S2590-2385(20)30241-1/sref12
mailto:j.d.boer@tue.nl
https://doi.org/10.1016/j.matt.2020.05.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2020.05.009&domain=pdf


Figure 1. A Closed Loop for Biomaterials Discovery

The complexity of both biology and materials science requires an integrated approach to materials discovery and synthesis exploiting big data via parallel

experimental and computational approaches guided by machine learning (from Vasilevich and de Boer,7 used with permission, ª2018 Elsevier B.V.).
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surface, and implant infection occurs in

a large percentage of recipients.

Another major problem is that many im-

plants fail because of encapsulation

and fibrosis, as seen in pelvic floor mat

adhesion, brain implant encapsulation,

and pathological encapsulation of

breast implants. It is a typical problem

of biological incompatibility, in which

macrophages play a central role. These

white blood cells belong to the innate

immune system, which is the front line

of defense against everything that in-

vades the body. Macrophages recog-

nize the foreign implant and unleash

an inflammatory reaction that ulti-

mately leads to the implant being

encapsulated with scar tissue by resi-

dent fibroblasts. At least, that happens
to most materials—but not all! It turns

out that the physical and chemical

properties of the material influence

the inflammatory reaction, but the

mechanism behind it, and the relation-

ship between material properties and

macrophage reaction has not been

properly mapped.2,3 If only we could

predict how material properties tune

the immune system.But for predic-

tions we need models and for models

we need data. In short, clinical chal-

lenges must be boiled down to hard

biological and material data. Now,

how do we do that?

Peeking at the Neighbors

The biomaterial field can learn a lot

from two adjacent disciplines: molecu-
lar cell biology and materials science.

Molecular biologists are not afraid of

measurements: the whole genome of

humans (Human Genome project), the

gene expression patterns of all cell

types in the human body (Human Cell

Atlas), or 1.2 million gene expression

profiles of cells that have been geneti-

cally or pharmacologically treated

(Connectivity Map).4 DNA sequencing

technology is so powerful that this is

everyday practice, and bioinformatics

has been developed in its wake. Stan-

dards and nomenclature have been

developed for creating and analyzing

data; user-friendly software is available

that allows many cell biologists to use

the techniques. And thus, biological

complexity is unraveled step by step.
Matter 2, 1356–1365, June 3, 2020 1359
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Steps are also being taken on the mate-

rials science side. Quantitative structure

activity relationships have long been a

used to describe cause and effect. Here,

too, complexity is a challenge. Even

though we only have 94 naturally occur-

ring elements on Earth, the number of

materials we can make from them is

(virtually) infinite. Therefore, materials sci-

ence has embraced high-throughput

screening and machine learning to struc-

ture chaos, and the field is organizing

itself through initiatives such as the Mate-

rial Genome Initiative to build a structural

approach and tackle real world chal-

lenges, such as building efficient solar

cells or converting CO2 in useful hydro-

carbon compounds. The future in

material engineering may lie in closed

loop systems, where algorithms set up

hypotheses based on literature and data-

bases and control automated material

manufacturing and analysis units to

generate and analyze data (Figure 1).5–7

A New Science

Weare not yet ready for this in the bioma-

terial field, but we are heading in the right

direction, kick started by the 2004 work

of Dan Anderson and colleagues, who

made polymer libraries for culture of em-

bryonic stem cells.8 A huge challenge

specific for biomaterial engineering is

that we need to bridge the complexity

of both biology and materials science

and want to have predictive models of it

that hold not only at the cell but also at

the tissue and organism level. For such a

challenge, you need a well-stocked expe-

dition and the expedition headedby Ros-

tam and co-workers,1 described in this

issue of Matter was impressive. It was

able to take all steps from material engi-

neering, macrophage screening, data

modeling, and testing the materials in

an animal model. Libraries of (met) acry-

lates were printed, high content imaging

has been used to fish out materials that
1360 Matter 2, 1356–1365, June 3, 2020
triggered a mild inflammatory reaction

in macrophages using automated image

analysis, the correlation betweenmaterial

properties and inflammation has been

modeled with machine learning algo-

rithms, the adhesion of serum proteins

was mapped by mass spectrometry, and

the hit surfaces were found to influence

the immune system and the encapsula-

tion reaction in an animal model. Mission

accomplished.

Looking Ahead

But there is a hidden gem in this paper.

The study generated much more data

than has been reported. Rostam and

co-workers have taken photos of an

estimated 150,000 macrophages.1 The

expression of M1 and M2 markers is

known for each macrophage but also

the shape of the cells, the shape of the

nucleus, the intensity of DNA staining,

howwell they adhere to 540differentma-

terials, and the expression of 150 pro-

teins for 8 surfaces. Think of all the hy-

potheses you can test with this dataset!

Come to think of it, wouldn’t it be great

if we had our own Biomaterial Connectiv-

ity Map, if we could link the data from

Rostam’s work to other published high-

throughput screens? And what if the Hu-

man Cell Atlas had a sister book called

the Human Cell-Biomaterial Atlas? And

then,whenwe can swim in data fromhun-

dreds of thousands of experiments, then

science will really change. As David Win-

kler, co-author on the article and data sci-

entist, and I agreed during a hike along

the Trent River: in the future, the first

step in any material discovery project

will be in silico because most of the ex-

periments will be done already. We can

then predict cell and tissue response to

biomaterials using large volumes of

high-quality data and powerful predictive

models. Data will help us to understand

and design an informed strategy to tackle

complex medical problems. We are not
that far yet, but Rostam et al.1 show us

that we are on the right track.
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