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A B S T R A C T   

Current fire retardants are known to be toxic to humans and our environment. As environmental-friendly flame 
retardants (FRs), protein-based flame retardants have been studied extensively recently, even though they are 
not durable. In this study, we designed, synthesized and tested a durable protein-based FR through the fusion of 
the adhesion domain from either mussel foot protein-5 (mfp-5) or cellulose-binding domain (CBD) with flame 
retardant protein (SR protein and alpha casein). We first verified the expression of the recombinant proteins in 
Escherichia coli using Western blot. Then, we coated the fusion protein (carrying cell lysates) to cotton fabrics and 
wood and verified with Infrared (IR) spectroscopy. Using a vertical burning test and wood flammability test, we 
confirmed the flame retardancy of the materials after the protein coating. In the vertical burning test, the SR 
protein and alpha casein flame retardant proteins with the CBD adhesion domain showed a 50.0% and 43.3% 
increase in flame retardancy. The data is also consistent in the wood flame retardancy test. Confocal imaging 
experiments also suggested these new fire retardants can be preserved on the materials well even after washing. 
Overall, our results showed that flame-retardant proteins with adhesion domains are high potential candidates of 
green alternative flame retardants.   

1. Introduction 

Most textile and wooden materials can be ignited and burnt easily. 
Since the 1950s, flame retardants (FRs) have been widely adapted to 
coat flammable materials, preventing the fire from spreading and pro
long the escape time during a fire accident [1]. Today, many countries, 
including the United States, United Kingdom, EU countries, have 
imposed regulations on furniture fire safety [2]. 

At the present stage, the halogen-containing compounds are one of 
the most common FRs, being routinely added to many consumer prod
ucts such as plastic chairs and baby nursing pillows [3–5]. While these 
compounds demonstrated good flame retardancy, they are known to be 
hazardous to our health and the environment. These FRs, including the 
bromine-based and chlorine-based FRs (including TBBPA, PBDEs, PCBs, 
HBCDs, etc) are potential mutagen and their association with thyroid 
cancers [6,7], breast cancer [8] and prostate cancer [9] are suggested. 
Moreover, these widely used FRs could also influence neuro
development and affecting children’s behaviours [10] and increasing 

the risk of Alzheimer’s disease [11]. Because of the broad usage of these 
FRs, these toxic compounds widely exist in food and accumulate in 
animals [3,4], and hence influencing our health and the ecosystem. 
Nowadays, many scientists have been urging our society to develop a 
non-toxic and environmental-friendly alternative to replace the current 
ones in use. 

Recently, a lot of research focused on the potential of bio
macromolecules (e.g. DNA, proteins) as alternative flame retardants, 
because of their biodegradable and non-toxic nature [12–15]. With the 
high contents of phosphorus and nitrogen in some of these molecules, 
they can significantly reduce flammability and eliminate the fire. When 
fuels burned with materials containing phosphates, the charring process 
will occur and isolate the fuel from burning; when ammonia is burned, it 
will react with oxygen to produce water and nitrogen gas, acting as an 
inert gas to isolate oxygen. Although these compounds have been found 
to be potential FRs, the durability of the coatings with these molecules is 
low [14,15]. Therefore, the way to enhance the retention of these 
compounds on surfaces is critical. 
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Here, we adapted the synthetic biology methods to design and tested 
protein-based FRs. We first selected two flame retardant proteins, SR 
proteins (Serine/arginine-rich splicing factor 1; SRSF1) with high ni
trogen content (17.4%) and bovine alpha casein proteins with poten
tially high phosphorus content (7.22%) [14]. The nitrogen and 
phosphorus components in these proteins can form a relatively stable 
char layer and thereby prevent further combustion of fabrics [12,16]. 
We created the fusion proteins that tagged with either one of the two 
adhesive domains, the mussel foot protein-5 (mfp-5) or the 
cellulose-binding domain (CBD), and expressed them in Escherichia coli 
(E. coli). Previous research [17–19] found that these adhesive domains 
are adhesive to different surfaces (mfp-5 can adhere to various surfaces 
such as glasses and metal; and CBD can adhere to cellulose-based sur
faces). We believe these modifications can increase the durability of the 
protein-based FRs on different materials. Further analysis also suggested 
these modified FR proteins have better fire retardancy and retentions 
than the original FR proteins. Therefore, the results from this project 
provided new insight to design durable and green FR that is beneficial to 
our daily life. 

2. Materials and methodologies 

2.1. Construction of flame retardant proteins and experimental overview 

To test whether mfp-5 and CBD influence the fire retardancy and 
retention of the fire retardant proteins (SR protein and alpha casein), we 
cloned 9 plasmids into the pET11a vector, as shown in Table 1. These 9 
plasmids can be classified into three experimental groups: (group 1) the 
control group with original flame-retardant protein (SR protein and 
alpha casein), (group 2) the flame-retardant protein fusion with adhe
sion domain (CBD-SR, CBD-alpha casein, mfp5-SR, mfp5-alpha casein), 
and (group 3) the flame-retardant proteins fused with both adhesion 
domain and red fluorescent protein (RFP) (Check Supplementary 
Table 1 for amino acid sequence and protein size). 

The plasmid constructs were constructed either by NEBuilder HiFi 
DNA Assembly Master Mix (NEB) to clone DNA fragments (from Inte
grated DNA Technologies) into the pET11a vector, or by DNA synthesis 
using Genscript. The plasmids were transformed into E.coli strain BL21 
(DE3) following by an ampicillin selection. The colony was then picked 
for further analyses, after conformation of constructs by Sanger 
sequencing (BGI Genomics). 

As shown in the experimental flow chart, (Fig. 1A), following 
transformation Coomassie blue and Western blot were used to validate 
the protein expression of all plasmids following IPTG induction of the T7 
protomers. After that, one of the 9 proteins was used to coat cotton 
fabrics (100% Cotton; 300 mm*130 mm) or woodblocks (40 mm*38 
mm*51 mm). In the vertical burning test and the wood flammability 
assessment test, (group 1) control group flame-retardant proteins will be 
used to compare with (group 2) flame-retardant protein fusion with 
adhesion domain. These tests will give us general information about the 

retardancy of our tested samples. In addition, (group 3) flame-retardant 
proteins fusion with both adhesion domain and red fluorescent were 
used to test the retentions of the coating following washing or soaking 
procedure. The detailed methods of all these experiments are further 
described in the following paragraphs. 

2.2. Validation of the expressed flame retardant protein 

To validate the protein expression in E. coli, SDS-PAGE and Western 
blot analysis were performed. 

First, E. coli was cultured with LB media, containing 1.0 mM IPTG, at 
30 ◦C until reaching O.D. 0.4 (wavelength: 595 nm with VICTOR mul
tilabel plate reader). The cultured samples were then lysed by sonication 
with Qsonica, Q700CA sonicator. The sonication was performed by 
resuspending the pellet with Lysis buffer (50 mM Tris-HCl pH7.5, 20 mM 
NaCl), followed by cooling down on ice for 10 min. Microtip was used 
and set at 40% amplitude. We sonicated each sample for 45 s 3 times. 
After that, the sample was then centrifuged at 1200×g for 10 min and 
the supernatant was used for further experiments. 

The protein ladder and samples were first loaded to the SDS-PAGE 
gel (Biorad mini protean tetra system). Then we run the gel at 60 V 
for 1 h and then increase to 120 V for another hour. The gel was washed 
with Mili-Q water for 10 min on a shaker and soak it with Coomassie 
Brilliant Blue. It was then incubated at room temperature for an hour on 
a shaker and washed with Mili-Q water. The gel was then soaked 
overnight with Mili-Q on a shaker. 

Western blot analysis was performed by transferring the SDS-PAGE 
gel to 1x transfer buffer and then undergoing the Cassette assembly 
(1.5 mm with 10 min running). Blocking buffer (1 g non-fat dry milk +
20 mL TBST) was then used to block the membrane for an hour on a 
shaker. The primary antibody (anti-his antibody; hrp antibody from 
Abcam) was then diluted in blocking buffer at 1:2000 dilution, and the 
membrane was then incubated in diluted primary antibody overnight at 
4◦ Celsius. 

2.3. Investigation of the flame retardancy of the engineered protein 

2.3.1. Flame retardant treatment 
To investigate the flame retardancy of the engineered protein, 1 mM 

IPTG was added to the bacterial cultures at 6 h after incubation and then 
further incubate overnight. The culture samples were then lysed by 
sonication (as described in the last section). Then the cotton fabrics (300 
mm*130 mm; 100% cotton) were coated by soaking in the supernatant 
of the lysate (protein concentrations: 0.125 mg/ml) at room temperature 
overnight (soaking in Mili-Q water was used as a control for the coating). 
Then, the cotton fabrics were dried at room temperature until the 
moisture content percentage is stable, reaching a moisture content of 
13.55–14.37%, as measured by testo 606-1-Moisture meter. 

2.3.2. Infrared (IR) spectroscopy 
IR spectroscopy was used to determine whether the fire retardant 

proteins had been coated on the cotton fabrics. The cotton fabrics 
samples, which went through the flame retardant coating treatment, 
were analyzed by the Bruker Alpha IR spectrometer to detect the IR 
spectrum. Cotton fabrics with coating treatment using Mili-Q water, as 
well as, non-coated cotton fabrics were used as a control to compare 
with other samples being treated with cell protein lysates. 

2.3.3. Vertical burning test 
In order to determine the flame retardancy of the proteins coated on 

the cotton fabrics, the vertical burning test was performed with a device 
built according to the ASTM-D6413 standard (ASTM D6413, n.d.). The 
testing cotton fabric sample (300 mm*130 mm) was placed between two 
iron plates and fixed with 4 Elliot folders about 7 cm above the spirit 
burner (Fig. 1B & 1C). The device also includes a surrounding 
aluminium chamber with only one-sided ventilation in order to 

Table 1 
List of construction used in this paper. Group 1 represents the control group of 
flame retardant proteins without adhesive domains. Group 2 represents the 
flame retardant proteins with mfp5 or CBD adhesive domains. Group 3 repre
sents the flame retardant protein with the adhesive domains and RFP.  

Construct iGEM part number Group 

Ptac-GST-SR-pET-11a BBa_K1608002 1 
Alpha casein-pET-11a BBa_K3503001 1 
Mfp-5-SR-pET-11a BBa_K3503006 2 
Mfp-5-alpha casein-pET-11a BBa_K3503007 2 
CBD-SR-pET-11a BBa_K3503004 2 
CBD-alpha casein-pET-11a BBa_K3503008 2 
Alpha casein-RFP-pET-11a BBa_K3503009 3 
Alpha casein-mfp-5-RFP-pET-11a BBa_K3503011 3 
Alpha casein-CBD-RFP-pET-11a BBa_K3503010 3  
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minimize the influence of air current. We started counting the burning 
time after the cotton fabric is ignited and stopped when there’s no visible 
flame. The spirit burner was displaced once the cotton fabric was 
ignited. 

2.3.4. Wood flammability assessment 
Wooden furniture is commonly used in households, offices, and the 

hotel industry. Thus, we here used the BS476-part4:1970 test to assess 
the flame retardancy of wood. This test is commonly used as a fire 
retardancy test for building materials and structures (non-combustibility 
test for materials) (BS476, n.d.). Wooden blocks, with a size of 40 
mm*38 mm*51 mm and average moisture content 12.6%, were first 
coated with different cell lysates (with protein concentrations: 0.125 

mg/ml) containing different proteins (by immersing the wooden blocks 
into lysates overnight) and then tested by the Institute of development 
and Quality in Macau SAR, China. 

2.3.5. Retentions of flame retardant proteins 
Mfp-5 and CBD were fused into the flame retardant protein to 

improve retention of the FR protein. We investigate the retentions of the 
proteins (also fused in RFP) using the Nikon A1MP + fluorescence 
confocal microscope (Nikon, Japan). More specifically, we used the 
microscope to detect the RFP signals on the cotton fabric samples, which 
underwent the flame retardant coating treatment, with/without being 
washed or soaked gently with Mili-Q water. By comparing the intensity 
of RFP signals before and after washing/soaking, we can study how 

Fig. 1. Experimental setup 
The figure shows (A) the overall purposes 
and procedures of the experiments per
formed in this study. The arrows represent 
the flow of the procedure of the experiments 
while the lines represent the procedures (on 
the right) in need to validate the purposes 
(on the left). (B) Design of iron plate used in 
the vertical burning test setup. The purple 
color indicates the iron plate. The number is 
represented in mm. (C) Vertical burning test 
experimental set up (modified according to 
the ASTM-D6413 standard). Spirit burner 
was put 7 cm below the cotton fabrics and 
removed once the cotton fabric was ignited.   
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much proteins stayed on the surfaces of the cotton fabrics, and thereby 
study the retentions of flame retardant proteins. A two-photon excita
tion wavelength at 1100 nm was used to activate the RFP; and the whole 
emission wavelength (600–680 nm) was scanned after excitation to 
detect the RFP signals. 

3. Results 

3.1. Expression of flame-retardant proteins 

To validate our concept of applying synthetic biology to optimize 
flame-retardant proteins, 9 plasmids (Table 1) with different FR proteins 
that with or without adhesion domains, were constructed and expressed 
into BL21 strain. The expression of the proteins was confirmed by using 
Coomassie blue staining and Western blot analysis (Fig. 2). As expected, 
the expression of SR-CBD, alpha casein and alpha casein -CBD can be 
significantly induced after IPTG induction. Except for the SR-GST pro
tein, the IPTG treatment cannot further increase the protein level as a 
strong endogenous expression is already found. 

3.2. Coating and infrared (IR) spectroscopy 

After confirming the expression of proteins, we lysed the E. coli cells 
with sonication and used the cell lysates for coating on cotton fabrics. 
The cotton fabrics were immersed into cell lysates containing different 
proteins (with the same protein concentrations at 0.125 mg/ml) and 
then dried at room temperature overnight. The coatings of the proteins 
were validated using Infrared (IR) spectroscopy. Consistent with previ
ous studies [14,15], we confirmed that cotton fabrics with protein 
coating treatment show characteristics of the protein. As shown in the IR 
spectrum (Fig. 3), these cotton fabrics have some new absorption peaks 
at wavenumber around 3300–3500 (N-H-stretch), 1400 (COO-stretch 
symmetric), 1600 (COO-stretch asymmetric) and 900–1000 (P-O 
stretch) when compared with the Mili-Q water control and control 
without coating, indicating a successful coating of the proteins on the 
surfaces of the materials. 

3.3. Vertical burning test 

We next tested the flame retardancy of these pre-treated cotton 
fabrics using a vertical burning test [20,21]. As shown in the exemplary 
test (Fig. 4; Supplementary Video 1), the cotton fabrics treated with 
proteins have higher flame retardancy than those treated with Mili-Q 
water. Generally, all protein lysates could have flame retardancy when 
compared to water control. When compared to the lysate control 
(pET11a only), the cotton fabrics treated with flame retardant proteins 
that fused with adhesion domains (including alpha casein-mfp5, alpha 
casein-CBD and SR-CBD) shown a higher retardancy, except the 
SR-mfp5. These coatings not only affect the burning speed at the 
beginning (Fig. 4A), but also prolong the burning time of the cotton 
fabrics (Table 2). 

Supplementary video related to this article can be found at doi:10.10 
16/j.synbio.2021.10.005 

In addition to FR proteins, we also in fact also tested whether the 
monomer of proteins, the amino acid can be used as a flame retardant 
material. We found that (Supplementary Fig. 1) amino acids can also 
prolong the burning time of cotton fabrics, and that higher concentra
tion/nitrogen composition of amino acids can further increase the 
burning time. 

3.4. Wood flammability assessment 

In order to investigate how our FR proteins perform for different real- 
world applications, wooden blocks (40 mm*38 mm*51 mm) were 
soaked in cell lysates with different proteins overnight and then further 
tested for flammability. Using flammability assessments, under the 
BS476-part4:1970 testing standard, we tested the burning time of the 
wooden blocks following protein coating treatments. We found that FR 
proteins coating can increase the burning time of the wooden blocks: all 
wood coated with FR proteins showed an improvement of flame 
retardancy in comparison with the water control and pET-11a vector 
(Table 3). Consistent with our vertical burning test results, the fusion 
proteins with of adhesion domain (CBD or mfp-5) could further increase 
the flame retardancy of the wooden blocks. Overall, the moisture 

Fig. 2. Confirmation of protein expression using 
western blotExemplary 
Western blot analyses illustrating (A) Successful 
expression of SR-GST (53.82 kDa) and SR-CBD 
(53.87 kDa) in expected size. Consistent with our 
hypothesis, SR-CBD protein can be induced by IPTG 
while SR-GST protein is consistently expressed 
under ptac promoter. (B) Successful expression of 
alpha casein (25.42 kDa) and alpha casein-CBD 
(50.71 kDa) proteins, where both of them can be 
induced by IPTG. The fold change was measured 
with ImageJ.   
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content are similar between all of the samples and this suggested the 
changes in burning time are not due to the different moisture of the 
materials after the coating. 

3.5. Retentions of flame retardant proteins on the cotton fabrics 

To investigate whether the addition of adhesive domains can also 
increase the retention of FR proteins, we tagged the alpha casein, alpha 
casein-mfp-5, and alpha casein-CBD with red fluorescent proteins 
(RFPs). These engineered proteins allow us to directly observe the ex
istence of the fusion protein by the fluorescent signals, even after 
washing the coated materials. 

By soaking or washing out the coating of cotton fabrics, the RFP 
signals were captured under a confocal microscope. We found that ad
hesive domains (mfp-5 and CBD) can increase the retentions of protein 
coating (Fig. 5 and Table 4). For mfp5-alpha casein-RFP, 92.9% and 
56.7% of RFP signals were retained on the coating after soaking or 
washing respectively; for CBD-alpha casein-RFP, 80.9%, and 59.9% of 
RFP signals were retained on the coating after soaking and washing 
respectively. In comparison, in the control group without any adhesive 
domains, only 12.7% post-soaking and 11.7% post-washing RFP signals 
were found. Overall, our results showed that the adhesion domain can 
improve the retentions of alpha casein on the surfaces of the cotton 
fabrics. 

4. Discussion 

Consistent with previous studies, the alpha casein and SR protein had 
both showed flame retardancy characteristics, improving the flame 
retardancy for both cotton fabrics and wood in the vertical burning test 
and wood flammability test respectively. In the present work, we engi
neered these flame retardant proteins, fusing them with the mussel foot 
protein-5 (mfp-5) or cellulose-binding domain (CBD), and expressed 

them in E. coli. We proved the protein expression and sample coatings 
with Western blot analysis and IR spectroscopy. Then we tested and 
confirmed the flame retardancy of these engineered recombinant pro
teins. Moreover, we also tested the retentions of flame retardant proteins 
fused with the adhesion domains (mfp-5 or CBD). Our results indicated 
the fusion of adhesion domains and fire retardant proteins can improve 
the durability and flame retardancy of flame retardant protein coatings. 

In the previous studies investigating fire retardant coatings, methods 
including IR spectroscopy, vertical burning test (ASTM D6413) and 
flammability test (BS476) are all commonly used [14,15,21–24],. Here, 
by testing our genetically engineered proteins using these tests, we 
confirmed that our proteins can be used as a coating to increase flame 
retardancy in cotton fabrics and wood. Consistent with other 
biomolecule-based materials, while comparing our protein coatings 
with halogen-based fire retardants [12,24–26], the flam retardancy (eg. 
burning time or rate in vertical burning test) of proteins coatings is 
lower. However, these biomolecule-based FRs are still very valuable to 
develop because they are not toxic to humans and our environment. 

Our approach using fluorescent proteins and fluorescent proteins to 
test the retentions of flame retardant proteins can also be helpful for 
further researchers to study the durability of flame retardant proteins. In 
comparison, previous research [14,15] investigated the durability with 
limiting oxygen index (LOI), which is not a direct measurement of the 
quantity of the coatings remaining on the surfaces. Our approach here 
provides an alternative way to study the durability of the protein coat
ings, via quantifying the amount of flame retardant proteins that 
remained on the surfaces of the materials. 

Despite many studies [12–15] investigated using biomolecules 
(proteins, nucleic acids, etc) as flame retardants, none of these studies 
have used genetic engineering to enhance flame retardancy. Here, we 
used the advanced synthetic biology approach to redesign the flame 
retardant proteins, and successfully increase retentions and flame 
retardancy. Moreover, our approach of fusing fluorescent proteins to 

Fig. 3. IR spectroscopy of cotton fabrics with different coatings 
IR spectrum showing the successful coating of proteins onto the cotton fabrics. The color of the spectrum (left) represented the group (text on the right) of protein 
coating it belongs to. 
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study the durability of the coating is also novel in the field. As demon
strated by our results here, synthetic biology technologies are powerful 
tools to investigate flame and fire retardant materials. This possibly 
could open up an area of material science research, where researchers 
hopefully create more environmentally friendly and non-toxic flame 
retardants on the ground of our results. Furthermore, we here also found 
for the first time that the basic components of proteins, amino acids, also 
show some flame retardancy in the vertical burning test. As the flame 
retardancy of amino acids, also reflects a positive correlation with the 
nitrogen composition of the amino acid, we also proved the previous 

hypothesis [12] that nitrogen take a role in the flame retardancy of 
proteins. 

Although we expected the retentions (or resistance to washing) of 
flame retardant proteins to be higher when adhesion domains are pre
sent, we didn’t expect an increase of flame retardancy in these proteins. 
To our surprise, flame retardancy was increased when adhesion domains 
were fused to the proteins. One of the explanations would be the 
adhesion domains not only increase the retentions of proteins on the 
surfaces of the materials, but also increase the density (or successful 
rate) of coating of proteins on cotton fabrics and wood. It would be 
interesting for future researchers to study how to increase the density of 
proteins coating onto different materials, thereby, further increase the 
flame retardancy of protein coating materials. 

Previous research shows various proteins can prolong the burning 
time, however, the retention of flame retardant protein on material after 
washing procedure is known to be very low [14,15], precluding these 
proteins from wide usage in the fire safety industry. In this study, we not 
only showed the retention can be increased with adhesion domains, but 
also compared the retentions of proteins fused with the mussel foot 
protein-5 (mfp-5) and cellulose binding domain (CBD), providing some 
information on the selection of adhesions domains. On average, we 
didn’t notice differences in the performance of these two adhesion do
mains. However, based on previous studies [17–19], we know that 
mfp-5 can attach to surfaces of different materials while CBD would 
attach more specifically materials containing cellulose. Future re
searchers can, therefore, select the domain according to the purpose of 
coating and the materials they use, as our data showed that coating with 
either adhesion domains seem to work well. 

There are a few limitations of this study that can be further investi
gated. Firstly, in terms of the safety aspects, toxicity tests and allergy 
tests can be conducted to further study whether there is any effect of 
flame retardant protein-coated materials on humans. Secondly, is the 
degradability of the protein-based FRs. Although we showed some evi
dence (Fig. 5 and Table 4) that adhesive proteins can increase durability 
of this kind of FRs, we couldn’t change the fact that most of the proteins 
can be degraded in a relatively short time. Future research may further 
investigate the structures (eg. alpha helix and beta-sheet) of flame 
retardant proteins and improve the durability by creating more stable 
flame retardant proteins. On the other hand, it would be interesting to 
study whether it is possible to grow microorganisms on materials to 
serve as flame retardant coatings. One potential alternative to current 
FRs would be to grow engineered microorganisms that can continuously 
secret bio-based FRs and at the same time survive on the surfaces of the 
materials. Another limitation of this study is that, the fire retardancy was 
tested only on two types of materials – cotton (cotton fabrics) and wood, 
limiting the applications to fabrics (such as curtains and beddings) and 
wood furniture (like doors, tables and cupboards). Further fire retard
ancy tests on various kinds of materials would be desirable in order to 
widen the application of the flame retardant proteins. Finally, some 
more quantitative experiments such as cone calorimeter test to measure 
the heat release rate and smoke production rate [27]; thermogravimetric 
analysis (TGA) to evaluate the thermal stability and combustibility [25] 
can also be performed in further research to investigate the character
istics of our engineered flame retardant protein coatings, so as to give 

Fig. 4. Exemplary vertical burning testsFigure 
showing three exemplary vertical burning tests with three protein coating (Left: 
SR Protein-CBD; Middle: pET-11a; Right: Deionised Water), at (A) 10s (B) 40s 
(C)60s after the ignition of the cotton fabrics. See Supplementary Video 1 for 
details of the burning procedure across time. 

Table 2 
Vertical burning test (ASTM-D6413) using the cotton fabric. 
Data showing mean ± SD from duplicate tests.  

Sample Burning time (s) 

SR Protein 55.5 ± 6.5 
Alpha casein 70.5 ± 17.5 
SR Protein-mfp-5 67 ± 16 
Alpha casein-mfp-5 65 ± 5 
SR Protein-CBD 87 ± 15 
Alpha casein-CBD 71 ± 5 
MiliQ water 23.5 ± 4.5 
pET-11a 54.5 ± 6.5  

Table 3 
Wood flammability test under BS476 standard.  

Sample Moisture Content percentage Burning time (s) 

SR Protein 13.4% 418 
Alpha casein 12.9% 320 
SR Protein-mfp-5 12.6% 513 
Alpha casein-mfp-5 13.3% 537 
SR Protein-CBD 12.8% 543 
Alpha casein-CBD 12.3% 557 
MiliQ water 13% 188 
pET-11a 13.1% 388  
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more insights to material scientists and physicists. 
To the best of our knowledge, our study here is the first study that 

applies synthetic biology and genetic engineering to create flame 
retardant materials. We believe that our study provides insights and 
ground for future researchers to investigate using recombinant or 
engineered proteins in the fire safety industry, and hopefully lead to the 
invention of other durable and green flame retardants in the near future. 
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Fig. 5. Exemplary protein retention test 
using confocal microscopy Figure 
illustrating retentions of RFP signals (coated 
on the cotton fabrics) for (A) alpha casein- 
RFP and (B) alpha casein-CBD-RFP. Left 
column represented the signals without any 
washing/soaking procedure (control); mid
dle column represented the signals with the 
soaking procedure; right column represented 
the signals with the washing procedure. See 
Table 4 for detailed analyses of RFP signals.   

Table 4 
The RFP signals reflecting the percentage of proteins remained on the cotton fabrics after the washing/soaking procedure.  

Type of protein Wavelength of control 
RFP peak (nm) 

Intensity of control 
RFP peak 

Wavelength of RFP peak 
after soaking (nm) 

Intensity of RFP peak 
after soaking 

Wavelength of RFP peak 
after washing (nm) 

Intensity of RFP peak 
after washing 

MiliQ Water 610.7947 282 NA NA 607.4545 454.9741 
Lysis buffer 612.0756 504.2245 610.8234 177 611.2408 571.0326 
Alpha casein- 

RFP 
611.6296 6354.823 607.8721 808 609.1248 743.709 

Alpha casein- 
mfp-5-RFP 

610.7947 1407.7 610.7947 1515.54 607.4545 860 

Alpha casein- 
CBD-RFP 

609.1248 5582.37 610.7947 4515.046 611.2122 3442  
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