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ABSTRACT: Tobacco-specific N-nitrosamines (TSNAs) and benzo[a]pyrene (B[2]P) in mainstream cigarette smoke (MSS) cause
smoking-related diseases and environmental pollution. Porphyrins were added to cigarette filters to reduce B[a]P (porphyrins A—E)
and TSNAs (porphyrin F) in MSS. The porphyrin—B[a]P and porphyrin F—TSNAs (N'-nitrosoanabasine (NAB), N'-nitro-
soanatabine (NAT), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), and N-nitrosonornicotine (NNN)) interactions
were investigated by fluorescence quenching and UV —visible spectroscopy. The correlation coefficients were 0.987—0.997 (B[a]P)
and 0.994—0.999 (TSNAs), and the binding constants were (1.67—5.02) x 10° (B[a]P) and 3.42 x 10°—1.40 x 10* (TSNAs). Up
to 36.72% of B[a]P and 46.67% of the TSNAs were eliminated from MSS, with greater reductions when more porphyrin was
included in the filter. With the same mass of porphyrin in the filter, the reduction trend for B[a]P by porphyrins A—Ewas A>B > C
>D > E. The reduction trend for TSNAs by porphyrin F was NNN > NAB > NNK > NAT. The porphyrin mode of action is possibly

through strong 77— interactions.
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B INTRODUCTION

Cigarette smoke has a public health impact on smokers as well
as on other individuals through passive smoking of environ-
mental tobacco smoke. Multiple epidemiological studies have
shown that cigarette smoke is related to the development of
cardiovascular disease, stroke, lung carcinoma, chronic bronchitis,
chronic obstructive pulmonary disease, and emphysema." Cigar-
ette smoke contributes largely to indoor air pollution and has
been implicated in the reduction of lung function” and the
development of cancer” in nonsmokers. Although the best solu-
tion to reduce the incidence of these diseases is to reduce the
number of smokers, there are still large numbers of individuals
who smoke. Consequently, it is important to reduce the harmful
components in cigarette smoke for smokers, nonsmokers, and
the environment.

Cigarette smoke is a complex mixture of more than 4700
chemicals and contains hundreds of toxicants.* Two important
groups of carcinogens in cigarette smoke are the tobacco-specific
N-nitrosamines (TSNAs) and polycyclic aromatic hydrocarbons
(PAHS).5 Benzo[a]pyrene (B[a]P), an IARC Class 1 carcinogen,
is the most potent among the PAHs in cigarette smoke.®””
Consequently, it is important to reduce the content of B[a]P in
cigarette smoke. The carcinogenic TSNAs specific to tobacco
and cigarette smoke include N'-nitrosoanabasine (NAB), N'-
nitrosoanatabine (NAT), 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK), and N-nitrosonornicotine (NNN). Among
these TSNAs, NNN and NNK are potent IARC Class 1
carcinogens and have been linked to the development of lung,
oral cavity, esophagus, pancreas, and liver diseases.'®”'* There-
fore, it is also very important to reduce the content of PAHs and
TSNAs in cigarette smoke.
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Previous studies have investigated the removal of toxicants
from cigarettes by adding pine bark extract,® zeolite,"* Ginkgo
biloba leaf extract," charcoal, or palladium to the filter and/or cut
fillers. Although zeolite effectively reduced TSNAs in mainstream
cigarette smoke (MSS) by 30—60%,'* it is expensive for large-
scale application. G. biloba leaf'> and pine bark extracts® were
used to scavenge free radicals from MSS, but would not be useful
for the removal of TSNAs and B[a]P. To our knowledge, no
studies have investigated the removal of B[a]P from MSS.

Hemoglobin and other porphyrins have been shown to be
promising cigarette filter additives to remove compounds, such
as carcinogenic N-nitroso compounds, from MSS.'¢ Porphyrins are
a group of complex chemical structures that have important roles
in photosynthesis, gas transport (hemoglobin, myoglobin ), vitamin
structure (cobalamin), and the metabolism of living organisms.
Examples include heme, which is the iron porphyrin in hemo-
globin, and chlorophyll, which is a magnesium porphyrin."”
Because of their unique structures, porphyrins have a wide range
of applications in bionics, materials chemistry, pharmaceutical
chemistry, electrochemistry, optical ph?rsics and chemistry, analy-
tical chemistry, and organic chemistry.'® >* Consequently, many
studies have focused on the applications of porphyrins. Further-
more, porphyrins are readily synthesized from pig blood, which
makes them economical for large-scale applications. However,
their applications to the reduction of harmful components and
tar produced by cigarettes, and especially their mechanism of
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Figure 1. Structures of the porphyrins used as cigarette filter additives
for the reduction of B[a]P (porphyrins A—E) and TSNAs (porphyrin F).
The substituents on the porphyrins were as follows: porphyrin A, Ry =
R, = R3 = Ry = 4-methylphenyl; porphyrin B, R; =R, = Ry = Ry =
4-chlorophenyl; porphyrin C, R; = 4-hydroxyphenyl, R, = Ry = Ry =
4-methylphenyl; porphyrin D, R; = R, = Ry = Ry = 4-dodecoxylphenyl;
porphyrin E, R; = 4-hydroxyphenyl, R, = R3 = R4 = 4-methylphenyl;
porphyrin F, R; = R, =Rz = R, = 4-octoxylphenyl. Porphyrins A—D had
no metal ion at the heme core, porphyrin F had a manganese ion at the
heme core, and porphyrin E had a cobalt ion at the heme core.

reaction with harmful components in cigarette smoke, have not
been thoroughly investigated.

In this study, porphyrins were added to cigarette filters to in-
vestigate their effects on reducing TSNAs and B[a]P in MSS. The
interactions of porphyrins with TSNAs and B[a]P were studied
using UV—visible absorption spectroscopy (UV—vis) and fluor-
escence quenching (FQ), respectively. A possible mechanism for
porphyrin reduction of TSNAs and B[a]P is discussed.

B MATERIALS AND METHODS

Reagents. Standardized TSNAs and B[a]P were obtained from
Sigma-Aldrich (St. Louis, MO). Meso-tetra(4-methylphenyl) porphyrin,
meso-tetra(4-chlorophyenyl) porphyrin, S-(4-hydroxyphenyl)-10,15,
20-tri(4-methylphenyl) porphyrin, meso-tetra(4-dodecoxylphenyl) por-
phyrin, 5-(4-hydroxyphenyl)-10,15,20-tri(4-methylphenyl) manganese
porphyrin, and meso-tetra(4-octylphenyl) cobalt porphyrin (Figure 1)
were synthesized in our laboratory*> *” and are referred to here as
porphyrins A, B, C, D, E, and F, respectively. All other reagents were of
analytical grade.

Addition of Porphyrins to Cigarettes. Cigarette filters consist-
ing of acetate cellulose and cut fillers of brand A were obtained from
Chengdu Cigarette Factory (Chengdu, China). During machine mold-
ing of the filters, porphyrin was added to the filter through the carrier.
Porphyrin-modified filters were then attached to cigarettes. Thirty diff-
erent porphyrin-modified cigarettes were produced containing 0.0, 2.0,
4.0, 6.0, or 8.0 ug of one of the porphyrins (A—F) per filter. Control
cigarettes were prepared using unmodified acetate cellulose filters of
brand A. Cigarettes containing porphyrins A—E were used to investigate
the reduction of B[a]P in MSS, whereas cigarettes containing porphyrin
F were used to investigate the reduction of NAB, NAT, NNK, and NNN
in MSS. Porphyrin F was used only in the investigation of TSNAs
because it is a cobalt porphyrin and should be effective at reducing
TSNAs, whereas porphyrins A—E are not cobalt porphyrins and are less
effective at reducing TSNAs.

Analytical Method. A fully automatic smoking machine (RM200,
Borgwaldt Technik GmbH, Hamburg, Germany) was used to generate
and trap MSS from the 20 cigarettes.

Established methods were followed for the detection of B[a]P® and
TSNAs*® in the MSS. B[a]P was detected by gas chromatography—mass
spectrometry (7890A/5975, Agilent Technologies Inc., Santa Clara, CA).
NAB, NAT, NNK, and NNN were detected by gas chromatography—
thermal energy analysis spectrometry with an Agilent 6890 GC and a
Thermo 610 TEA (Thermo Fisher Scientific, Waltham, MA). Gas chro-
matography—mass spectrometry and gas chromatography—thermal
energy analysis spectrometry results were used to calculate the percentage
reductions in B[a]P and TSNAs in the MSS from porphyrin cigarettes in
comparison with the control cigarettes.

The interaction between porphyrin and B[a]P was studied by FQ*®
using an F-7000 fluorometer with autoagitators (Hitachi Ltd., Tokyo,
Japan). The effect of B[a]P on the level of porphyrins A—E was
determined by adding S 4L of B[a]P (200 tg/mL) to 3 mL of methylene
dichloride and measuring the fluorescence intensity. The fluorescence
intensity was measured again following the addition of S uL of por-
phyrin. The fluorescence intensityies for different concentrations of
porphyrins were plotted to obtain the B[a]P fluorescence spectrum.
PAHs such as B[a]P usually have characteristic fluorescence spectra. The
fluorescence intensity of B[a]P can be reduced or quenched by other
substances, which are called fluorescence quenchers. The fluorescence of
B[a]P is quenched to a certain degree by porphyrin, and this process
conforms to the Stern—Volmer equation (eq 1).°%*!

F()/F = 1+st[Q} (1)

In eq 1, F, represents the fluorescence intensity of B[a]P without a
fluorescence quencher, F represents the fluorescence intensity of B[a]P
with a fluorescence quencher, Ky is the binding constant (quenching
constant), and [Q] is the quencher concentration. Ksy and the interac-
tion between the quencher and fluorophore are positively correlated,
which means that larger binding constants indicate that the interaction
of the quencher and fluorophore is stronger.

The interaction between porphyrin and the TSNAs was studied by
UV—vis (HP8453, Agilent Technologies Inc.).””** Generally, porphyrins
can be detected by UV—vis, and they have a characteristic absorption
peak at 414 nm. The effect of porphyrin F on the level of TSNAs was
investigated by adding 25 uL of porphyrin (3.0 x 10~* mol/L) to 3 mL
of methylene dichloride and measuring the spectral intensity (A,). The
spectral intensity (A) was measured again following the addition of 5 uL
of TSNAs (200 ug/mL). The spectral intensities for the different
concentrations of TSNAs were plotted to obtain the porphyrin UV—vis
spectrum. The adsorption of TSNAs by porphyrins conforms to the
Benesi—Hildbrand (B—H) equation:

Ca 1 1

=
d CpKe. &

)

C, represents the analytical concentration of fixed component A
(porphyrin), Cp represents the analytical concentration of component
B (TSNAs), ¢ is the molar absorptivity, and K is the binding constant
(equilibrium constant). The parameter d can be calculated from d = D/b,
where D is the absorbance and b is the optical path length.

B RESULTS AND DISCUSSION

Interaction between Porphyrin and B[a]P or TSNAs. Fluor-
escence spectra (Figure 2) of the B[a]P fluorophore were
obtained with different doses of porphyrins A—E. According to
eq 1, the linear equation, coefficient, and slope (Kgy) were ob-
tained from the Fo/F porphyrin concentration curve (Table 1).
With all five porphyrins (A—E), the fluorescence intensity of
B[a]P decreased as the dose of porphyrin in the cigarette
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Figure 2. Fluorescence quenching spectra of B[a]P after addition of porphyrins A—E (panels A—E, respectively) at different concentrations (mol/L).

Table 1. Linear Equations, Correlation Coefficients, and Binding Constants for the Interactions of Porphyrins A—E with B[a]P

porphyrin linear equation
A Fo/F = 0.879 + 5.02 x 10°[Q]
B Fo/F =0.936 +2.97 x 10°[Q]
C Fo/F = 0.862 + 2.87 x 10°[Q]
D Fo/F =1.036 + 2.12 x 10°[Q]
E Fo/F = 0.897 + 1.67 x 10°[Q]

correlation coefficient (r) binding constant (Ksy)

0.987 5.02 x 10°
0.997 2,97 x 10°
0.993 2.87 x 10°
0.995 212 x 10°
0.989 1.67 x 10°

increased, and there was a red shift in the fluorescence spectra.
The binding constant (Ksy) ranged over (1.67—5.02) X 10°,and
the correlation coefficient (r) ranged from 0.987 to 0.997. The
binding constants indicate that the interaction between the

porphyrin and B[a]P was strong, and the interaction order of
the different porphyrins and B[a]P was porphyrin A > porphyrin
B > porphyrin C > porphyrin D > porphyrin E (Table 1). With
reference to the structures of the porphyrins (Figure 1), the
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Figure 3. UV—vis spectra of porphyrin F after addition of different concentrations of the following TSNAs: (A) NNN; (B) NAB; (C) NNK; (D) NAT.

interaction between the porphyrin and B[a]P was affected by the
addition of particular substituents to the porphyrin. Relatively
large binding constants were observed for porphyrins A—C,
which had four relatively small substituents, as compared with
porphyrin D, which had four relatively large substituents and a
smaller binding constant. This indicates that the interaction with
B[a]P is stronger for porphyrins with smaller substituents than
for those with larger substituents. The addition of a manganese
ion in the central position (porphyrin E) resulted in a smaller
binding constant than for the porphyrin with the same substit-
uents without a metal ion (porphyrin C). These results indicate
that adding a metal ion to the heme core reduces the interaction
(i.e., lower binding constant) between the porphyrin and B[a]P.

The UV—vis spectra (Figure 3) of porphyrin F with different
concentrations of TSNAs were obtained. The porphyrin—TSNA
interaction could be described by the B—H equation (eq 2), and
the linear equation, coefficient, and slope (K) were obtained
from the C,/d — 1/Cy curve (Table 2). The intensity of the
characteristic absorption peak of porphyrin at 414 nm decreased
as the concentration of TSNA increased. A red shift was observed
in the UV—vis spectra, and a new peak appeared at 438 nm,
which gradually increased in intensity as the TSNA concentra-
tion increased. This suggests that a new compound is formed
when porphyrin interacts with the TSNAs. The interaction
binding constants (K) ranged from 3.42 x 10°— to 1.40 x 10*
and the correlation coefficients (r) from 0.994 to 0.999. These
results suggest that porphyrin F interacts strongly with the four
TSNAs. However, compared with the interactions of porphyrins
A—E with B[a]P, the porphyrin F interactions were not as strong.

Table 2. Linear Equations, Binding Constants, and Correla-
tion Coeflicients for the Interaction of Four TSNAs with
Porphyrin F

correlation
TSNA linear equation binding constant (K) coefficient (r)
NNN y=7.13 x 10 °x — 1.529 1.40 x 10* 0.997
NAB  y=9.51 x 10 % — 0.666 1.05 x 10* 0.994
NNK  y=1.70 x 10 % + 0.748 5.86 x 10° 0.999
NAT y=292x 10 *x — 0367 342 % 10° 0.995

The order of magnitude of the binding constants between
porphyrin and B[a]P was 10°, and that between porphyrin and
TSNAs was 10*. The strength of the porphyrin F interaction with
the TSNAs was in the following order: NNN > NAB > NNK >
NAT (Table 2).

Reduction of B[a]P and TSNAs in MSS by Porphyrins. Both
B[a]P (Table 3) and TSNAs (Table 4) in MSS were greatly
reduced by adding porphyrin compounds to the cigarette filters.
Porphyrin reduced the levels of the B[a]P and TSNAs in MSS by
up to 36.72 and 46.67%, respectively. Generally, the reductions in
B[a]P and TSNA levels were greater for cigarettes that contained
more porphyrin in the filter than for those that contained less
porphyrin in the filter. However, with porphyrin F, the reduction
in TSNAs did not increase much between the filters containing
6.0 and 8.0 ug. For B[a]P, in the case of cigarettes with the same
mass of porphyrin added, the level of B[a]P reduction differed
with the different porphyrins. The trend was consistent with the
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Table 3. Percentage Reduction in the Level of B[a]P in MSS (n = §) after the Addition of Different Masses of Porphyrins A—E to

the Cigarette Filter”

percentage reduction (%) in B[a]P

porphyrin (ug) porphyrin A porphyrin B
0.0 0 0
2.0 17.02 14.8
4.0 24.89 22.93
6.0 31.42 28.92
8.0 36.72 33.57

porphyrin C porphyrin D porphyrin E
0 0 0
14.27 12.37 1142
22.68 2045 19.05
28.8 26.05 25.18
32.93 30.07 29.03

“The percentage reduction was calculated in comparison to the levels in control cigarettes with unmodified filters.

Table 4. Percentage Reduction in the Levels of Four TSNAs
in MSS (n = 5) after the Addition of Different Masses of
Porphyrin F to the Cigarette Filter”

percentage reduction (%) in TSNA

porphyrin (ug) NNN NAB NNK NAT
0.0 0 0 0 0
2.0 20.21 19.56 14.27 10.97
4.0 32.57 29.53 21.76 15.68
6.0 45.71 40.40 28.47 20.63
8.0 46.67 41.51 29.62 21.49

“The percentage reduction was calculated in comparison to the levels in
control cigarettes with unmodified filters.

binding constants for the porphyrins and followed the order
porphyrin A > porphyrin B > porphyrin C > porphyrin D >
porphyrin E. For cigarettes containing the same mass of por-
phyrin F, the reduction in TSNAs followed the order NNN >
NAB > NNK > NAT, which was again consistent with the trend
for the binding constants.

Mechanism of B[a]P and TSNAs Reduction Using Porphyrin.
Porphyrin molecules have rigid structures and large faces, and the
position and orientation of edge functional groups can be pre-
cisely controlled. This can be used to produce porphyrins that
specifically recognize particular molecules, which can be used to
identify compounds with certain molecular sizes, properties,
functional groups, and chirality.”® Strong 77— interactions can
occur between porphyrins and aromatic molecules,*>** and this
is exploited in their use as a liquid chromatography stationary
phase. In this application, the strong 77— interactions of
porphyrin with PAHs rich in 7-electrons allow for identification
of the PAHs. The interaction consists of face—face and face—
edge 71— interactions.”"*>** 3> Chlorophyll has been shown
to reduce the harmful aromatic components in cigarette smoke
by strong m—i interactions between the porphyrin ring
of the chlorophyll and the aromatic ring of the harmful
components.®> Therefore, it is likely that porphyrins A—F
interact with B[a]P and TSNAs in MSS by these strong 7—m
interactions. This interaction will be investigated in detail in
future studies. The strength of the 71— interactions was affected
by the structure of the porphyrin, as shown by the different
binding constants obtained for the different porphyrins with
B[a]P (Table 1). Adding the metal ion to the heme core
(porphyrin E) probably increased the rigidity of the porphyrin
and reduced its ability to interact with B[a]P. These interac-
tions could be exploited to design specific porphyrin filter

additives to reduce the levels of particular MSS components in
the environment.

Porphyrin is a potent additive in cigarettes to reduce TSNAs
and B[a]P levels in MSS and the environment. The addition of
porphyrin to cigarette filters is feasible for cigarette production,
economical, and environmentally friendly. The results of this
study could facilitate the development of low-harm cigarettes and
reduce the levels of TSNAs and B[a]P in the environment to
decrease indoor air pollution. However, the potential transfer of
porphyrins to cigarette smoke or their dissolution in the mouth
and the toxicological consequences of this need to be evaluated in
future studies.
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