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At present, research into optical properties of bio-smoke materials mostly concentrates on single band or single
germplasm. Herein, we measured the spectral reflectance of three eukaryotic bio-smoke materials and three prokaryotic
bio-smoke materials in the waveband from 0.25 µm to 14 µm. Based on the Kramers–Kroning algorithm, the complex
refractive index m(λ ) was calculated and the Fourier-transform infrared (FTIR) spectra of materials were analyzed. The
results show that n(λ ) of bio-smoke materials varies between 1.1–2, and n(λ ) values in the visible light to near-infrared
wavebands are significantly larger than those in other wavebands. The k(λ ) of bio-smoke materials varies between 0–0.4.
At 6–6.5 µm, k(λ ) of prokaryotic materials is 3 times that of eukaryotic materials, which is caused by C=O stretching
vibration of amide I and C–N stretching vibration of amide II in proteins. At 2.5–3 µm and 9.75 µm, k(λ ) values of
eukaryotic bio-smoke materials are nearly 2 times that of prokaryotic ones. The absorption peak at 2.5–3 µm is mainly
triggered by C–H stretching vibration in lipid and O–H stretching vibration in bound water. The absorption peak at 9.75 µm
is mainly caused by symmetric stretching vibration of PO−2 in nucleic acids.

Keywords: bio-smoke materials, complex refractive index, eukaryotic, prokaryotic
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1. Introduction

A majority of solid and liquid particles suspended in
the atmosphere are generated due to biological activities in
the terrestrial and aquatic environments. These tiny particles
containing microbes or their metabolic products are gener-
ally called bioaerosols.[1] The particle number concentration
of bioaerosols can account for up to about 30% of that of at-
mospheric aerosols, and even up to 80% in tropical rainforest
regions.[2,3] The main components of microbes in bioaerosols
include bacterium, fungus, archaea, and virus.[4] There are
eukaryotic and prokaryotic microbes according to the dif-
ferences in cell structures of microbes. Under natural at-
mospheric conditions, bacteria (belonging to prokaryotic mi-
crobes) and fungus (belonging to eukaryotic microbes) ac-
count for 70%–86% and 13%–21% of the total components
of bioaerosols, respectively.[5,6] As an important part of the
atmosphere, bioaerosols can influence atmospheric radiation
characteristics through absorption or scattering. Spankuch et
al.[7] showed that as the concentration of pine pollen in lo-
cal areas increases, the atmospheric infrared flux significantly
decreases, implying that the emission of certain pollens can re-
sult in local climate warming. By using chemical tracers and
multiple regression statistical analysis, it can be seen that up to

47% of light absorption above the Amazon rainforest is caused
by bio-particles in atmosphere in wet seasons.[8] Even in the
transition period from wet season to dry season, the light ab-
sorption of bio-particles still accounts for 35% of atmospheric
light absorption.[8]

Bioaerosols exhibit excellent electromagnetic shielding
properties in the natural environment, and biomaterials are
more environmentally friendly and less polluting than conven-
tional smoke materials.[9] Therefore, research into the devel-
opment of biomaterials into environmentally friendly aerosol
materials has drawn the interest of researchers. By using re-
flectance and transmission spectra, together with Kramers–
Kroning (K–K) analysis, Tuminello[10] measured the optical
constant m of Bacillus subtilis in the 0.2–2.5 µm wavelength
range, revealing that the values of optical constant m of Bacil-
lus subtilis in thin film, tablet, aqueous solution, and glycerite
are different. Gittins et al.[11] measured the infrared extinc-
tion spectra of Bacillus subtilis atomized in air in a labora-
tory smog chamber within 2.7–12 µm waveband. The exper-
iment suggested that at 9.65 µm, the peak of extinction coef-
ficient of a single Bacillus subtilis spore is obtained through
transmission measurement as being about 1.6× 10−8/cm2.
Gurton[12] detected the infrared extinction spectra of granu-
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lar Bacillus spp. in the 3–13 µm waveband in a laboratory
smog chamber and explained the transmission data during the
experiment by calculating the complex refractive index m of
the granular Bacillus spp. based on Mie scattering theory.
According to transmission and reflectance spectra, Wang et
al.[13] calculated the optical constants of seven microbial par-
ticles in the 2.5–25 µm wavelength range and measured the
electromagnetic attenuation properties of microbial particles
through smog chamber experiments. Professor Hu’s research
team[14–18] studied the extinction mechanism of bioaerosols
and explored the potential of bioaerosol as a new smoke mate-
rial through smoke box experiments.

In order to better develop bioaerosol into bio-smoke ma-
terial, we need to further study the following two aspects. For
one thing, previously, scholars mainly explored the optical
properties of specific single microbes, which is conducive to
understanding special cases concerning the optical properties
of microbes. However, the universality and particularity of the
optical properties of bioaerosols cannot be concluded there-
from. For another, previous studies were merely concerned
with a single optical band, concentrating on the infrared. The
studies into broad-band optical properties of microbes in ul-
traviolet (UV), visible light, and infrared waves were rarely
involved, which is not conducive to the analysis of the in-
fluences of bioaerosols on atmospheric radiation characteris-
tics. To address these drawbacks, we are supposed to cover in
our research a wider range of species of microbes and wave
bands. We selected 6 potential bio-smoke materials for re-
search: EM01 spore, EM02 spore, EM03 spore, PM01 bacil-
lus, PM02 bacillus, and PM03 bacillus. According to the cel-
lular structure, the six microbes are divided into eukaryotic
(spores) and prokaryotic (bacilli) microbes. In the study, the
general characteristics of optical properties of bio-smoke ma-
terials in the 0.25–14 µm wavelength range are assessed to

allow the analysis of differences in optical properties of eu-
karyotic and prokaryotic materials at 0.25–14 µm. The results
of the study help us to obtain the broadband optical properties
of bio-smoke materials and provide a theoretical basis for the
development of new functional materials.

2. Materials and methods
Spores and bacilli are provided by the Key Laboratory

of Ion Beam Bioengineering, Chinese Academy of Sciences.
They were isolated by the laboratory and stored at −80 ◦C
in sterilized cryovials containing 10% glycerol (in 0.02%
Tween-80 solution). We have optimized fermentation con-
ditions and improved collection efficiency for the biomateri-
als production.[19,20] The operating steps are as follows: bac-
terial species activation → shake flask culture → large-scale
tank fermentation→ centrifugation→ pure water cleaning→
drying in vacuum freeze dryer → ultra-fine crushing in Chi-
nese medicine crusher (see Supplementary Material Section
1 for specific steps). And then the biomaterials are stored in
dessicators containing silica gel absorbent (Fig. S1 in Supple-
mentary Material) and sealed and bagged at room temperature
(Fig. S2 in Supplementary Material). In order to make the
bio-smoke materials environmentally friendly, pollution-free,
and floating in the air, we have inactivated and pulverized the
material. The microscopic structural morphologies of the bio-
smoke materials were observed by using a scanning electron
microscope (SEM) (Sirion 200, FEI Ltd., Hillsboro, Oregon,
USA), as shown in Fig. 1. It can be seen that PM01, PM02,
and PM03 spores are spherical in shape with a radius of 1–
2 µm, and the original morphology remains well after inacti-
vation, drying, and pulverization. However, the original form
of the other three bacilli materials cannot be easily recognized
after crushing, with agglomeration.[21]

(a) EM01 spore (b) EM02 spore (c) EM03 spore

(a) PM01 bacillus (b) PM02 bacillus (c) PM03 bacillus

Fig. 1. SEM images of six prepared bio-smoke materials. (a) EM01 spores (20000× magnification, scale: 2 µm), (b) EM02 spores (10000×
magnification, scale: 5 µm), (c) EM03 spores (10000×magnification, scale: 5 µm), (d) PM01 (20000×magnification, scale: 2 µm), (e) PM02
(10000× magnification, scale: 5 µm), and (f) PM03 (10000× magnification, scale: 5 µm).
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The complex refractive index m of bio-smoke materi-
als in the 0.25–14 µm waveband can be calculated by using
the spectral reflectance of materials and the Kramers–Kroning
algorithm,[22–25] as mentioned in our previous work.[17,18,26]

The spectral reflectance of bio-smoke material tablets in the
waveband from 0.25 µm to 2.5 µm was measured by apply-
ing the U-4100 spectrophotometer (Hitachi U-4100, Hitachi
Ltd., Tokyo, Japan) for UV, visible (Vis) light, and near in-
frared (NIR). And the spectral reflectance in 2.5 µm to 14 µm
was measured by a Fourier infrared spectrometer (MAGNA-
IR 750, Nicolet Instrument Co., USA) with a matched micro-
scope (Continuµm, Nicolet Instrument Co., USA), as shown
in Figs. 2(a) and 2(c). The specific steps for measuring the re-
flectivity of biomaterial tablets are in Supplementary Material
Section 2.

Based on the measured reflection spectrum, m of bio-
smoke materials in the 0.25–14 µm wavelength range was cal-
culated using the K–K relationship. The reflective phase shift
Θ(λ ) can be expressed as[26]

Θ(λ ) =
λ

π
P
∫

∞

0

lnR(λ ′)
(λ ′2−λ 2)

dλ
′, (1)

where R(λ ) is the vertical reflectivity, λ ′ is an integral vari-
able whose range of variation is (0,+∞) and λ ′ 6= λ , P is
the Cauchy principal value function, and λ is the wavelength.
m(λ ) = n(λ )+ k(λ )i, where n(λ ) and k(λ ) are given by[26]

n(λ ) =
R(λ )

1+R(λ )+2
√

R(λ )cosΘ(λ )
, (2)

k(λ ) =
2
√

R(λ )cosΘ(λ )

1+R(λ )+2
√

R(λ )cosΘ(λ )
. (3)

From Eq. (1), R(λ ) should be obtained over the full bandwidth
to calculate m(λ ). However, in actual experimental measure-
ments, R(λ ) can be measured only within the limited band-
width (0.25–14 µm). The constant extrapolation method was
used to expand the range of reflectivities. A value of 100 µm
was used as the upper limit of the integral because the reflec-
tivity above 100 µm had little effect on m(λ ) in the 0.25–
14 µm wavelength range. R(0–0.25 µm) = R(0.25 µm), and
R(14–100 µm) = R(14 µm). Therefore, R(λ ) over the entire
integral range (0–100 µm) was acquired.
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Fig. 2. Spectral reflectance measurement of bio-smoke materials in the 0.25 µm to 14 µm band. (a) Operational principle of the measurement of
the reflection spectrum using a spectrophotometer. (b) Reflectivity of bio-smoke materials in 0.25–2.5 µm. (c) Schematic diagram of installation
of bio-smoke material tablets and a gold-plated mirror on the microscope stage. (d) Reflectivity of bio-smoke materials in 2.5–14 µm. (b) and
(d) share the same legend.

3. Results and discussion
The selected bio-smoke materials can be divided into

two groups: eukaryotic and prokaryotic microbes. EM01
spore, EM02 spore, and EM03 spore are eukaryotic microbes
while PM01 bacillus, PM02 bacillus, and PM03 bacillus are

prokaryotic microbes. According to the data on spectral re-

flectance of the six materials in the 0.25–14 µm wavelength

range, the m(λ ) values of eukaryotic and prokaryotic bio-

smoke materials in the 0.25–14 µm range were calculated by

using the K–K algorithm, as shown in Fig. 3.
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Fig. 3. The m(λ ) of eukaryotic and prokaryotic bio-smoke materials in the 0.25–14 µm range. (a) n(λ ) of eukaryotic bio-smoke materials, (b)
k(λ ) of eukaryotic bio-smoke materials, (c) n(λ ) of prokaryotic bio-smoke materials, and (d) k(λ ) of prokaryotic bio-smoke materials.

The n(λ ) depends on the propagation velocity of optical
waves in the absorbing medium and is closely related to the
wavelength and attributes of the absorbing medium. As shown
in Figs. 3(a) and 3(c), n(λ ) of eukaryotic and prokaryotic bio-
smoke materials varies between 1.10–2. The n(λ ) values in
the visible light and near-infrared wavebands are significantly
larger than those within the other wavelength ranges. Within
the 2.5–14 µm band, n(λ ) values of prokaryotic bio-smoke
materials are larger than that of eukaryotic ones. The k(λ ) of
absorbing media refers to the absorption coefficient, which is
determined by the attenuation velocity of optical waves prop-
agating in an absorbing medium. As shown in Figs. 3(b) and
3(d), k(λ ) of eukaryotic and prokaryotic bio-smoke materials
varies between 0–0.4. What should be noted is that k(λ ) val-
ues of eukaryotic materials in the 6–6.5 µm band are less than
0.1 and have no significant peaks compared with k(λ ) in other
wavelength bands. The peak k(λ ) for prokaryotic materials
is found in the 6–6.5 µm band, to be around 0.3, which is 3
times that of eukaryotic materials. At 2.5–3 µm and 9.75 µm,
k(λ ) of eukaryotic bio-smoke materials is nearly 2 times that
of prokaryotic ones.

The similarities and differences in n(λ ) and k(λ ) of eu-
karyotic and prokaryotic bio-smoke materials are both closely
related to their structures and components. The eukaryocytes
include a shaped nucleus (1–3 µm) and multiple organelles
(such as mitochondria (about 1 µm) and ribosome (< 1 µm)),
which perform mitosis. A prokaryotic cell with a simple struc-
ture has a particle size in the range of 1–10 µm, and is com-
posed of a cell wall, cytomembrane, cytoplasm, and nuclear

zone. The nuclear zone is just a grouping nuclear matter with-
out an interface membrane at the outer side, which is not a
shaped nucleus. However, there is circular DNA in the nuclear
zone, which makes up the transcription and translation system
for genetic information with RNA, enzymes, etc. The main
difference in the two types of cells is that prokaryotic cells
contain no shaped nucleus, but nucleoid and organelles includ-
ing only a ribosome. The division method of prokaryotic cells
is amitosis. Most prokaryotic cells have cell walls. Organ-
isms in bacterium and archaea kingdoms consist of prokary-
otic cells, while protist, fungus, plants, and animals are all
made of eukaryocytes. In terms of material composition, all
varieties of cells basically contain water, protein, lipid, nucleic
acid, etc.[27]

Generally, water in such cells accounts for 85%–90% of
cell fresh weight. The water content of adipocytes is relatively
low, accounting for 10%–30%.[28] In the present experiment,
the bio-smoke materials lose their liquid-state free water after
vacuum freeze-drying, while the remaining water is combined
with intracellular macromolecules in the form of bound water.
Loss of free water will reduce the cytoplasmic density. But
as can be seen from Fig. 1, the eukaryotic spore material we
prepared has a good morphology after dehydration, with no
obvious rupture or obvious voids in the spores. However, the
morphology of the prokaryotic material changes after dehy-
dration and pulverization, and there is agglomeration. Due to
the different densities of the two materials, n(λ ) of the eukary-
otic materials is generally smaller than that of the prokaryotic
materials.
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Fig. 4. Schematic diagram of the absorption characteristics of eukaryotic and prokaryotic bio-smoke materials. (a) Absorbance of six bio-smoke
materials in the infrared band (400–4000 cm−1). (b) Analysis of infrared absorption peaks of various components of the bio-smoke materials.
The absorption peaks of proteins and nucleic acids in the ultraviolet bands (purple parts) in the figure are derived from the literature.[29]

The differences in absorption characteristics of eukary-
otic and prokaryotic materials can be analyzed by using in-
frared spectra of bio-smoke materials. The bio-smoke ma-
terials and KBr reagent were ground and mixed in a 1:150
mass ratio to make a tablet, and then the absorbance spec-
trum of the tablet was measured using the Fourier transform
infrared spectrometer (MAGNA-IR 750, Nicolet Instrument
Co., USA). The absorbance spectra are shown in Fig. 4(a).
As shown in the figure, bio-smoke materials exhibit similar

absorption peaks in the 400–4000 cm−1 waveband, as deter-
mined by absorption characteristics of the compositions of
microbial cells, as shown in Fig. 4(b). The basic composi-
tion materials of cells include water, protein, lipid, and nu-
cleic acid.[27] Water molecules show significant infrared ab-
sorption at 3000–3750 cm−1 (anti-symmetric and symmetric
stretching vibration of H2O) and 1600–1700 cm−1 (bending
vibration of H2O).[30] The main characteristic absorption of
protein on Fourier-transform infrared (FTIR) spectra appears
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as amide band: amide I at 1600–1700 cm−1 (C=O stretch-
ing vibration), amide II at 1500–1600 cm−1 (C–N stretch-
ing vibration), amide III at 1200–1300 cm−1 (the vibration
is complex, including bending vibration of Hα , C–N stretch-
ing vibration, and N–H in-plane bending vibration), and amide
A around 3300 cm−1 (mainly involving N–H stretching vi-
bration). The main characteristic absorption peaks of lipid
appear at 2959 cm−1 (C–H anti-symmetric stretching vibra-
tion in CH3), 2922 cm−1 (C–H anti-symmetric stretching vi-
bration in CH2), 2872 cm−1 (C–H symmetric stretching vi-
bration in CH3), 2852 cm−1 (C–H symmetric stretching vi-
bration in CH2), and 1741 cm−1 (C=O stretching vibration).
The characteristic absorption peaks of nucleic acid appear at
1715 cm−1 (C=O stretching vibration in pyrimidine), 1220–
1250 cm−1 (anti-symmetric stretching vibration of PO−2 ), and
1085 cm−1 (symmetric stretching vibration of PO−2 ).

In the UV wavelength range, protein and nucleic acid also
show strong absorption peaks, as shown in purple in Fig. 4(b).
For protein, within the UV wavelength range, the group made
of a single bond only involves the σ -bond electron, thus only
showing a σ −σ∗ transition. The transition energy of σ -bond
electrons is high, thus is difficult to activate. The absorption
spectra of groups made of a single bond within the UV wave-
length range are located in the far-UV region (λ < 150 nm).
Therefore, the groups in protein molecules (including −CH−2 ,
C–N, −CH3, and hydrogen bonds) consisting of a single bond
exhibit absorption characteristics only in the far-UV region. If
the groups made of single bond include various atoms (such
as O, N, and S), the groups also contain unshared p-electron
pairs apart from σ -bond electrons. Therefore, n−σ∗ transi-
tion can be detected and the absorption peak approximates to,
or is in, the near-UV region (200–380 nm). As a consequence,
the groups (including−NH2, −OH, C–N, and C–S) in protein
molecules show absorption peaks at around 200 nm. Apart
from σ -bond electrons, π-bond electrons are also found in the
unsaturated chemical bonds (such as >C=C<, >C=O, and
>C=N−) in protein molecules, which can trigger π−π∗ tran-
sition. In this context, the absorption peak appears at around
200 nm in the UV region. When the n-electrons co-exist with a
π-bond in protein molecules, n−π∗ transition occurs to absorb
UV waves within the 200–380 nm wavelength range. Purine
base and pyrimidine base exhibit conjugated double bonds,
which causes the basic group, nucleoside, nucleotide, and nu-
cleic acid to return strong absorption peaks in the UV wave-
length range of 240–290 nm.[29]

In Fig. 4(a), the absorbance of eukaryotic materials at
9.75 µm and 2.5–3 µm is significantly higher than that of
prokaryotic materials. As shown in Fig. 4(b), the absorption
peak at 9.75 µm is mainly caused by symmetric stretching vi-
bration of PO−2 in nucleic acid in cells while that at 2.5–3 µm
is mainly triggered by C–H stretching vibration in lipid in cells

and O–H stretching vibration in bound water. The cells of eu-
karyotic microbes contain a shaped cell nucleus, and a chro-
mosome mainly composed of thread-like DNA and protein;
mitochondria and chloroplasts also contain genetic material.
For cells of prokaryotic microbes, only nucleoid and plasmid
contain genetic materials. By contrast, the amount of genetic
material in eukaryocytes is greater than that in prokaryotic
cells, which is shown from the perspective of optical charac-
teristics such that the absorption peak of eukaryocytes caused
by symmetric stretching vibration of PO−2 in nucleic acid at
9.75 µm is much greater than that of prokaryotic microbes.
Additionally, compared with prokaryotic microbes, eukary-
otic microbes not only contain a cytomembrane but also have
rich organelle membranes, making up a biological membrane
system. The chemical compositions of biological membranes
mainly include lipid, protein, and small amounts of saccha-
rides, which separately account for about 50%, 42%, and 2%–
8% by mass. Therefore, the absorption peak of eukaryotic
microbes caused by C–H stretching vibration in lipid at 2.5–
3 µm is significantly higher than that of prokaryotic microbes.
The infrared absorption peak of cells at 6–6.5 µm is mainly
related to O–H bending vibration in water, C=O stretching
vibration of amide I, C–N stretching vibration of amide II in
protein molecules, C=O stretching vibration in nucleic acid,
and C=O stretching vibration in lipid. Owing to the contents
of nucleic acid and lipid in prokaryotic microbes all being
lower than those in eukaryotic microbes, and the content of
bound water being low after microbial materials were freeze-
dried, the strong absorption peak of prokaryotic microbes at
6–6.5 µm is caused by C=O stretching vibration of amide I
and C–N stretching vibration of amide II in protein molecules.

4. Conclusions
In this work, Fourier infrared spectrometer was used to

measure the reflectivity of materials in the 2.5 µm to 14 µm
band. Meanwhile, UV/Vis/NIR spectrophotometer was used
to measure the reflectivity of materials in the 0.25 µm to
2.5 µm band, which effectively expands the spectral measure-
ment band of bio-smoke materials. By calculating and com-
paring the complex refractive index spectra of eukaryotic and
prokaryotic bio-smoke materials in the 0.25–14 µm band, we
naturally draw the following conclusions: n(λ ) of eukaryotic
and prokaryotic bio-smoke materials varies between 1.1–2,
showing the same change trend and location of extreme points.
In the visible light to near-infrared wavebands, n(λ ) values
are significantly larger than those of other wavebands. Within
the 2.5–14 µm band, n(λ ) values of prokaryotic bio-smoke
materials are larger than that of eukaryotic ones. The k(λ )
of eukaryotic and prokaryotic bio-smoke materials varies be-
tween 0–0.4. The k(λ ) of prokaryotic materials at 6–6.5 µm
is 3 times that of eukaryotic materials. This is caused by C=O
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stretching vibration of amide I and C–N stretching vibration
of amide II in protein molecules of prokaryotic cells. At 2.5–
3 µm and 9.75 µm, k(λ ) values of eukaryotic bio-smoke ma-
terials are nearly 2 times that of prokaryotic ones. The absorp-
tion peak at 2.5–3 µm is mainly triggered by C–H stretching
vibration in lipid and O–H stretching vibration in bound water.
The absorption peak at 9.75 µm is mainly caused by symmet-
ric stretching vibration of PO−2 in nucleic acid in cells.

Compared with traditional smoke materials, biomaterials
have abundant sources, low production costs, less environmen-
tal pollution, and great application potential. Since eukary-
otic and prokaryotic biomaterials exhibit different extinction
capacities at specific wavelengths, we can make bio-smoke
materials cover specific light bands. And we can also detect
bio-aerosol pollutants by remote sensing and identify pollutant
types by analyzing their optical characteristics. The broad-
band extinction characteristics of bio-smoke materials in the
ultraviolet to infrared bands provide a new idea for the devel-
opment of functional materials.
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