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A hybrid biomaterial, SNAP-X, was engineered to mimic natural chemical landscapes, enhancing coral settlement by over 20-

fold. By sustained cue release, this technology addresses recruitment failure on degraded reefs and has broader applications 

in marine ecology and biomaterials science. 
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Highlights 
Coral settlement drives reef growth and 
biodiversity, but remains a major bottle-
neck in reef restoration. 

We engineered SNAP-X, a hybrid bio-
material that releases settlement cues 
via a nanoparticle–biopolymer delivery 
system. 

SNAP-X enhances coral settlement over 
20-fold, advancing reef restoration with 
translational potential in chemotaxis and 
nanomedicine research. 
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Crawford Drury4 , Linda Wegley Kelly1 , Luisa De Cola3,6 , Shaochen Chen2 , R3D consortium and 
Daniel Wangpraseurt1,2, * 
Technology readiness 
SNAP-X, a biomimetic material designed 
to enhance coral settlement by 
replicating the chemical landscape of 
coralline algae on healthy reefs, has 
reached Technology Readiness Level 
(TRL) 4. It has been successfully tested 
in both laboratory and mesocosm 
environments, demonstrating up to a 
20-fold increase in coral settlement com-
pared with controls, and sustained bio-
active cue release for over 1 month. To 
progress to higher TRLs, key challenges 
include optimizing cost-effective large-
scale production of exometabolites and 
demonstrating effectiveness across di-
verse reef environments globally. Achiev-
ing these milestones will pave the way for 
Anthropogenic stressors pose substantial threats to the existence of coral reefs. 
Achieving successful coral recruitment stands as a bottleneck in reef restoration 
and hybrid reef engineering efforts. Here, we enhance coral settlement through 
the development of biomimetic microhabitats that replicate the chemical land-
scape of healthy reefs. We engineered a soft biomaterial, SNAP-X, comprising 
silica nanoparticles (NPs), biopolymers, and algal exometabolites, to enrich 
reef microhabitats with bioactive molecules from crustose coralline algae 
(CCA). Coral settlement was enhanced over 20-fold using SNAP-X-coated sub-
strates compared with uncoated controls. SNAP-X is designed to release chem-
ical signals slowly (>1 month) under natural seawater conditions, and can be 
rapidly applied to natural reef substrates via photopolymerization, facilitating 
the light-assisted 3D printing of microengineered habitats. We anticipate that 
these biomimetic chemical microhabitats will be widely used to augment coral 
settlement on degraded reefs and to support ecosystem processes on hybrid 
reefs. 
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the integration of SNAP-X into global 
coral restoration and reef engineering 
initiatives.
Introduction 
Coral reefs are one of the most biodiverse and economically important ecosystems globally, pro-
viding a home to more species per unit area than any other marine ecosystem [1]. The economic 
significance of coral reefs is vast, particularly for the 13% of the global population residing within 
100 km of these ecosystems [2]. They contribute an estimated US$375 billion annually to global 
economies through coastal protection, aquaculture, tourism, fisheries, as well as pharmaceuti-
cals [3]. Over the past five decades, coral reefs have faced significant anthropogenic pressures, 
primarily stemming from climate change [4] and urbanization [5]. Estimates suggest that, by 
2050, 70–90% of coral reefs will be severely degraded [2]. The survival and resilience of coral 
reefs depend greatly upon the successful recruitment of various benthic invertebrate larvae, 
such as corals, sponges, and mollusks, which help build the complex structure of the reef habitat 
and contribute to the maintenance of reef biodiversity [6]. 

Similar to most sessile marine invertebrates, corals exhibit a planktonic larval phase, facilitating 
broad dispersal to locate an optimal habitat for settlement [7]. Large-scale hydrodynamics influ-
ence the initial dispersal of coral larvae across the open water [8]. However, once flow velocity at-
tenuates in proximity to the benthos, larvae can actively discern and select their specific 
microhabitats using distinct chemical cues [9,10]. This selective process aids the identification 
of suitable substrates for attachment, ultimately influencing postsettlement mortality rates and 
subsequent reef growth dynamics [11]. On healthy coral reefs, CCA have a pivotal role in inducing
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coral larval settlement and metamorphosis [10,12–17]. Recent advances in metabolomics and 
cheminformatics identified the distinct chemical landscape of CCA [18,19]. CCA metabolites ex-
uded into the surrounding water (so-called ‘exometabolites’) induce settlement of coral larvae 
even in the absence of CCA [18]. By contrast, competitive macro- and turf algae release other 
chemical signals [19] that can inhibit settlement [20]. As coral reefs shift toward more fleshy 
algal-dominated systems, the chemical landscape of coral reefs changes [19], which contributes 
to recruitment failure and ultimately describes a major bottleneck for the restoration and rehabil-
itation of coral reefs worldwide [21–23].

The threats facing coral reefs have overwhelmed many conservation efforts, and are now calling 
for more active, transformative interventions, including human-assisted evolution [24]  and
microbiome and probiotic therapy [25]. Recently, it was suggested that adjacent engineering 
fields offer promising solutions via the development of functional nanomaterials or advanced 3D 
biofabrication approaches to accelerate ecosystem engineering processes [26–30]. We propose 
that coral restoration and rehabilitation can greatly benefit from integrating advances in bioengi-
neering and nanotechnology [31]. These disciplines, traditionally focused on biomedical applica-
tions and human tissue engineering, have seen substantial progress in the engineering of 
functional drug carrier systems [32], living materials [33,34], and biohybrid materials [35,36]. 
Here, we use a biomimetics approach to engineer SNAP-X, a biocompatible nanoink comprising 
silica NPs and exometabolites derived from CCA [10,14,18,37–39], which are embedded within a 
hydrogel matrix (Figure 1A,B). SNAP-X can be rapidly applied to reef substrates via 
photopolymerization, facilitating the light-assisted 3D printing of chemical microhabitats 
(Figure 1C). Our results show that such biomimetic microenvironments promote coral settlement, 
suggesting their application to accelerate reef restoration and hybrid reef engineering by mimick-
ing natural chemical landscapes. 
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Figure 1. Schematic of the recruitment-enhancing SNAP-X coating for coral restoration and hybrid reef 
engineering. (A) Solid-phase extraction of crustose coralline algae (CCA; Hydrolithon sp.)-enriched exometabolites. 
(B) CCA exometabolites were encapsulated in silica nanoparticles and combined with a hydrogel mixture comprising 
gelatin methacrylate (GelMA) and poly(ethylene glycol) diacrylate (PEGDA). The resulting nanoink was crosslinked on 
CaCO3-based coral restoration substrates via photopolymerization. (C) The SNAP-X coating gradually enriches the 
chemical landscape responsible for coral settlement and can be locally attached to larger reef restoration frameworks.
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Results 
CCA exometabolite-loaded silica NPs 
The molecular composition of CCA exometabolites was characterized using liquid chromatogra-
phy tandem-mass spectrometry (LC-MS/MS) [40], revealing a major contribution of lipids and 
lipid-like molecules as well as organic acids and derivatives to the pool of molecular ion features 
(Figure 2A and Figure S1 in the supplemental information online). These features were classified 
into chemical classes, including carboxylic acid derivatives, carbohydrates and conjugates, 
amino acids, steroids, fatty amides, and ethers (Figure 2A,B and Figure S1 and Text S1 in the 
supplemental information online). 

Comparative thermogravimetric analysis (TGA) (Figure 3A) and Fourier transform infrared (FTIR) 
spectroscopy (Figure S2 in the supplemental information online) confirmed the successful encap-
sulation of exometabolites. TGA measured a mass loss of 29% at 350–550°C for exometabolite-
loaded silica NPs compared with a mass loss of 12% at 110°C for empty NPs (Figure 3A) [41]. 
While the mass loss of empty NPs was primarily attributed to the desorption of water molecules 
from the silica surface, the additional mass loss at higher temperatures for exometabolite-loaded 
silica NPs originated from the thermal decomposition of organic compounds [41,42]. The mean 
hydrodynamic diameter of the empty and exometabolite-loaded silica NPs was 67 nm and 
42 nm, respectively (Figure 3B). The difference in size resulted from the presence of complex me-
tabolites that can modulate the supramolecular chemistry involved in the formation of nanosilica 
[43] (Figure S3 in the supplemental information online).
TrendsTrends inin BiotechnologyBiotechnology 

Figure 2. Chemoinformatics of crustose coralline algae (CCA) exometabolites. (A) Sunburst plot. Inner pie wedges and outer wedges represent the relative 
extracted ion chromatogram (XIC) intensity of each superclass and subclass, respectively. Unclassified subclasses were not included as outer wedges. (B) Heatmap of 
classified ion features of CCA-enriched exometabolite pools for two independent sampling time points (March and June). The cells of the heatmap are colored as 
relative chromatogram enrichment (XIC) across each sample, calculated as standard deviations from the mean (z-scored). Ion features not classified at any level were 
not included (see Figure S1B in the supplemental information online for a full heatmap). Ion features and pie wedges are colored by broad chemical classification 
(Superclass). Note: '*' represents the metabolites present during a single timepoint only. 
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Figure 3. Material characterization of exometabolite-loaded silica nanoparticles (NPs). (A) Organic mass loss (% weight) was determined through 
thermogravimetric analysis (TGA) for empty and exometabolite-loaded silica NPs. (B) Particle size distribution of empty silica NPs versus exometabolite-loaded silica 
NPs assessed using dynamic light scattering. (C) Transmission electron microscopy (TEM) image of empty silica NPs and exometabolite-loaded silica NPs after 
synthesis (t = 0) and after 3 weeks in seawater (t = 3 weeks). Breakdown of the NPs is highlighted (orange broken line) and is characterized by the loss of NP sphericity 
(yellow arrows) and the presence of agglomeration. 
Hydrogel composition 
To modulate the degradation properties of the hydrogel matrix, we used a combination of two 
biopolymers for photopolymerization: poly(ethylene glycol) diacrylate (PEGDA) and gelatin meth-
acrylate (GelMA). We optimized the final concentration (w/v %) of the hydrogel mixture for their 
enhanced stability in natural seawater conditions over extended periods (>3 months; Figure S4 
in the supplemental information online), while maintaining high porosity (>30%; Figure S5 in the 
supplemental information online) to enable diffusion of gases and chemical signals through the 
hydrogel network (Figures 1B  an  d 4A). The hydrogel was photo-crosslinked on top of CaCO3 

as a thin layer (500–600 μm) containing uniformly dispersed NPs (Figure 4B). 

Release kinetics of SNAP-X 
Release kinetics were assessed using a common model molecule (cytochrome C [44]) and re-
vealed up to fourfold slower release rates for the developed NP–hydrogel system (~20% mean 
release after 28 days) compared with the standalone NPs (~89% mean release after 28 days; 
Figure 4A and Figures S6 and 7 in the supplemental information online). Mathematical modeling 
showed that the measured rates were well predicted based on silica hydrolysis in a stabilized en-
vironment (i.e., hydrogel [45]; Text S2 and Figure S6 in the supplemental information online). To 
mimic water motion, we also performed release tests under constant shaking, which revealed
4 Trends in Biotechnology, Month 2025, Vol. xx, No. xx



Trends in Biotechnology
OPEN ACCESS

(A) (B) (C) 
Hydrogel t0 

SNAP-X t0 

SNAP-X t4 

Hydrogel t4 

G' 
G" 

TrendsTrends inin BiotechnologyBiotechnology 

Figure 4. Material properties of SNAP-X nanoink. (A) Release kinetics assessed via absorbance of cytochrome C. Data are means (± SE, n = 6). (B) Noninvasive 
structural imaging of (i) empty hydrogels (525 ± 64 μm) versus (ii) cytochrome C-loaded hydrogels (604 ± 41 μm) performed via optical coherence tomography. 
(C) Rheological properties of empty hydrogels and nanoparticle (NP)-loaded hydrogels. Variation of the storage modulus (G′) and loss modulus (G′′) of gelatin 
methacrylate (GelMA)–poly(ethylene glycol) diacrylate (PEGDA) hydrogel controls and SNAP-X as a function of frequency. Abbrevation: SE, standard error. 
similar release rates between stationary and shaking conditions for the NP–hydrogel system 
[maximum difference at day 22: mean stationary, 16.10% ± 2.72 standard deviation (SD); 
mean shaking, 21.06% ± 3.56 SD, ANOVA, F(1,8) = 0.17, P = 0.69; Figure 4A]. 

Rheological properties of SNAP-X 
We evaluated the rheological properties of SNAP-X and control hydrogels over time, specifically 
examining changes in mechanical stability under natural seawater conditions. SNAP-X exhibited 
a significantly higher initial storage modulus (G′) of ~3500 Pa (0–70 rad/s) compared with the con-
trol hydrogel (G′ ~250 Pa, 0–70 rad/s), highlighting the enhanced mechanical strength conferred 
by the incorporation of silica NPs (Figure 4C). The NPs contributed to a denser crosslinked net-
work, improving the stability of the hydrogel in saline environments [46–49]. Over 4 weeks, the 
storage modulus (G′) of SNAP-X gradually decreased to ~500 Pa (0–70 rad/s), while that of the 
control hydrogel declined to ~150 Pa (0–70 rad/s). This sustained mechanical performance of 
SNAP-X can be attributed to the reinforcing effect of the silica NPs, which helped maintain the 
elasticity of the hydrogel even in saline conditions [50,51]. This material behavior, characterized 
by initial stability and gradual softening, could be advantageous for coral larvae, because the 
firm substrate supports settlement, while the subsequent softening may promote their growth 
and integration into the material. 

Performance of SNAP-X in coral settlement 
To test the efficacy of SNAP-X in settlement assays, we first performed laboratory experiments 
with Montipora capitata, a primary reef-building coral in Hawai'i (Figure 5A). Compared with 
CaCO3-based control substrates, larvae exposed to SNAP-X exhibited up to sixfold higher set-
tlement rates (ANOVA, F(4,42) = 40.77, P <0.001; Figure 5B). Visual observations suggested 
that larvae preferred to settle near the SNAP-X-coated crevices (Figure 5D and Figure S8 in the 
supplemental information online), suggesting the successful molecular enrichment of the sub-
strate microhabitat. By contrast, for CaCO3-based control substrates, settlement rates were 
close to 10%, while seawater controls showed no settlement (Figure 5C). 

We performed an outdoor mesocosm settlement experiment using natural seawater and contin-
uous water flow to evaluate SNAP-X under in situ-like conditions (Figure 6 and Figure S9 in the 
supplemental information online). Settlement was enhanced by up to 20-fold using SNAP-X com-
pared with the uncoated control substrate (ANOVA, F(3,67) = 7.09, P <0.001; Figure 6A). Under
Trends in Biotechnology, Month 2025, Vol. xx, No. xx 5
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Figure 5. Laboratory settlement assays of Montipora capitata with SNAP-X-coated substrates. (A) M. capitata 
colonies on a reef in Hawai’i (i). Gametes (ii, yellow arrow) were collected during annual spawning and fertilized in the 
laboratory and reared to competency (iii). (B) Settlement rate [% ± standard error (SE)] of larvae after overnight incubation 
with seawater alone, uncoated control substates (CaCO3 coral plug), and different loading densities of SNAP-X (n =  6;  
ANOVA, statistical significance is indicated by letters; Tukey’s HSD post-hoc comparisons, P <0.001). (C) Example image 
of swimming larvae in the seawater control with characteristic elongated shape (white arrows). (D) Example image of 
attached and settled larvae (black arrows) on SNAP-X-coated substrate s.
continuous water flow, we also detected a significant effect of the concentration of CCA 
exometabolites on settlement induction (Figure 5A), which was not present in our laboratory ex-
periments (compared with Figure 5). Substrates coated with SNAP-X 10 (i.e., tenfold enhanced 
exometabolite loading concentration) showed settlement densities that were up to 170% higher 
compared with the medium loading concentration (SNAP-X 1; Figure 6A). In turn, for SNAP-X 0.1 
(i.e., tenfold reduced loading concentration), there was no significant difference in settlement 
compared with uncoated control substrates (ANOVA, P = 0.59, Figure 6A). 

Diffusion modelling of chemical cues 
3D chemical diffusion modeling showed that the concentration of a hypothetical chemical cue 
(with an average molecular weight of 12 kDa; Text S2) was enhanced toward the surface of the
6 Trends in Biotechnology, Month 2025, Vol. xx, No. xx
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Figure 6. Mesocosm experiments and 3D diffusion modeling of a biomimetic chemical microhabitat under natural water flow. (A) Settlement rates of 
Montipora capitata in a natural mesocosm flowthrough system (n =  6;  ANOVA,  significance values are denoted by different letters; Tukey’s  HSD  post-hoc  
comparisons, P <0.01). (B,C) 3D chemical diffusion modeling of the distribution of a hypothetical chemical cue at an incident flow velocity of 1 cm s–1 . (B) Distribution of 
chemical cues toward the surface of SNAP-X-coated biomimetic substrates with varying loading concentrations and microtopographies (flat and crevices). (C) Spatial 
distribution of the halo of chemical cues for varying loading concentrations of SNAP-X-coated biomimetic substrates. Abbreviation: SE, standard error.
substrate (Figure 6B). The developed SNAP-X coating created a halo of settlement-inducing me-
tabolites that extended well beyond the coating (>10 cm; Figure 6C). Such chemical landscape 
enrichment was dependent on the initial loading density of exometabolites (Figure 6C), as well 
as fluid flow and mass transfer properties (Figure S10 in the supplemental information online). 

Discussion 
Biomimetic chemical microhabitats attract coral larvae 
To enhance coral settlement in their natural environment, it is crucial that chemical signals are re-
leased from the biomaterial slowly over time, ideally over a timeframe of several weeks and months 
to coincide with major spawning events [26,52]. By contrast, for most biomedical applications, NPs 
are designed to rapidly release a drug over a short time frame (i.e., burst release within minutes to 
hours) once they reach the target cell or location, which is facilitated by particle pore openings and/ 
or in situ stimuli [44,53]. This feature is not beneficial to coral engineering applications. 

Therefore, we engineered a fully inorganic, non-porous silica NP system combined with a hydro-
gel matrix to slow NP breakdown and control the diffusion of exometabolites, more closely
Trends in Biotechnology, Month 2025, Vol. xx, No. xx 7
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mimicking the natural reef microhabitat (Figure 4A) [54,55]. Silica NPs can be nonporous [56], 
solid [57], or porous via template functionalization [58]. For this application, we avoided mesopo-
rous materials, because solvent diffusion into pores accelerates silica degradation. Instead, we 
selected silica capsules to enable a controlled, slow release of encapsulated molecules. The deg-
radation of these NPs occurs through hydrolysis, which is influenced by saline environments. In-
creased ionic strength reduces electrostatic repulsion between silanol groups, promoting 
dissolution [45]. In addition, cations in the medium may form a protective shielding layer around 
the NPs, potentially enhancing their stability while modulating the release of silicate species, 
with pH variations further affecting the availability of reactive silanol groups [45]. 

To optimize the durability of SNAP-X, we engineered a hydrogel made from PEGDA and GelMA. 
PEGDA, a synthetic polymer, improves mechanical stiffness and crosslinking efficiency due to its 
uniform repeating units, which facilitate a high degree of polymerization and impart antifouling 
properties [55]. GelMA, a biopolymer, is incorporated for its excellent biocompatibility, biodegrad-
ability, and tunable mechanical properties [55]. The GelMA component in our hydrogel was highly 
porous due to its enrichment with OH groups [59], which have a high affinity for silica [60], and, 
therefore, offer protection from NP hydrolysis. This dual-component hydrogel approach was pre-
viously demonstrated to improve material performance by leveraging the complementary me-
chanical strength of PEGDA and the biological compatibility of GelMA [61], further supporting 
its application in SNAP-X. 

Settlement experiments in both laboratory and mesocosm conditions with M. capitata demon-
strated that SNAP-X coatings successfully induced metamorphosis and settlement onto target 
substrates, yielding up to a 20-fold increase compared with uncoated controls (Figures 5B and 
6A). This represents a major improvement over previous approaches, which relied on chemical 
cues dissolved in ambient water [18,62] and often resulted in unattached metamorphosed larvae. 
The effectiveness of such chemical enrichment in situ is ultimately governed by the diffusive prop-
erties of the cues, which depend on both their molecular diffusion coefficients and the physical 
characteristics of the habitat [63,64]. Lighter compounds tend to dissipate more quickly, while 
heavier molecules accumulate at the substrate. On natural coral reefs, architectural features, 
such as crevices and cryptic habitats, create microenvironments with reduced flow and thick-
ened diffusive boundary layers [8], allowing cues to accumulate and create concentration gradi-
ents. Similarly, in artificial reef designs, the incorporation of microarchitectural features, such as 
crevices (Figure 6B), will enhance the local concentration of exometabolites. 

Given that SNAP-X is a photo-crosslinkable nanomaterial, it can be used with light-assisted 3D 
printing approaches [65,66] to create on-demand micropatterns tailored to optimize chemical sig-
naling under different flow regimes. SNAP-X will be most effective when deployed in areas with re-
duced flow, such as the leeward side of flow-exposed structures (Figure S11 in the supplemental 
information online) or within microtopographies that increase larval retention time [8,67]. This inter-
play between biochemical signal retention and local hydrodynamics underscores the importance of 
designing artificial substrates that emulate the complex physicochemical microhabitats of natural 
reefs to maximize the likelihood of successful settlement. Future work will build on these findings 
to explore how the material impacts postsettlement growth and survivorship in extended studies. 

Applications of SNAP-X for reef rehabilitation and hybrid reef engineering 
Reef restoration endeavors have recently gained momentum through global pledges aimed at 
substantial recovery of natural ecosystem health and size (e.g., UN Decade for Ecosystem 
Restoration) [68]. Coral restoration typically uses either asexual fragmentation of adult corals or 
the production of sexually propagated juvenile corals [69,70]. Importantly, the latter offers the
8 Trends in Biotechnology, Month 2025, Vol. xx, No. xx
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How can CCA exometabolites be pro-
duced at scale while preserving their 
bioactive properties? 

Can SNAP-X be used to enhance 
settlement across a wider range of 
coral species and geographic regions? 

What impact does SNAP-X have on 
the recruitment of other benthic 
organisms? 

How does SNAP-X affect coral 
postsettlement health and growth? 

How can SNAP-X be integrated with 
existing reef restoration frameworks 
for scalable deployment?
advantage of greater genetic diversity [71] and, thus, is crucially needed to enhance long-term 
ecosystem resilience [72]. So far, enhancing sexually propagated corals in situ has been ham-
pered by low settlement success on standard restoration substrates [73]. Here, we present a 
nature-inspired biomaterials approach using chemical landscape mimicry to augment recruit-
ment microenvironments with potent settlement cues from CCA [18]. 

There is growing interest in identifying specific molecules that promote coral settlement, with prom-
ising candidates including tetrabromopyrrole (produced by biofilms [62,74]), cnidarian neurotrans-
mitters [75], cycloprodigiosin [76], and morphogens derived from CCA [77]. While we successfully 
encapsulated a diverse range of settlement-inducing exometabolites [18], our nanoink platform is 
designed to be adaptable, allowing the potential incorporation of other cues to accommodate the 
potential needs of various coral species across different reef systems. This could involve modifica-
tions to the silica pore network [74] or hydrogel matrix [75], enabling the encapsulation of hydro-
phobic molecules, such as cycloprodigiosin [72] and CCA-derived morphogens [73]. This 
flexibility enables potential customization to match the ecological requirements of different coral 
species and environments. While no studies have directly tested whether exometabolites from 
Pacific CCA can induce settlement in Caribbean corals, it was demonstrated that CCA-derived 
exometabolites from morphologically similar CCA species also promote settlement in Caribbean 
corals [18]. The chemical classes of CCA exometabolite from this study (Pacific  sea)  are  consistent  
with the exometabolites of CCA from the Caribbean sea and both studies primarily identified ion 
features classified as lipids, organic acids, and organic oxygen compounds as well as CCA-specific 
subnetworks (e.g., glycerophosphoethanolami ne; Figure 2A,B [18]). This suggests that such me-
tabolites influence coral settlement across regions, warranting further settlement assays with di-
verse coral species to explore this hypothesis. Rapid advances in cheminformatics [19] provide 
promising avenues for elucidating the diversity of chemical cues and biochemical mechanisms 
underpinning coral settlement. These developments will be critical for designing targeted, scalable 
interventions to support reef resilience and conservation [18]. 

Concluding remarks 
In conclusion, we showed that biomimetic microhabitats can enhance coral settlement by over 
20-fold (Figure 5A), highlighting their capacity to enhance coral recruitment and accelerate the for-
mation of living hybrid reefs [78]. SNAP-X uses a modular, flexible ecosystem augmentation ap-
proach (Figure 1) and, therefore, can be integrated with existing artificial reef structures to 
enhance coral propagation (Figure 1C and Figure S10 in the supplemental information online). 
Strategic placement and distribution of SNAP-X-coated microhabitats on the reef infrastructure 
(Figure S10 in the supplemental information online) can be further used to optimize cue accumu-
lation and, thus, settlement chances in situ. The core components of our biomimetic microhabi-
tats are abundant and cheap to produce (e.g., silica and gelatin) [79,80]  and  free  radical
photopolymerization is among the fastest existing crosslinking methods [81], thus suggesting a 
viable pathway toward scalability (see Outstanding questions). 

STAR★METHODS 
Detailed methods are provided in the online version of this paper and include the following: 

• KEY RESOURCES TABLE 
• METHOD DETAILS 

○ CCA exometabolites 
○ Liquid chromatography tandem mass spectrometry (LC-MS/MS) 
○ Metabolomic analytical pipeline 
○ Nanoparticle formulation 
○ Polymer synthesis 
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KEY RESOURCES TABLE 
1

Reagent or resource
4 Trends in Biotechnology, Month 2025, Vol. xx, No. x
Source
x

Identifier 
Chemicals 
0.2 μm Polyethersulfone filter cartridges 
(Sterivex) 
Millipore Sigma
 Cat#SVGPL10RC 
LC-MS grade hydrochloric acid (99.999% 
trace metals basis) 
Millipore Sigma
 Cat#339253 
Bond Elut PPL SPE Cartridges
 Agilent
 Cat#12105004 
LC/MS grade Water
 Millipore Sigma
 Cat#1.15333 
LC/MS grade Methanol
 Millipore Sigma
 Cat#1.06035 
Triton X-100
 Millipore Sigma
 Cat#X100 
n-Hexanol
 Millipore Sigma
 Cat#8.04393 
Cyclohexane
 Millipore Sigma
 Cat#179191 
Tetraethyl Orthosilicate (TEOS)
 Millipore Sigma
 Cat#131903 
30% Ammonium hydroxide solution
 Millipore Sigma
 Cat#221228 
Ethanol
 Millipore Sigma
 Cat#459844 
Gelatin from porcine skin
 Millipore Sigma
 Cat#G2500 
Sodium carbonate
 Millipore Sigma
 Cat#223530 
Sodium bicarbonate
 Millipore Sigma
 Cat#S6014 
Methacrylic Anhydride
 Millipore Sigma
 Cat#276685 
12–14kDa cutoff dialysis tubing
 Spectrum Laboratories
 Cat#08-700-150 
Poly(ethylene) glycol diacrylate (PEGDA, 
Mn = 700 Da) 
Millipore Sigma
 Cat#455008 
Lithium phenyl-2,4,6 
trimethylbenzoylphosphinate (LAP) 
TCI America™
 Cat#L0290 
Calcium carbonate (coral plugs)
 Ocean Wonders
 Cat#B00TNMYLZQ 
Cytochrome C
 Millipore Sigma
 Cat#C2506 
Deposited data 
Raw data
 This paper
 Figshare: 10.6084/m9.figshare.27915888 
Software and algorithms 
COMSOL 5.6
 COMSOL Multiphysics
 https://www.comsol.com/product-download/5.6/windows 
Origin Pro 2024
 Origin, USA
 https://www.originlab.com/demodownload.aspx 
Biorender
 Biorender
 https://BioRender.com 
Others 
405 nm LED source
 Thorlabs, NJ, USA
 https://www.thorlabs.com/thorproduct.cfm?partnumber= 
M405LP1-C1&gad_source=1&gclid=CjwKCAiAw5W-
BhAhEiwApv4goIeG2 IsxflkxbswcratcbBzdAmFRmQ0mA_ 
4VgnFYeasyjq5WK9hTIBoCyvUQAvD_BwE 
Zetasizer ultra equipment with multi-angle 
dynamic light scattering (MADLS) 
Malvern Panalytical, USA
 https://www.malvernpanalytical.com/en/products 
Fourier-transform infrared spectroscopy (FTIR)
 Shimadzu IRAffinity-1
 https://www.ssi.shimadzu.com/products/ 
molecular-spectroscopy/ftir/index.html 
Thermal analyzer
 Netzsch model STA 449 F1 
Jupiter 
https://analyzing-testing.netzsch.com/en-US/products/ 
special-offers/sta-449-f1-jupiter 

https://www.comsol.com/product-download/5.6/windows
https://www.originlab.com/demodownload.aspx
https://BioRender.com
https://www.thorlabs.com/thorproduct.cfm?partnumber=M405LP1-C1&amp;gad_source=1&amp;gclid=CjwKCAiAw5W-BhAhEiwApv4goIeG2IsxflkxbswcratcbBzdAmFRmQ0mA_4VgnFYeasyjq5WK9hTIBoCyvUQAvD_BwE
https://www.thorlabs.com/thorproduct.cfm?partnumber=M405LP1-C1&amp;gad_source=1&amp;gclid=CjwKCAiAw5W-BhAhEiwApv4goIeG2IsxflkxbswcratcbBzdAmFRmQ0mA_4VgnFYeasyjq5WK9hTIBoCyvUQAvD_BwE
https://www.thorlabs.com/thorproduct.cfm?partnumber=M405LP1-C1&amp;gad_source=1&amp;gclid=CjwKCAiAw5W-BhAhEiwApv4goIeG2IsxflkxbswcratcbBzdAmFRmQ0mA_4VgnFYeasyjq5WK9hTIBoCyvUQAvD_BwE
https://www.thorlabs.com/thorproduct.cfm?partnumber=M405LP1-C1&amp;gad_source=1&amp;gclid=CjwKCAiAw5W-BhAhEiwApv4goIeG2IsxflkxbswcratcbBzdAmFRmQ0mA_4VgnFYeasyjq5WK9hTIBoCyvUQAvD_BwE
https://www.malvernpanalytical.com/en/products
https://www.ssi.shimadzu.com/products/molecular-spectroscopy/ftir/index.html
https://www.ssi.shimadzu.com/products/molecular-spectroscopy/ftir/index.html
https://analyzing-testing.netzsch.com/en-US/products/special-offers/sta-449-f1-jupiter
https://analyzing-testing.netzsch.com/en-US/products/special-offers/sta-449-f1-jupiter
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Reagent or resource
 Source
 Identifier 
Transmission Electron Microscopy (TEM) 
Talos™ L120C TEM 
Thermofisher scientific
 https://www.thermofisher.com/us/en/home/electron-microscopy/ 
products/transmission-electron-microscopes/talos-l120c-tem.html 
Rheometer
 DHR30
 https://www.tainstruments.com/hr-30/ 
Optical Coherence Tomography (OCT)
 Thorlabs GmbH, Dachau, 
Germany 
https://www.thorlabs.com/navigation.cfm?guide_id=2039 
Plate reader
 SpectraMax iD3
 https://www.moleculardevices.com/products/microplate-readers/ 
multi-mode-readers/spectramax-id3-id5-readers 
Blue light excitation source
 Sola Nightsea Light, USA
 https://nightsea.com/products/sola-nightsea-light/ 
Digital microscope
 Dino-Lite Premier digital 
microscope, USA 
https://www.dinolite.us/?gad_source=1 
Stereo microscope
 Motic SMZ-168
 https://www.microscope.com/motic-motic-smz-168l-led-
7-5x-50x-zoom-stereo-microscope.html 
METHOD DETAILS 
CCA exometabolites 

CCA that was visually identified as Hydrolithon reinboldii [82,83], was collected from Kaneohe Bay, Hawai’i. CCA was cleaned of 
epiphytes and maintained in flowthrough seawater outdoors at the Hawai’i Institute of Marine Biology. To extract settlement-
inducing exometabolites, we incubated small pieces of CCA (covering a surface area 200-400 cm2 ) with 1 l of seawater for 12 
hours during daytime [18]. Exometabolites were extracted from metabolite enriched seawater using a solid-phase extraction 
[19,84]. For this, seawater was filtered through 0.2 μm  polyethersulfone  filter cartridges (Sterivex, Millipore, UK) and acidified to 
pH  2  with  LC-MS  grade  hydrochloric  acid.  The  acidified filtrate was extracted on the solid-phase extraction (SPE) resin, Priority 
PolLutant (PPL, Agilent Bond Elut). PPL columns were cleaned and activated prior to extraction w ith LC-MS grade solvents
[84]. To identify and remove any unwanted background molecular features (e.g., due to manual handling), blanks were collected 
using LC-MS grade water. PPL resins were dried with nitrogen gas and kept at –80°C for further use. SPE-bound metabolites 
were eluted in LC-MS grade methanol and the dried exometabolite powder was recovered by methanol evaporation using a rotary 
evaporator. 
Liquid chromatography tandem mass spectrometry (LC-MS/MS) 

SPE-bound metabolites were eluted in HPLC-grade methanol and injected into a Vanquish reverse-phase ultra-high-performance 
liquid chromatography system using C18 core-shell column (Kinetex C18, 150 ×2mm, 1.8 μm particle size, 100Å pore size, 
Phenomenex) electrospray ionization (ESI+) mass spectrometer  (MS).  An  Orbitrap  Elite  Hybrid  Linear Ion-Trap (Thermo Fisher 
Scientific) in data-dependent acquisition (DDA) of MS/MS spectra was performed to collect fragmentation spectra within a range 
of 150–1500 mass-to-charge ratio (m/z) in positive ion mode at a MS1 resolution of 120 000 and MS2 resolution of 17 50 0 [18]. 
LC-MS/MS was conducted at the Environmental and Complex Analysis Laboratory University of California, San Diego. 
Metabolomic analytical pipeline 

We characterized an ‘ion feature’ (also called molecular features) as an ion signal at specific retention times eluted off the UHPLC for 
which an MS/MS spectra is assigned. After conversion of the 26 raw MS-MS files to centroid mzXML, MzMine 3.9.0 [85] detected 
268 unique ion features. Each ion feature was aligned to previously characterized spectral libraries using the Global Natural Products 
Social Molecular Networking (GNPS) platform [40,86,87]. Using the Feature based molecular network, GNPS additionally compared 
all ion features to cluster structurally similar ion features together into molecular subnetworks which were visualized in Cytoscape [88]. 
Using the in silico prediction tool CANOPUS, we predicted putative structures for each ion features [89,90]. A total of 12 experimental 
blanks were used to define background ion features (putative contaminants), described previously as ion features that had an 
average log10 transformed extraction ion chromatogram (XIC) intensity across all samples less than 50% max abundance from 
experimental blanks [18,19,91]. This removal of background features, reduced the dataset to 76 ion features. Two-sided t-
tests compared the exometabolites enriched in CCA pools to those observed in the seawater controls separately for each 
timepoint (FDR corrected t-test p <  0.05  ; [92]). Fifty-eight ion features were defined as significantly enriched in CCA
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exometabolites (Text S1 in the supplemental information online). Data were log10 transformed prior to any statistical analysis to 
approximate gaussian distribution. 
Nanoparticle formulation 

We evaluated several protocols for the one-pot synthesis and loading of non-porous silica nanoparticles with hydrophilic species, as 
previously developed for anticancer drugs [93,94], proteins [44], and dyes [95]. To synthesize inorganic non-porous silica nanopar-
ticles, which encapsulate exometabolites and can be incorporated into a hydrogel matrix for slow release, we used a water-in-oil 
microemulsion sol-gel method [44,96]. This approach enables the direct entrapment of hydrophilic species within the forming silica 
framework. Triton X-100 (1.77 ml) and n-hexanol (1.8 ml) were dissolved in cyclohexane (7.5 ml). Separately, exometabolite dry pow-
der extracted from one PPL cartridge was dissolved in 600 μl of MilliQ water and added to 100 μl of tetraethyl orthosilicate (TEOS) 
followed by vortexing for 5 min before this mixture was added to the organic solution. 50 μl of 30% aqueous ammonia solution 
was added and the water–oil emulsion was stirred at 250 rpm overnight at a room temperature of 20°C 20 ml of pure acetone 
was subsequently added in order to precipitate the exometabolite loaded silica nanoparticles. The material was recovered by cen-
trifugation at 12 000 rpm, washed twice with ethanol, and three times with water. Finally, the nanoparticles were dried in a vacuum 
desiccator overnight. To explore varying loading amounts of exometabolites (0.1x, 0.5x, 1x, 5x, 10x), where 1x is equivalent to the 
dried metabolite powder extracted from 1 PPL cartridge [18], which is equivalent to 200-400 cm2 of CCA surface area. 
Polymer synthesis 

Gelatin methacrylate (GelMA) was synthesized as described previously [65]. Briefly, porcine gelatin (Sigma Aldrich, USA) was mixed 
at 10% (w/v) 0.25 M carbonate-bicarbonate (CB) buffer (~pH 9.2-9.5) and stirred at 50°C until fully dissolved. Methacrylic anhydride 
(MA; Sigma Aldrich, USA) was added until a concentration of 8% (v/v) of MA was achieved. The reaction continued for 2h at 50°C 
under constant stirring. The solution was then dialyzed against distilled water using 12–14kDa cutoff dialysis tubing (Spectrum 
Laboratories, CA, USA) for 7 days at 40°C to remove any unreacted methacrylic groups from the solution. The GelMA was lyophilized 
at −80°C in a freeze dryer (Freezone, Labonco) for 1 week to remove the solvent. Poly(ethylene) glycol diacrylate (PEGDA, Mn = 700 Da) 
was purchased from Millipore-Sigma (St. Louis, MO). The photoinitiator lithium phenyl-2,4,6 trimethylbenzoylphosphinate (LAP) (TCI 
America™) was used to obtain the photopolymerizable prepolymer mixture by dissolving it in MilliQ water at 60°C via sonication to 
reach a stock solution of 4%. 
Free radical photopolymerization of SNAP-X coating 

The lyophilized GelMA was dissolved in MilliQ water to create a 15% w/v stock solution. Exometabolite loaded silica nanoparticles were 
uniformly dispersed in MilliQ water by vortexing for 1 min. SNAP-X was then created by mixing the GelMA stock solution, photoinitiator 
LAP, and PEGDA-700 at a final concentration of 5% w/v GelMA and 0.5% w/v LAP and 10% w/v PEGDA-700 and 6.25 w/v silica nano-
particles. The nanoink was then used to coat common coral restoration substrates made from calcium carbonate (coral plugs) via free rad-
ical photopolymerization [65]. For each plug, 120 μl of the nanoink was used to coat the surface of the substrate, with 40 μl applied to the 
base of the plug and 80 μl applied to the top of the plug. Crosslinking was facilitated via rapid free radical photopolymerization induced 
using a 405 nm LED source (Thorlabs, New Jersey, USA) emitting 17mW cm-2 s-1 for a total of 45 seconds exposure time. Hydrogel po-
rosity was measured based on weight changes following ethanol immersion (Text S3 in the supplemental information online). 
SNAP-X material characterization 

We characterized the size of the nanoparticles using dynamic light scattering (DLS) and TEM imaging (Figure S2 in the supplemental 
information online) [97]. For DLS measurements, 10 mg of empty silica nanoparticles and exometabolite loaded silica nanoparticles 
were suspended in 1 ml FSW and incubated in the dark at 25°C shaking (80 rpm) condition. The samples in seawater were centrifuged 
and washed three times with dH2O to avoid interferences due to seawater components (such as electrolytes). The DLS measurements 
were performed on dispersions of silica nanoparticles in dH2O (pH 7) using a zetasizer ultra equipment with multi-angle dynamic light 
scattering (MADLS) technology (Malvern Panalytical, USA) and analyzed using a commercial software (ZS Xplorer, USA) [97,98]. 

To evaluate the successful loading of silica nanoparticles with exometabolites, we performed Fourier-transform infrared spectroscopy 
(FTIR) and thermogravimetric analysis (TGA). For the FTIR analysis, silica nanoparticles were obtained as fine powder after drying and 
the sample amount was chosen in order to completely cover the small transparent window of the ATR-FTIR chamber (~1 mg). The FTIR 
spectra were recorded using a high-resolution spectrometer (Shimadzu IRAffinity-1). The attenuated total reflectance spectra were
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collected at a spectral resolution of 1 cm−1 with 45 scans from 600 to 4000 cm−1 [99,100] For TGA measurements, silica nanoparticles 
were heated from 25°C to 100°C at a speed of 2.6 °C min-1 , then heated from 100 to 800°C at a speed of 10°C min−1 ,  before  being  
held at this temperature for a further 30 min. Measurements were carried out under a 20 ml min−1 airflow using a simultaneous thermal 
analyzer (Netzsch model STA 449 F1 Jupiter) [101,102]. 

Transmission electron microscopy (TEM) imaging was used to visually evaluate the shape and nanoarchitecture of the nanoparticles 
as well as their breakdown over three weeks following incubation with seawater. For TEM imaging, 10 mg of empty silica and 
exometabolites loaded silica nanoparticles were suspended in 1 ml FSW and incubated under shaking conditions (at 80 rpm) at 
25°C in the dark for three weeks. Aliquots (300 μl) were taken weekly during the three-week experiment. Samples were centrifuged 
and washed three times with dH2O to avoid interferences with seawater (due to e.g., the presence of salts). Diluted samples (0.5 mg 
nanoparticles / ml dH2O, 5-10 μl) were placed on TEM copper grids for 3-5 minutes. 

The grids were first placed on a filter paper to remove any excess droplets. Afterwards, they were returned to the grid holder and left 
overnight in a well-ventilated place to ensure complete evaporation of the residual solvent. The samples were imaged with a Talos™ 
L120C TEM with a LaB6 electron source operating at a voltage of 120 kV with a beam current of 5 μA  [103]. 

Rheological measurements were performed by using a DHR30 from TA Instruments to assess the mechanical behavior of the hydro-
gel and the nanoparticle loaded hydrogels. A 25 mm parallel plate was used with a Peltier plate to hold the temperature at 25°C. An 
isostrain of 1% and angular frequency range of 1-100 rad/s were used with a variable gap to correct for the swelling of the samples 
affecting the thickness [104]. Storage and loss modulus were plotted versus the angular frequency. The distribution of the nanopar-
ticles within the hydrogel and the thickness of the hydrogel layer was measured through Optical Coherence Tomography (OCT) [65] 
(Thorlabs GmbH, Dachau, Germany). 
Cytochrome C release tests 

To investigate the release of chemical cues from the SNAP-X system, we used cytochrome C as a model molecule [44]. Cytochrome 
C was selected because its molecular weight (12 kDa) closely approximates the average molecular weight of exometabolites deter-
mined by LC/MS, suggesting a similar diffusion coefficient [18]. While CCA exometabolites comprise a complex mixture of com-
pounds, many of which remain not fully characterized, cytochrome C was chosen for its hydrophilicity, making it a relevant proxy 
for the water-soluble fraction of exometabolites extracted from the cartridges. Although no single model molecule can fully replicate 
the release profile of this complex exometabolite mixture, cytochrome C provided a useful preliminary validation tool. Its strong ab-
sorption in the visible region enabled effective monitoring of release kinetics via UV/Vis absorption spectroscopy. It is important to 
note that the measured release kinetics reflect those of the model molecule, whereas individual exometabolites may diffuse at differ-
ent rates depending on their specific properties. 

To perform release kinetics studies with cytochrome C, nanoparticles were synthesized (as described above) using an initial loading 
concentration of cytochrome C of 1mg/ml. To explore the benefits of stabilization through the hydrogel network, tests were con-
ducted on both dispersed nanoparticles and the hybrid nanoparticle hydrogel system [105,106]. In the case of dispersed nanopar-
ticles, 10 mg of nanoparticles were suspended in 1 ml of FSW and incubated under static and shaking conditions at 25°C in 
darkness. The nanoparticle suspension was centrifuged (16 000 rcf) every 24 h. The supernatant was discarded and the obtained 
nanoparticles were re-dispersed in 1 ml FSW [105]. A well plate reader (SpectraMax iD3) was used to quantify the peak absorbance 
of cytochrome C (410 nm) from the suspension [44]. The change in absorbance intensity was used to determine the percentage of 
cytochrome C released [44]. Likewise, for the hybrid nanoparticle hydrogel system, an equal amount of cytochrome C-loaded nano-
particles (10 mg per plug) were crosslinked within the hydrogel and on top of CaCO3 plugs (see earlier). The coated plugs were in-
cubated in six-well plates filled with 9 ml of FSW under the same condition as the dispersed particles. Aliquots (300 μl) were taken, 
replaced with an equal volume of FSW [106], and the release of cytochrome C was measured at specific time intervals. To account for 
any background absorption due to the hydrogel, we also performed measurements on hydrogels alone without nanoparticles. 
Coral settlement assays 

Montipora capitata larvae were reared following established best practices to three-four days post fertilization (Text S4 in the supple-
mental information online). Larval settlement was assessed in 6-well plates without water flow and in a flowthrough mesocosm
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experiment. For 6-well plate experiments, the SNAP-X coating was tested for three different loading densities (0.1x, 1x, 10x concen-
tration) and evaluated against uncoated control plugs and seawater controls (n = 6 plugs per treatment). Each plug was placed in a 
single well and filled with 7 ml of FSW. M. capitata larvae were first washed with FSW to remove debris and organic matter before 3 ml 
were added to each well (at a density of ~13 larvae ml-1 ). Settlement assays were performed overnight in a 27°C incubator. To test the 
efficacy of SNAP-X under in situ-like conditions, we created a flowthrough mesocosm system that used natural seawater. Each treat-
ment (SNAP-X 0.1, SNAP-X 1, SNAP-X 10, uncoated control) was replicated in three tanks, with six plugs per tank (n = 18 per treat-
ment, Figure S8 in the supplemental information online). The volume of seawater in the tank was maintained at 0.5 l with an average 
outflow rate of ~3 ml s-1 . We added 100 ml of washed M. capitata larvae (at a density of 10 ml-1 ) to each tank. After an incubation 
period of 12 hours, larval settlement was counted with the aid of a blue light excitation source (Sola Nightsea Light, USA) to improve 
larval/recruit visibility. We categorized larval behavior through visual observations and microscopy using a digital microscope (Dino-
Lite Premier digital microscope, USA) coupled with a blue excitation source (Sola Nightsea Light, USA) and a stereo microscope 
(Motic SMZ-168) as settled (attached and metamorphosed) [18], dead/disintegrated, and swimming [62]. Larval settlement locations 
were also recorded as top, bottom and side of the CaCO3 substrate [107]. 
3D chemical modeling of biomimetic microhabitats 

Spatio-temporal models were built to simulate the 3D distribution of exometabolites released from SNAP-X coated substrates over 
30 days. For this, we used the ‘Reacting Flow, Diluted Species’ feature of COMSOL Multiphysics v. 5.6 (https://www.comsol.com). 
To simulate the diffusion of a pool of exometabolites, we used a generalized diffusion coefficient (1e-9 m2 /s) based on the diffusion of 
hydrocarbons in water. Exometabolites were released as a steady state flux based on measured cytochrome C release. The molec-
ular release profile of the nanoparticle hydrogel system was modeled as a surface reaction producing exometabolites, located at the 
surface of the plug covered by the hydrogel in the experimental set-up. The reaction rate was obtained by fitting the kinetic release 
data of the nanoparticle hydrogel system loaded with cytochrome C after the initial swelling period (2-3 days). The mathematical descrip-
tion of the exometabolite release within a timeframe of 5 to 30 days is based on the nanoparticle dissolution behavior (Equation 1.) [45] 
and is used to model the combined processes resulting in cue release: 

c cmax 1−e−at b 1 

dc dt cmax a  e−at b 2

The 3D distribution of exometabolites released from a singular plug was then estimated at an incident flow velocity of 1 cm s-1 

(Figure 5B,C in the main text). Simulations with multiple plugs attached to larger reef frameworks were also performed using higher 
ambient flow velocities (4 cm s-1 , Figure S10 in the supplemental information online). 
QUANTIFICATION AND STATISTICAL ANALYSIS 

All statistical analysis and data plotting was performed with Origin Pro 2024 (Origin, USA). Data were verified for normal distribution 
using Shapiro-Wilk tests with a significance level of α = 0.05. Data were arcsine square root transformed if necessary. One-way anal-
ysis of variance (ANOVA) was used to assess statistical differences in coral settlement (p <0.05) (n = 6). When statistical differences 
were observed, Tukey’s HSD post-hoc comparisons were applied to determine which of the groups and experimental treatments 
were significantly different with a significance level of α = 0.05.
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