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Gelatin-based spray for forest fire
prevention and fertilization

Check for updates

Yuanfang Ai1, Na Zheng2, Wenbo Liu3, Ping Yang4, Xi Wu1, Yichen Tian1, Chuyi Wang1, Heyang Liu 3 ,
Chongping Huang4, Zhongli Liang5, Feng Zhu5, Longcheng Tang6, Nanbiao Ye7, Jianjun Li7 &
Kun Cao 1,2

Frequent forest fires, driven by hotter and drier climates, threaten biodiversity and human health,
causing significant economic losses, air pollution, soil erosion, and degeneration. Current active and
passive fire protection methods often suffer from environmental pollution, poor flexibility, and limited
availability in remote areas. However, fast-acting surface flame retardants for passive forest fire
protection, particularly for foliage, are rare. Herein, we report an easily obtainable gelatin-based fire
spray, which resulted in 1.8 and 16.3-fold extension in ignition time, 34% and 39% reductions in total
heat release, 78% and 92% reductions in fire growth index for dead and fresh leaves, respectively.
After the fire warning is suppressed, for instance by rain, the sprayed substances can decompose and
provide nitrogen and phosphorus as leaf and soil fertilizers without affecting soil microbial function,
which increase plant net photosynthesis by 84%and effective nitrogen and phosphorus by 664%and
140%, respectively. Our green flame retardant and fertilizer material allows for simultaneous tree fire
protection and growth.

In recent years, forest fires have caused major environmental issues and
jeopardized human beings and wildlife, as they quickly became
uncontrollable and difficult to address1–7. According to the Global Wildfire
Information System (GWIS), global forestfires in 2023destroyednearly 400
million hectares of land and caused more than 250 deaths. In China alone,
328 forest fires occurred, victimizing about 0.4 million hectares of forest8.
There are various strategies for vegetation fire prevention, such as the
establishment of protective forests, the development of fire monitoring
systems9, the research of fire extinguishing agents and equipment10, and
educationand regulation11. Besides, isolationbelts canblockfires but require
large areas of land, time for maintenance, and lack flexibility, making them
challenging to implement in remote areas. The most direct way is the
application of extinguishing agents. Typically, they are aqueous solutions
containing flame-retardant additives or powdered chemicals. This brings
with it other problems, in particular, the environmental impact of chemical
additives12,13. Therefore, it is essential to find a measure that is highly fire-
efficient and environmentally friendly.

Surface flame-retardant modification is a simple and convenient way to
improve the fire-retardant properties of a material without altering its

internal composition14–17. However, few works have focused on opaque
flame-retardant coatings for wood18 and dead grass19 to extend ignition time
and improve flame retardancy. Can we put “The Emperor’s New Clothes” as
an invisible “fire suit” on the forest? This “fire suit” must possess three key
features: (1) being nontoxic and pollution-free, (2) harmless to the growth of
trees and the environment, and (3) effective fire prevention. These require-
ments restrict the choice of ingredients to natural or nontoxic materials
suitable for large-scale application. We selected water-soluble gelatin, urea,
and phytate (PAPEG), which had nitrogen- and phosphorus-based flame-
retardant effects20,21. Themass ratio of the blends of gelatin, PAPEG, and urea
was 1:0.5–1:0.5–1 to obtain the gelatin-based precursor. The performances of
the sprays with different ratios were examined (Supplementary Fig. 1). And
the optimal formulation, with exceptional transparency and flame retar-
dancy, was found to be a 1:0.5:0.5 ratio of gelatin, PAPEG, and urea.

Results and discussion
Preparation and application
The design of the bio-based flame-retardant spray (FRS) was both simple
and clever. Gelatin was employed as the backbone of the film and formed a
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cross-linked network with PAPEG and urea through multiple noncovalent
interactions (Fig. 1a). PAPEG was synthesized via esterification of phytic
acid (PA) and polyethylene glycol 200 (PEG200), confirmed by FTIR
(Supplementary Fig. 2a) and 31P NMR spectra (Fig. 1a), demonstrating
decreased acidity22. Then PAPEG and urea were homogeneously mixed
with gelatin solution at room temperature. After spraying and drying, the
flame-retardant coatingwas obtained. The phosphorus signal clearly shifted
after blending with gelatin and urea, illustrating that intermolecular inter-
actions occurred during the mixing process. It is probably because
nucleophilic P=Owas able to formhydrogen bonds with -NH2/-NH-/-OH,
in addition to a very small amount of unreacted P-OH, which is susceptible
to ionic forces with a primary amine, as evidenced by the results of XPS
(Supplementary Fig. 2a, c)23,24. As shown in Fig. 1a, this is evidenced by the
redshift of the in-planebendingvibrational of -NH2 inurea and theblueshift
of P=O25. Hydrogen bonds and electrostatic interactions were formed
amonggelatin, PAPEG, andurea.Thereby, theyweredispersed evenly in the
phasediagramof atomic forcemicroscopy (AFM), andacoated surfacewith
very low roughness was also observed, as shown in Fig. 1c.

Before the applicationof FRS to trees, its safety for nontarget organisms
was demonstrated by the CCK-8 cell viability assay of L929 cells. L929 cells
were incubated for 48 h in a culture medium at different concentrations of
FRS, and their survival rate was almost 100% in Fig. 2b, which means that
the gelatin-PAPEG-urea is not toxic to mammalian cells and can be used
safely. Subsequently, we sprayed the FRS onto the leaves, and the under-
ground texture through the glossy coating (thickness of ~700 nm) was
clearly observed in digital photos of samples (Fig. 1d). This was attributed to
a light transmission of up to 89.1% and a haze of only 2.8% as observed in
Fig. 1e. SEM images revealed that after the plants were sprayed with the
gelatin-basedflame retardant, a smooth anduniformfilm covered the leaves
(Fig. 1f). In comparison, the dead leaves with more N, O, and P attached to
the leaves in the EDS mapping, had smoother surface than fresh ones
(Supplementary Fig. 2b). Compared to fresh leaves, fallen leaves were
dehydrated and more likely to absorb FRS, as investigated by the lower
contact angle (CA) of FRS onMC surface by comparison with that of OFO
(Fig. 1g). Due to the intermolecular interaction between FRS and H2O, the
surface tension of FRS solution reduced by 12.2mNm−1, as well as the CA

on the OFO surface. Consequently, FRS was prone to spread out over the
leaf (Supplementary Fig. 2d). For a more pronounced effect, we dropped
FRS on a superhydrophobic surface (lotus leaf). The water droplets con-
tracted more easily and bounced from 31ms to 40ms, while the FRS dro-
plets contractedmore slowly at 31ms and were not enriched (Fig. 1h). This
behavior minimized dripping and splashing during spraying, thereby
improving the utilization efficiency of FRS.

Fire protection properties
To examine the fire protection properties, we built a custom-made com-
bustion device to observe the burning and monitor the temperature with a
digital camera (Supplementary Fig. 3a). Because of the small and dry leaves
and the richness of the resin, untreated LN ignited within 2 s (Fig. 2a and
Supplementary Movie 1). The fire spread rapidly, generating substantial
amounts of smoke and reaching temperatures above 800 °C, with minimal
char remaining (Supplementary Fig. 3b). LN2.5 also burned, but it was
combusted more slowly with a smaller area than did leaves without FRS
(Supplementary Fig. 3c). LN5.0 burned for only 13 s after removing the
flame, and temperature was below 300 °C during combustion and dropped
rapidly to less than 100 °C after 35 s. Similarly, MC5.0 could self-extinguish
within 20 s after being exposed toflame for 5 s, and the temperature downed
to 150 °C at 35 s (Fig. 2b and Supplementary Movie 2). Fresh leaves con-
taining a large amount of water should be difficult to ignite.We exposed the
leaves to butane flame (~1100 °C) for 30 s twice. In both theOFT andOFO,
the presence of FRS dramatically shortened the self-extinguishing time of
the leaves and slowed the spread offire, leading to less heat release and lower
temperatures (Fig. 2c, d, Supplementary Fig. 3d, and Supplementary
Movies 3–4).

In the cone calorimeter test (CCT) (Fig. 2e and Supplementary
Table 1), the introductionof FRSdelayed the time to ignition (TTI) for fallen
leaves, especially 90 s longer for MC5.0 than for MC0. Similarly, the peak
heat release rate (PHRR) was slower, indicating that FRS made the leaves
more resistant to ignition and combustion. This is consistentwith the earlier
combustion results. Compared with those of leaves treated with water, the
PHRR of LN5.0 and MC5.0 significantly decreased by 40% and 66%,
respectively. This resulted in an ultralow fire performance index (FPI, TTI/

Fig. 1 | Preparation and application of FRS. a Preparation of FRS, 31P NMR, and
FTIR spectra. bThe results of the cell viability test. cAFM images of flame-retardant
coating. Scale bar, 200 nm. d Digital photos of leaves with 5.0 wt% FRS (scale bar,
5 cm), including larch needles (LN5.0), Michelia chapensis (MC5.0), Osmanthus
fragrans var. aurantiacus (OFO5.0) and Osmanthus fragrans var. thunbergii

(OFT5.0), and SEM image of the cross-section for OFT5.0 (scale bar, 2 μm). e The
transparency of FRS. f SEM images of the surface of leaves with 0 wt% and 5.0 wt%
FRS. Scale bars of LN0 and LN5.0, 500 μm and 20 μm. Scale bars of MC0, MC5.0,
OFO0, OFO5.0, OFT0 and OFT5.0, 100 μm and 5 μm. g Results of surface tension
and CA. h Impact behavior of H2O and FRS on a lotus leaf.
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PHRR) and fire growth index (FGI, PHRR/TTI). Correspondingly, the total
heat release rate (THR) and the release of CO and CO2 dropped sig-
nificantly. There were 49% and 26% reduction in the average CO2 yield
(ACO2P) of LN5.0 and MC5.0, respectively. In addition, lower average
effective heat of combustion (AEHC) suggested incomplete combustion of
volatiles due to the presence of gas-phase flame retardants26. Similarly, FRS
retarded the ignition of fresh leaves, in addition to delaying the time to peak
heat release rate (TTPHRR). For OFO5.0, the PHRR, THR, av-EHC, and
release of CO andCO2 presented dramatic decreases with respect to OFO0.
However, OFT5.0 started burning at 7 s, with no reduction in THR com-
pared with that of the uncoated gelatin-based material, eventually resulting
in varying increases for the av-EHCandACO2P. Thiswas probably because
the leaves with lower water contents were more likely to burn completely in
40 kWm−2, as evidenced by the decrease in total smoke production (TSP)
and the average CO yield (ACOP). In general, the use of FRS endowed fresh
and dry leaves with better anti-ignitability and flame retardancy. Spraying
FRS on the cypress as a flammable tree also inhibited the burning of

branches and greatly reduced the heat release from tree combustion, and the
burning area was small when the contrast sample had basically burned out
(Supplementary Movie 5 and Fig. 2f).

Flame-retardant mechanism
Therefore, why does FRS help self-extinguish leaves, slow the spread of fire,
and reduce heat release? We conducted further research. In Fig. 3a, the
spray-treated leaves presented darker residual charcoal after combustion
with sufficient oxygen, especially the fallen leaves, suggesting that the
coating also left char behind or promoted carbonization of the leaves. In
contrast to pure gelatin, the combination of the gelatin-PAPEG-urea
coating produced a denser char layer, as shown in Fig. 3b, and it displayed a
coking charred layerwith bubbles on the inner surface of the hybrid coating.
This char layer can form on the surfaces of LN5.0 and OFO5.0, thereby
preventing the release of heat or volatiles during combustion, leading to
rapid temperature reduction and inhibition of further burning. Raman
spectroscopy of the combustion residues revealed a clear D peak

Fig. 2 | Fire resistance of leaves with FRS. a–d Digital photographs of the burning
behavior at different times and along with their temperatures determined by the IR
camera for LNx (a), MCx (b), OFOx (c), and OFTx (d), and where x represents the
weight percentages of the FRS solution. Scale bar, 10 cm. e CCT curves of the dry

leaves and fresh leaves. f Digital photos of the burning behavior at different times
(scale bar, 15 cm) and their temperature determined by the IR camera for cypresses
contrast and FRS (5 wt%) (scale bar, 3 cm).
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(1350 cm−1) and G peak (1580 cm−1) in the char (Fig. 3e), and the ID/IG
ratios of LN and OFO in the FRS samples were lower than those in pure
samples, indicating the greater graphitization. We subsequently conducted
an in-depth analysis of its chemical structure. The EDS results indicated the
existence of phosphoric acid compounds, as evidenced by the presence of
7 wt% phosphorus, which increased the amount of oxygen on the residue’s
outer surface, and phosphorus was also detected on the leaf surface after
combustion. The signals of the P=O and P–O–C group at 1248 cm−1 and
996 cm−1 were detected in the FTIR spectra of the FRS (Fig. 3c). For the
residual carbon of leaves, the peaks of PO4

3− at 134.0 eV and 133.9 eVwere
detected in the P2p spectrum, and fresh leaves had a higher oxidized carbon
content than dry leaves did in the C1s spectrum, resulting in lower gra-
phitization (Fig. 3f). It is hypothesized that phosphoric acid and polypho-
sphoric acid pyrolyzed from PAwere involved in the carbonization process
and greatly improved the char yield and its thermal stability20,27. It means
that promoted carbonization prevented further combustion of thematerial,
while also inhibiting the release of smoke and heat.

In the gas phase, the composition of volatiles released by FRS from
200 °C to 600 °C was analyzed via TG-FTIR. As shown in Fig. 3e, the peak
positions of the degradation products were mainly concentrated in several
bands: 3300–3750 cm−1, 2800–3000 cm−1, 2200–2400 cm−1,

1700–1800 cm−1, 1300–1600 cm−1, and 1000–1250 cm−1. Given the che-
mical structure of flame retardant and gelatin, the peak at 2800–3000 cm−1

corresponded to the vibrational absorption peaks of small molecular ali-
phatic hydrogen, such as –CH2– and =CH–. The peaks at 2200–2400 cm

−1

were the vibrational absorption peaks of CO2 and C≡N, and those at
1700–1800 cm−1 were the vibrational absorption peaks of carbonyl groups.
The peaks at 1300–1600 cm−1 belonged to the absorption peaks of C=C,
C=N, and C–N, and those at 1000–1250 cm−1 were the absorption peaks of
P=O, P–O–C, C–O, and NH3. The P=O and P–O–C would further
decompose to PO· and PO2· to promote the termination of the combustion
chain reaction and quench the burning, thus delaying leaf combustion and
leading to rapid self-extinguishment and a decrease in burning
temperature14,28. The gelatin was pyrolyzed to alkane volatiles, and like
urea, it simultaneously released nitrogenous gases that can dilute the
concentration of flammable gases to inhibit burning21,29,30. This is why the
AEHC was lower and could self-extinguish during combustion.

Fertilizer application
Where will the spray go when the fire protection is lifted, such as when it
rains under dry conditions? Urea, a key component of FRS, serves not only
as a soil fertilizer but also as a foliar fertilizer and is directly absorbedbyplant

Fig. 3 | Flame-retardant mechanism of FRS. a Digital photos of the fresh and dry
leaves before and after CCT. Scale bar, 5 cm. bMicro-morphologies of char and
element distribution maps for gelatin and FRS (scale bar, 100 μm), and the leaves

(scale bar, 100 μm). c FTIR spectra of char. d FTIR spectra of volatiles at different
temperatures. e Raman curves and full survey XPS data for the char. f High-
resolution spectra.
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leaves. Therefore, the harmless coating sprayed on the leaves would be
absorbed by the trees as fertilizer and promote their growth in a humid
environment. This was demonstrated in wheat seedlings (Yangmai-27 and
Yangmai-28, Triticum aestivum L.). The FRS promoted the photosynthetic
rate of leaves rather than inhibiting it (Fig. 4a). Especially for the first week,
the Pn of wheat treated with 7.5% FRS increased by 63% and 84%,
respectively. Even the effect was better than that in the samples treated with
1.25%urea alone, whereYangmai-28 showed a 28%enhancement. The FRS
continued to be effective in the second week, unlike Yangmai-28, those
samples were treated only with urea, indicating its slow-release properties.
Thismaybedue to the interaction of ureawithphosphates and gelatin in the
coating,whichprevents the volatilizationof urea in the air31–33. Similarly, as a
major component of the photosystem, the contents of chlorophyll a and
chlorophyll b were increased to varying degrees (Fig. 4b).

In addition, there was a slight increase in soluble sugars and protein
inside the leaves after FRS treatment (Fig. 4b and Supplementary Fig. 4a).

The H2O2 and malondialdehyde (MDA) contents were not significantly
elevated, indicating that no peroxidation damage occurred (Supplementary
Fig. 4a). Therefore, the FRS markedly promoted plant growth in terms of
plant height and weight of materials (Fig. 4c and Supplementary Fig. 4b).
Afteroneweek, thewheat in the 7.5%FRS treatmentwere 2.5 cmand3.2 cm
greater than that in the control group, respectively. There were 5–28% and
5–14% heavier weights of dry matter at various FRS concentrations.

If it rains, the coating will be washed off from the leaves and eventually
run into the soil. The fertilizer release of FRS in the soil and its effect on soil
microorganisms should also be further researched. In Fig. 4d, the available
nitrogen (AN) and total nitrogen (TN) contents significantly increasedwith
increasing theFRS concentration,where theANcontent of Soil5.0 increased
to 111.5mg kg−1, a 664% increase compared with that of Soil0. This is not
only because of the fertility provided by urea but also because of the possible
degradation of gelatin. Notably, the available phosphorus (AP) and total
phosphorus (TP) stepped up as concentration increases. There were 140%

Fig. 4 | Effects of the FRS on plant growth and soil properties. aComparison of net
photosynthetic rate (Pn), leaf stomatal conductance (Gs), intracellular CO2 con-
centration (Ci), and transpiration rate (Tr) in different wheat leaves (n = 5).
bComparison of chlorophyll a, chlorophyll b, and soluble sugar contents in different

wheat leaves (n = 3). c Comparison of the plant height and dry weight of different
wheat varieties (n = 10). a–c P < 0.05, one-way ANOVA. d Chemical properties of
soils with different FRS concentrations. e Soil bacterial community composition at
the phylum and genus levels.
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and 15% boosts in the AP and TP of Soil5.0, respectively, illustrating that
phytate may be degraded by soil microorganisms to phosphate compounds
that were taken up by rhizomes. Although the bacterial abundance
decreased with increasing FRS, it did not disrupt the basal metabolism,
environmental response, and adaptation of the soil (Supplementary
Fig. 5a, b). In Fig. 4b, at the phylum level, the main dominant categories
included Proteobacteria, Bacteroidetes, and Chloroflexi, with the relative
abundances of Proteobacteria and Bacteroidetes in Soil5.0 increasing by
5.6% and 3.3%, respectively, comparedwith those in Soil0. Interestingly, the
abundance of Firmicutes increased by 8.4%. Furthermore, at the genus level,
there was a substantial reduction in Pseudomonas in Soil5.0 compared with
Soil0, while Vogesella and Cupriavidus increased from 0% in Soil0 to 6.5%
and 5.4% in Soil5.0, respectively. The heat map indicated the distribution of
colonies (Supplementary Fig. 5c, e). The correlations between environ-
mental factors and microbial colonies were further investigated (Supple-
mentary Fig. 5d, f). Overall, the FRS provided the soil with nitrogen and
phosphorus fertilizers and promoted the distribution of the corresponding
colonies (e.g., nitrogen-fixing bacteria) without effect on the basic functions
of soil.

Conclusion
We have demonstrated that simple surface modification can effectively
enhance forest fire resistance. During combustion, the FRS formed a char
layer on the leaf surface, acting as a barrier to oxygen and heat, and
decomposed in the gas phase to produce phosphorus-containing radicals,
which quenched reactions and inhibited the combustion of both fresh and
dry leaves. This resulted in reduced heat release, a smaller combustion area,
and rapid cooling. Additionally, the degraded coating promoted plant
growth without disrupting soil microbial functions. However, practical
application reveals limitations in this work, such as the susceptibility of
gelatin to degradation and inadequate smoke suppression. In future work,
we will address FRS’s long-term storage stability and improve its smoke
suppression ability.

Method
Materials
The following materials were used in the experiment: phytic acid (PA, 70%
aqueous solution, Aladdin), polyethylene glycol 200 (PEG200, Macklin),
gelatin (250 g Bloom, Aladdin), urea (99.5%, Aladdin), and deionized
water (H2O). All chemicals were used directly without additional pur-
ification. Larch needles (LN, 18.2% moisture content), fallen leaves with
michilia chapensis (MC, 20.2%moisture content),Osmanthus fragrans var.
aurantiacus leaves (OFO, 47.3% moisture content), Osmanthus fragrans
var. thunbergii leaves (OFT, 44.6% moisture content) and soil were
obtained from the campus of Zhejiang University, China. Potted cypresses
(~50 cm high), which are flammable trees, were obtained fromGuangdong
Province, China. Plywood (100mm× 100mm× 5mm), 304 steel plates
(100mm× 100mm× 3mm), and glass (50mm× 50mm× 4mm) were
wiped with ethanol before use.

Synthesis of PAPEG
PAPEG was synthesized via an esterification reaction between PA and
PEG200. In brief, phytic acid (13.2 g, 14mmol) and PEG200 (16.8 g,
84mmol)were added to theflaskundernitrogengas.The systemwas stirred
at 50 °C for 1 h, after which the mixture was incubated at 130 °C for 5 h to
obtain the dark brown product PAPEG. Because esterification was nearly
complete, PAPEG can be used directly without requiring additional
purification.

Convenient preparation of a gelatin-based precursor and a
flame-retardant spray (FRS) for leaves and cypresses
The gelatin-based precursor was prepared by mixing gelatin, urea, PAPEG,
and H2O in various amounts. Gelatin was dissolved in H2O at 50 °C, sub-
sequently urea and PAPEGwere added, and themixturewas stirredwell for
10min. The solution was scraped onto the surface of plywood and steel

plates and then cured at 40 °C. This process was repeated several times until
the thickness of cured coatings reached0.4 ± 0.02mm.The system(1:0.5:0.5
of gelatin, PAPEG, and urea) was prepared with 2.5 wt% and 5.0 wt%
aqueous solutions to obtain FRSs, which were sprayed on the leaves and
cypresses by using an airbrush (101W, 1.5 mmnozzle orifice) with a 2.5 bar
spray pressure and distance of 12 cm. Finally, the samples were left to dry at
room temperature. For 30 g of flat leaves, 30 g of FRS solution was used.
Blank samples were prepared by sprayingwith 30 g ofH2O according to the
method above. The fire-resistant leaves were named LNx, MCx, OFOx, and
OFTx, and x represent the weight percentages of FRS solution. For each
cypress, 30 g of FRS (5 wt%) solution was used.

General characterization
FTIR spectra were recorded on theNicolet iS50 instrument (Thermo Fisher
CO., USA). 31P NMR spectra were obtained on DMX-500 spectrometer
(BRULCER CO. Switzerland) in D2O. X-ray photoelectron spectroscopy
(XPS) was measured on Escalab 250Xi spectrometer (Thermo Fisher Sci-
entific, UK). The contact angle (CA) of leaves and liquid surface tension of
samples were obtained on an OCA 20measuring device (Dataphysics CO.,
Germany) at ambient temperature, and the volumes of water were set at
3.5 μL for CA measurement. Transmittance and haze of the coatings were
obtained on Cary5000 ultraviolet-visible spectrophotometer (Agilent
TechnologiesCo. Ltd.,USA), by testing the coated glasswith the thickness of
0.1 ± 0.02mm. Atomic forcemicroscopy (AFM) images were acquired by a
VeecoMultiModeAFMmicroscopy in tappingmodewith a scanning rate of
1.0 Hz. Scanning electron microscopy (SEM) was performed on a SU-3500
instrument (Hitachi, Japan) at a voltage of 20 kV, and it coupled with
X-max20 energydispersiveX-ray spectroscopy (EDS) (Oxford Instruments,
UK) to analyze element compositions. The cone calorimeter test (CCT)was
measured with a cone calorimeter (FTT, UK) in accordance with the
ISO5660-1 standard procedures, and a heat flux used for fallen leaves (LN,
MC), fresh leaves (OFO, OFT), and plywood with FRS were 20, 40 and
50 kWm−2, respectively. The amount tested for dried leaves and fresh leaves
were about 5 g and 10 g, which were placed uniformly in square test trays
with side lengths of 100m, not exceeding 50mm in height. The thermo-
gravimetric analyzer (TGA)was recordedonTA-Q500 (TACO.USA) from
50 °C to 800 °C at the heating rate of 10 °Cmin−1 under an air atmosphere
with 50mlmin−1

flow. TGA coupled with FTIR (TG-IR) tests were per-
formedat aheating rate of 20 °Cmin−1 from50 °C to 800 °Cundernitrogen.
FTIR sample cell was maintained at 280 °C. The Raman spectra of the
residue char were recorded with a DXR532 laser Raman spectrum analyzer
(Thermo Fisher, USA).

Moisture content test
The leaves (m1) were packed in kraft paper envelopes (m2) and placed in the
oven at 105 °C for 12 h. And then the leaves and envelopes (m3) were
weighed immediately to calculate the moisture content [MC (%)] of the
leaves via the following formulas.

MC %ð Þ ¼ m1 þm2

� ��m3

m1
× 100%

Drop impact on the leaf surface
H2OandFRS droplets (27 μL)were delivered via a tiny tube on the lotus leaf
surface with an impact velocity of 2.7 m s−1, and on the OFO leaf surface
with an impact velocity of 5.0m s−1.

Cell viability assay
ACell CountingKit-8 (CCK-8) assaywas used to assess the viability of L929
cells cultured with different extracts. 100 μL L929 cells (5000 cells) were
inoculated onto 96-well plates and cultured for 24 h until the cells were
attached to the wall. A total of 100 μL of culture solution containing FRS
(0.5, 1.0, 1.5, 2.5, 5.0 wt%)was added to eachwell, and the control groupwas
the culture mixture without FRS and the cells were incubated for 48 h.
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Subsequently, 10 μL of CCK-8 was added to each well, and the 96-well plate
was removed after 3 h of incubation. The OD value of each well at 450 nm
was detected with an enzyme marker.

Burning test for the leaves
The homemade combustion device was used to study the flame retardancy
of leaves. The vertical infrared camera (IR camera) and horizontal camera
were 75 cm and 40 cm away from the samples, respectively. For cypresses
combustion, the infrared camera (IR camera) on the left and the camera in
the front were 25 cm and 40 cm away from the samples, respectively.

Determination of soil environmental factors
Each portion of soil (200 g) was sprayedwith 10ml of FRS aqueous solution
at different concentrations (0, 1.0, 2.5, 5.0 wt%) and collected in brown soil
sampling bottles, which were named Soil0, Soil1.0, Soil2.5, and Soil5.0.
Then, the soil was left in a dark place for one week at room temperature for
the test.

Analysis of soil microorganisms
The test was conducted through relative quantitative sequencing of
microbial 16S amplicons. DNA integrity was detected using agarose gel
electrophoresis, and DNA concentration and purity were measured by a
Nanodrop 2000c spectrophotometer (Thermo Fisher Scientific, USA).
Then, samples were amplified for PCR amplification of the target region
through V4-V5 region-specific primers (F = Illumina adapter sequence
1+GTGCCAGCMGCCGCGG, R = Illumina adapter sequence
2+CCGTCAATTCMTTTRAGTTT). And the introduction of specific
index sequences to the librarywas ended byhigh-fidelity PCRusing primers
with index sequences. The library quality check was conducted after library
quantification and pooling. Finally, the libraries were sequenced by the
NovaSeq 6000 with the double-ended sequencing strategy of SP-
Xp (PE250).

The adapter sequences and primers of raw data were removed by the
cut adapt plug-in of QIIME2 software (Quantitative Insights IntoMicrobial
Ecology pipeline V1.8.0). Data were quality filtered, noise reduced, spliced,
and dechimerized via the DADA2 plug-in for QIIME2 and Usearch soft-
ware, and feature tables and representative sequences were generated. The
high-quality sequences were clustered by means of the Usearch software to
obtain operational taxonomic units (OTUs). R package was utilized to
analyze t multi-sample species composition in the community.

Plant materials and experiments
Two common wheats (Yangmai-27 and Yangmai-28, Triticum aestivum L.)
were grown under 14 h light at 23 °C and 10 h dark at 15 °C in an automatic
controlled greenhouse at Huajiachi Campus, Zhejiang University,
Hangzhou, China. And the experiment was conducted in groups of four
pots and designed with three replications and a random arrangement. The
seedlings thinned to 7 per pot after ten days of seed germination. The
treatments were conducted starting from the two-leaf stage, and seedlings
were sprayed with different concentrations of FRS (0, 1.0, 2.5, 5.0, and 7.5 wt
%) and 1.25% aqueous urea solution at 10ml per pot at am 8:00,
respectively. Wheat was sampled and tested one week and two weeks after
treatment.

The photosynthetic parameters of net photosynthetic rate (Pn), leaf
stomatal conductance (Gs), intracellular CO2 concentration (Ci), and
transpiration rate (Tr) were tested by LI-6400XT Photosynthesis meter
(Licor, USA). The air temperature, relative humidity, CO2 concentration
and photosynthetic photon flux density were maintained at 20 °C, 75%,
440 μmol·mol−1, and 1000 μmol·m−2·s−1. Chlorophyll a and b (the absor-
bance at 645 nm and 663 nm), soluble sugar (the absorbance at 630 nm),
soluble protein (the absorbance at 595 nm), H2O2 (the absorbance at
390 nm), and malondialdehyde (MDA) (the absorbance at 532 nm and
600 nm) content of wheat leaves were conducted by M200 multifunctional
enzyme marker (MDS ANALYTICAL, USA). The height, dry weight, and
fresh weight of the wheat were measured manually.

Data availability
All data are available in the main text or the supplementary materials, and
are also available from the corresponding author on reasonable request.
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