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ABSTRACT: China is facing dual pressures to reduce both PM, 5 and O, 30 m® Smog Chamb
pollution, the crucial precursors of which are NO, and VOCs. In our
study, the role of NO, in both secondary organic aerosol (SOA, the
important constituent of PM, ) and O; formation was examined in our 30
m® indoor smog chamber. As revealed in the present study, the NO, level
can obviously affect the OH concentration and volatility distribution of
gas-phase oxidation products and thus O; and SOA formation. Reducing
the NO, concentration to the NO,-sensitive regime can inhibit O,
formation (by 42%), resulting in the reduction of oxidation capacity,
which suppresses the SOA formation (by 45%) by inhibiting the formation
of O- and N-containing gas-phase oxidation products with low volatility.
The contribution of these oxidation products to the formation of SOA was
also estimated, and the results could substantially support the trend of
SOA vyield with NO, at different VOC levels. The atmospheric implications of NO,, in the coordinated control of PM, s and O; are
also discussed.
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1. INTRODUCTION by the increase of NO,.'” At high NO, concentrations, the
increased NO, concentration will promote the termination
reaction of OH with NO,, resulting in lower production of
RO, and O;. On the other hand, an increase in VOCs under
high NO, concentration conditions will cause an increase in
RO, and thus O; production, which is defined as the VOC-
limited regime.'® These two scenarios collectively illustrate the
importance of the reaction of NO and RO, for the formation
of 05" As for the role of NO, in SOA formation, most
chamber studies have indicated that the SOA vyield will
decrease as the NO, concentration increases.'”'® This has
generally been attributed to the competition between the
reactions of NO, + RO, and HO, + RO, under different NO,,
levels, in which the latter will form more products with lower
volatility to contribute to SOA formation and is predominant
at low NO, levels."”'* NO, could also affect SOA formation
through changing OH levels via the reactions of OH + NO, —
HNO,; and HO, + NO = OH + NO,.%'*'” Meanwhile,
previous studies demonstrated that the formation of organic
nitrates (ONs, including RONO, and RO,NO,) becomes

In recent years, with the imposition of strict policies and
control initiatives by the Chinese government, the air quality as
characterized by PM, ¢ (with less than 2.5 ym in aerodynamic
diameter) has been greatly improved in China." However, the
annual mean PM,  concentration of 30 ug m™> in China in
2021 (http://106.37.208.233:20035/) still far exceeds the
guideline value (S ug m™>) of the World Health Organization
(WHO)."” Meanwhile, the O, concentration presents an
increasing trend year by year, with the result that O; pollution
has gradually attracted more attention.” Therefore, China is
facing a complex air pollution problem with high PM, s and O;
levels coexisting that developed countries have not experi-
enced, which highlights the urgency of coordinated control of
PM, and Oj; for China.

Nitrogen oxides (NO,) and volatile organic compounds
(VOCs) are essential precursors for the formation of O; and
secondary organic aerosol (SOA), which are the important
species in PM, 5. NO, can react with RO, radicals (RO, = OH
+ HO, + RO,) to influence the RO, cycle, thereby affecting
the oxidation of VOCs and subsequent formation of O; and
SOA.”® Meanwhile, the relative abundance of NO, and VOCs Received: June 4, 2022
has been proved to be important for determining O; and SOA Revised:  September 6, 2022
concentrations.”” At low NO, concentrations, which usually Accepted:  September 7, 2022
is referred to as the NO,-limited regime, the formation of Oj is Published: September 22, 2022
primarily controlled by the reactions of HO, and RO, with
NO, and the O; concentration can be almost linearly enhanced
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Table 1. Detailed Experimental Conditions in the Present Study

HC, NO, NO,, NO,,
exp.no. RH (%) T(°C) (ppb)  (ppb)  (ppb) (ppb)
Tolol® 50+1 26+1 146 184 02 18.6
Tolo2  50+1 26+1 146 73 0.7 8.0
Tolo3 50+1 26+1 146 2.8 03 2.8
Tolo4 50+1 26+1  S27 18.1 0.1 182
Tolo5 50+1 26+1 527 5.8 22 8.0
Tolo6  50+1 26+1 527 2.1 03 24

HC,/NO,, AHC (oX AMo SOA  corrected SOA
(ppbCppb™")  (ppb)  (ppb) (ugm™)  yield” yield®
S.S 6.2 55.6 0.01 0.001 0.042
12.7 8.2 69.6 0.17 0.005 0.150
37.1 79 46.5 0.35 0.011 0.173
20.3 30.1 94.6 5.8 0.048 0.361
46.1 234 74.8 4.7 0.047 0.357
152.3 20.0 54.9 3.2 0.039 0.308

“Tol represents toluene. bsoA yield is equal to the mass concentration of corrected SOA divided by the consumed toluene. “SOA yield was

corrected after considering the vapor and particle wall loss.

more important at high NO, concentrations.”'® Additionally,
the availability of oxidants driving RO, formation rates will
simultaneously decline with the decrease of NO,, which will
offset the increase in SOA formation caused by the
enhancement of RO, autoxidation.'” Most recently, based on
a self-developed novel integrated assessment system model,
Ding et al.” indicated that NO, emission reduction is essential
to achieve the synergistic reduction of ambient PM, s and O,
pollution, regardless of the reduction of VOC emission for the
Beijing—Tianjin—Hebei regions. Many studies have also
emphasized the importance of VOC reduction in urban
areas.”’"*> However, there is still a lack of systematic and
quantitative experimental research on this topic. Additionally,
there are still obvious gaps between observed and predicted
concentrations of O; and SOA.>”** These findings highlight
the need to improve fundamental knowledge on the chemical
pathways of O; and SOA evolution, especially NO,-related
processes under more atmospherically relevant conditions.

Aromatic hydrocarbons (such as toluene) are a class of
anthropo%enic VOCs (AVOCs) that are widely present in
urban air°~*’ and have a greater O; and SOA formation
potential ***7*° Previous studies have been conducted to
obtain the O; formation potential of individual AVOCs to
support the development of O; control strategies.’"*
Meanwhile, their photo-oxidation mechanisms and SOA yields
under different NO, conditions have also been widely
investigated.'»*>~>> However, most of the studies focus only
on the formation of O; or SOA and rarely on both.>® There is
currently a lack of research on the importance of NO, and
VOC:s for both O; and SOA formation. Therefore, it is crucial
to further understand the effect of NO, on O; and SOA
formation and evolution, and more quantitative studies on
both aspects are continuously needed.

In this study, smog chamber experiments on the photo-
oxidation of aromatics at various NO, concentrations (2.4—
18.6 ppb) were conducted to investigate the role of NO, in O,
and SOA formation. The formation of gas-phase oxidation
products, especially the O- and N-containing products, as well
as the chemical composition of SOA at different NO,
concentrations, was systematically analyzed and compared.
Moreover, the relationship between O; and SOA formation
related to the NO, concentration was also elucidated. Finally,
the atmospheric implications of NO, in the coordinated
control of PM, s and O are also discussed.

2. EXPERIMENTAL METHODS

A series of photo-oxidation smog chamber experiments of
toluene (Peking Reagent, 99.5%) and other aromatics were
carried out under a series of different NO, concentrations in
our 30 m® smog chamber that has been described in our
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previous studies.’”*® To be brief, a cuboid Teflon reactor was
placed in an indoor room, where the temperature (T) was
mechanically controlled using an air conditioner system with
an accuracy of +1 °C. At the bottom of the reactor, a magnetic
levitation fan coated with a Teflon film was used to mix the
pollutants. One hundred and twenty UV lights (Philips TL 60/
10R) with a peak intensity at 365 nm were installed in an array,
and the light intensity characterized by the NO, photolysis rate
(Jno,) was 0.55 min~", which can represent the light intensity

at noon of Beijing,”

Before the experiments, the purified zero air at a flow rate of
100 L min~' was used to clean the chamber until the
concentration of residual contaminants is sufficiently low. And
then, the liquid aromatic with a known volume was added into
the chamber via Teflon piping carried by heated (~100 °C)
zero air. The concentration of aromatics was measured by
thermal desorption—gas chromatography—mass spectrometry
(TD-GC/MS, Agilent). Subsequently, the desired NO,
concentration was introduced into the smog chamber using a
mass flow controller from a standard gas cylinder (1020 ppm
NO in N,, Beijing Huayuan). And the concentration of NO,
was monitored in real time using a NO—NO,—NO, analyzer
(model 42i-TL, Thermo). When the concentration of the
reactants was basically stable, the UV lights were turned on to
initiate the photochemical experiments. Each experiment was
conducted at 26 + 1 °C and 5.0 & 1% relative humidity (RH)
lasting for about 6 h, during which a temperature and relative
humidity probe (Vaisala HMP110, Finland) were used to
record T and RH with a time resolution of 1 min, respectively.
Meanwhile, the gas-phase oxidation products were measured
by an iodide high-resolution time-of-flight chemical-ionization
mass spectrometer (HR-ToF-CIMS, Tofwerk AG, Aerodyne
Research). The concentrations of formed O; and SOA were
measured using an O; analyzer (model 49i, Thermo) and a
scanning mobility particle sizer (SMPS, model 3082, TSI),
respectively. Meanwhile, the concentration and chemical
composition of SOA were detected synchronously using a
high-resolution time-of-flight aerosol mass spectrometer (HR-
ToF-AMS, Aerodyne Research), and monodisperse and dried
ammonium nitrate aerosols with 300 nm were used to calibrate
its ionization efficiency (IE). According to the method
reported by Gordon et al,”” HR-ToF-AMS results were
compared and corrected with the results of SMPS to
characterize the concentration of SOA (details can be seen
in Section S1.)

The detailed experimental conditions are summarized in
Table 1. All species concentrations were corrected after
considering the corresponding wall loss. The wall loss rates
of gaseous species and aerosols have been carefully
characterized and reported by our previous studies.*"*

https://doi.org/10.1021/acs.est.2c04022
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Figure 1. Time series of concentrations of (a, b) O3, (¢, d) O, (=05 + NO,), and (e, f) SOA generated in the photochemical reaction system of
toluene with different NO, concentrations (2.4—18.6 ppb) at two VOC concentration levels (52.7 and 14.6 ppb).

Importantly, the influence of vapor wall loss on SOA yield was
carefully considered, and the detailed calculation process for
the correction of SOA yield is given in Section S2. The
corrected SOA yield as a function of NO,, still shows the same
trend as we found.

3. RESULTS AND DISCUSSION

3.1. O; Formation under Different NO, Conditions.
Figure 1 presents the evolution of O; and SOA concentrations
formed in the photochemical reaction system of toluene with
different concentrations of NO, (2.4—18.6 ppb) at two VOC
concentration levels. The higher VOC concentration level had
higher ratios of VOCs/NO, (20.3—152.3 ppbC ppb™') and
was in the NO,-sensitive regime. Hence, the reactions of NO
with HO, and RO, determine the formation of O,'"*
resulting in a decrease in the concentration of O3 formed after
360 min of the photochemical reaction by up to 42% as NO,
decreased (Table 1). However, the formation rate of O; at the
initial stage of the reaction (0—30 min) showed a trend of first
increasing and then decreasing as NO, concentration
decreased (Figure 2). This suggested that NO plays two
aspect roles in the formation of Os: one is the negative role of
the chemical loss of O; caused by NO titration and another is
the positive role of the reaction with RO, to form NO, and
further to trigger the net accumulation of O;. Meanwhile, both
roles play a different dominated role under different levels of
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NO conditions. At the highest NO concentration, the chemical
loss of O caused by NO titration dominates the loss of O,,
resulting in the lowest O; formation rate. At the lowest NO
concentration, the contribution of the reaction of NO with
RO, to form NO, and finally to O; was relatively weak, as well
as the effect of NO titration, which combinedly lead to the
moderate O; formation rate.

In contrast, at the lower VOC concentration level, the O,
formation rate at the initial stage of the reaction (0—30 min)
showed a trend of monotonically increasing as NO,
concentration decreased (Figure 2), which was related to the
chemical loss of O3 caused by NO titration. The O,
concentration at the end of the reaction presented a tendency
to first increase by 25% and then decrease by 33% as the NO,
concentration further decreased (Table 1), which was different
from that under higher VOC conditions. The highest NO
concentration level had a lower ratio of VOCs/NO,, (5.5 ppbC
ppb™!) and was in the VOC-sensitive regime. Under this
condition, increased NO, will reduce the OH concentration,
which could also be supported by the estimated OH
concentration as given in Figure S1, and then inhibit the
formation of RO, and O3,"”" and vice versa. With further
reduction of NO,, concentration to 2.8 ppb, the ratio of VOCs/
NO, increased to 37.1 ppbC ppb~’, and the reaction system
shifted to the NO,-sensitive regime, resulting in the O;
concentration decreased by 33% as NO, decreased and

https://doi.org/10.1021/acs.est.2c04022
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Figure 2. O; and SOA formation rate obtained from the photochemical reaction system of toluene with different NO, concentrations (2.4—18.6
ppb) at two VOC concentration levels (52.7 and 14.6 ppb).

reaching the minimum Oj concentration level (Table 1). [NO,] ratio corresponding to the time when SOA was just
Meanwhile, the trends of odd oxygen (O, = NO, + O3) formed (defined as induction time) ranged from 0.17 to 0.30,
production, which can reflect the oxidation capacity in the which is roughly representative of [NO]/[NO,] ratios (with
reaction systems, at both VOC concentration levels were an average of 0.22 + 0.09) observed in Beijing, China.*’
consistent with the variation of O3 concentration with NO, Meanwhile, the induction time became shorter (80 vs 35 min,
(Figure 1). These results of O; concentration changing with Figure 1) as NO, decreased, which further supported the lower
the NO, concentration implied that the deep control of NO, volatility of the products generated under low NO, conditions.
to the NO,-sensitive regime might be the effective way to Under higher VOC concentration conditions, the SOA
reduce Oj pollution in China. concentration formed at the end of the reaction and SOA yield
Additionally, more experiments using mixed VOCs (includ- decreased with decreasing NO, (Table 1), which might be
ing mixed aromatics, mixed toluene and long chain alkane, as related to the decreasing oxidation capacity in the reaction
well as mixed toluene and isoprene) were also conducted at system. Similar NO,, dependencies of SOA yield have also been
similar NO,, concentration gradients, and the time-resolved reported by previous studies.***® This could be supported by
results of O3 and O, concentrations are given in Figure S2. The the decreasing estimated OH concentration as NO, decreased
changes in O; and O, concentrations with the NO, (Figure S1). Higher OH concentration will promote the
concentration using mixed VOCs are consistent with those generation of low volatile oxidation products and thus SOA
obtained in the individual toluene system, and the detailed formation. Meanwhile, a higher concentration of SOA
discussion can be seen in Section S3. formation is always accompanied by the generation of higher
3.2. SOA Formation under Different NO, Conditions. Oj; concentrations with the change in NO,, as shown in Figure
As for SOA formation, the relatively high concentration of NO 1. This implied that the increased O; can improve the
([NO] > [HO,] + [RO,]) in the initial stage resulted in the oxidation capacity characterized by O, in the reaction system,
predominance of the reaction between RO, and NO to form which will in turn facilitate the formation of SOA."”**
alkoxy radicals, which are more volatile and unconducive to Contrastingly, under lower VOC concentration conditions,
SOA formation. As the reaction went on, NO was gradually the SOA concentration was extremely low (0.01-0.35 ug
converted to NO, and the [NO]/[NO,] ratio decreased m3), with the corrected SOA yields of 4.2—17.3% (Table 1).
(Figure S3). Consequently, the reaction between RO, and These are comparable to the toluene SOA yield of 8.3% at 10
HO, is dominant, resulting in more products with lower ug m ™ reported by Ng et al.'* and relatively lower than those

volatility that contribute to SOA formation.”* The [NO]/ (~0.2—0.5) obtained by Zhang et al.*’ at the higher SOA
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Figure 3. Time series of normalized intensities of (a, b) C;HgOg4 and (¢, d) C;H,NOg generated in the photochemical reaction system of toluene
with different NO, concentrations (2.4—18.6 ppb) at two VOC concentration levels (52.7 and 14.6 ppb).

concentrations (>20 pg m~>). The latter was associated with
the higher concentrations of SOA available for gas-particle
partitioning.”> Meanwhile, increasing trends of SOA concen-
tration and SOA yield were observed as NO, decreased (Table
1). This was related to the enhanced branching ratio of RO, in
reaction with HO,, which will form a hydroperoxide with low
volatility, resulting in the enhancement of SOA via gas-particle
partitioning.”® Additionally, with the increase of O, beyond a
certain threshold, SOA increased synchronously with a
regression slope ranging from 0.081 + 0.002 to 0.163 +
0.002 ug m™> ppb™! (Figure S4), which was comparable with
those observed in suburban Beijing (0.130 + 0.002 ug m™
ppb™) by Chen et al.*® and Mexico City (0.160 yg m™
ppb™!) by Wood et al.’' This implied that both secondary
pollutants have some commonalities in terms of source.

3.3. O; and SOA Formation in Relation to Gas-Phase
Oxidation Products. Gas-phase oxidation products contain-
ing carbon (C), hydrogen (H), oxygen (O), and nitrogen (N)
in the form of iodide adducts were identified by our HR-ToF-
CIMS, which has been widely reported to be sensitive to these
species.””>” The mass defect plot of these products is shown in
Figure S5, which are classified into five categories, according to
their saturation vapor concentration (C*), ie., oxidation
products with volatility, intermediate volatility, semivolatility,
low volatility, and extremely low volatility, abbreviated as
VOC, IVOC, SVOC, LVOC, and ELVOC, respectively.
According to these detected products, a detailed gas-phase
chemical mechanism for photo-oxidation of toluene in the
presence of NO, was proposed as shown in Figure S6.

13658

During the photochemical reaction of toluene with NO,, the
reaction of peroxy radicals (RO, and HO,) with NO to
produce NO, will result in net formation of Oj. At the higher
level of VOC concentration, the evolution of Oj correlated
closely with the evolution of N-containing gas-phase organics
(e.g, C;HyNO,, Figure 3) at the initial stage, which was
related to the fact that both are directly or indirectly derived
from the reaction of RO, and NO. As the reaction went on, the
O; concentration continued to increase, while the N-
containing gas-phase organics gradually decreased, which was
related to the sinks of N-containing organics via gas-particle
partitioning. The partitioning of these gas-phase oxidation
products with low volatility formed in the photochemical
reaction system determines the SOA formation.’” Taking the
highest multiple OH addition product as an example (Figure
3a), the concentration of C,HgO4 formed at the end of the
reaction decreased with decreasing NO,, which was in line
with the trend of OH with the NO, level (Figure S1).
Meanwhile, the corresponding N-containing organics
(C;HgNOg) also presented a similar decreasing trend as
NO, decreased (Figure 3c). Therefore, the trend of SOA
tracked well with these low-volatility organic products and
presented a decreasing trend as NO, decreased (Figure 1). The
higher OH concentration also caused a larger oxidation state
(OSc = 041 + 0.01) of SOA generated at a higher NO,
concentration compared to that at a lower NO,, concentration
(OSc = 0.33 + 0.07), during which OSc is equal to 2x O/C—
H/C, and H/C and O/C were derived from HR-ToF-AMS.>*

At the lower VOC concentration level, the concentration of
Oj; at the end of the reaction was also positively correlated with
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the normalized intensity of N-containing gas-phase organics
(i.e., CHON organics) under different NO, conditions (Figure
S7). Meanwhile, the higher SOA concentration and yield were
observed at a lower NO, concentration (Table 1). This could
be supported by the trend of bicyclic hydroperoxide
(C;H,(0s), which is the reaction product of peroxide bicyclic
peroxy radicals (BPRs), one type of RO,, with HO,. The yield
of C;H,(O; presented an increasing trend as NO, decreased
(Figure S8). Meanwhile, the concentration of C;HgOg4 and the
corresponding N-containing organics (C,HoNOj) also showed
a similar increasing trend as NO, decreased (Figure 3). In
addition, as demonstrated by recent studies, the highly
oxygenated organic molecules (HOMs) formed via RO,
autoxidation might be enhanced with the decrease in
NO,.”™** The partitioning of these gas-phase oxidation
products to particle phase will contribute to SOA formation,
resulting in an increasing trend of SOA yield as NO, decreased
under lower VOC concentration conditions (i.e, 14.6 ppb).
However, this VOC concentration level is not easily achieved
at the current stage due to the wealth of sources of VOCs and
the lack of mature and effective control technology.
Comparing the SOA yield results obtained at different VOC
concentration levels, it can be found that the effect of NO, on
SOA formation largely depends on the OH levels of the
reaction systems (Figure S9). The change of SOA yield with
NO, is always consistent with the OH concentration. Overall,
with the increase of VOCs/NO,, the SOA yield and OH
concentration both first increased and then decreased. This
was related to the increase in VOC/NO,, resulting in a change
under reaction conditions from high NO, to low NO,. At very
high NO, concentrations, NO,, is acting as a sink for OH due
to the reaction of OH + NO, — HNO;. The role of this OH
sink weakened as the NO, concentration decreased. With the
continuous reduction of NO, concentration to low NO,
condition, the recycling of OH through the reaction of HO,
+ NO — OH + NO, was weakened. Similar NO,
dependencies of SOA formation have been reported by
Sarrafzadeh et al.'® The level of OH determines the formation
of gas-phase oxidation products, which in turn affects SOA
generation via their partitioning. The seemingly contradictory
trend of SOA yield with NO, is essentially dominated by the
gas-particle partitioning of these gas-phase oxidation products
with low volatility. The volatility distributions of these
products detected by HR-ToF-CIMS were estimated using
the method mentioned by Bianchi et al.”” (details can be seen
in Section S4) and presented in Figure 4, which can support
the aforementioned conclusions. As shown in Figure 4, the
trends of the intensities of IVOC, SVOC, and LVOC with the
NO, concentration were all consistent with the trend of SOA
yield, and there was a positive correlation between the intensity
of these low-volatility organics and the SOA yield.
Furthermore, the contributions of these identified gas-phase
oxidation products to SOA formation were quantitatively
estimated (details can be seen in Section S5). It can be found
that the gas-phase oxidation products belonging to the SVOC
and LVOC categories are the dominant species to SOA
formation under different photochemical reaction systems
(Figure S). The evolutions of the estimated SOA concen-
tration with NO, concentration further supported the trend of
SOA yield with NO,. Meanwhile, the estimated SOA using
these oxidation products can explain the averaged 26.6—41.1%
of SOA formation, where the percentage is the ratio between
the estimated and measured SOA concentration. A recent
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Figure 4. Volatility distributions of gas-phase oxidation products
generated in the photochemical reaction system of toluene with
different NO, concentrations (2.4—18.6 ppb) at two VOC
concentration levels (52.7 and 14.6 ppb). The normalized intensity
to the ion source iodide was used.

study also reported similar proportions (26—39%) to explain
the mass growth of organic aerosols throu_%h the condensation
of the measured oxygenated organics.” Therefore, more
instruments that can simultaneously obtain information on
the molecular level of organic aerosols are urgently needed to
be developed. Additionally, the evolution trend of N-
containing organics with the level of NO, is also consistent
with the trend of SOA yield with NO, (Figure S10). The
concentration of N-containing compounds (NOCs) in the
particle phase estimated using the NO*/NO," ratio derived
from HR-ToF-AMS® (details can be seen in the Section S6)
could also support this phenomenon. It can be seen that the
evolution trend of N-containing organics detected by HR-ToF-
CIMS is positively related to the NOCs concentration (Figure
$10). This suggests that N-containing organics formed in the
photochemical reaction system of toluene with NO, play an
important role in SOA formation.

4. ATMOSPHERIC IMPLICATIONS

As revealed in the present study, reducing NO, can result in
the simultaneous reduction of O; and SOA formation at the
higher VOC concentration, which can basically reflect the level
of pollutants during polluted periods in China from the
perspective of total OH reactivity.”"*> Under lower VOC
concentration conditions, the O; concentration showed a trend
of first increasing and then decreasing with further reduction of
the NO, concentration. These were related to the change of
OH concentration and volatility distribution of gas-phase
oxidation products with NO,. Our laboratory study reveals the
intrinsic mechanism of NO, in influencing photochemical
reactions to form O; and SOA, confirming the central role of
NO, in atmospheric oxidation capacity.

Many previous studies have demonstrated that NO, can also
contribute to the formation of nitrate and ammonium as well
as play a key role in sulfate formation,””**% which are the
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Figure S. Time series of estimated (left y axis) and measured SOA concentration (right y axis) under different NO, conditions (2.4—18.6 ppb) at

two VOC concentration levels (52.7 and 14.6 ppb).

main inorganic components of PM, 5. Our previous study also
suggested that PM, s concentrations were more sensitive to
changes in NO, than other gaseous pollutants.”® As China is
facing dual pressures to reduce both PM, s and Oj; pollution,
recent observations and modeling studies have suggested that
the substantial reduction of NO, is a feasible path to achieve
coordinated control of both.””®” Our laboratory study provides
new evidence and scientific basis for this perspective.
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