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photooxidation of live bacteria with hydroxyl
radicals under cloud-like conditions: insights into
the production and transformation of biological
and organic matter originating from bioaerosols†

Yushuo Liu,ab Patrick K. H. Leeac and Theodora Nah *abc

Live bacteria in clouds are exposed to free radicals such as the hydroxyl radical (cOH), which is the main

driver of many photochemical processes. While the cOH photooxidation of organic matter in clouds has

been widely studied, equivalent investigations on the cOH photooxidation of bioaerosols are limited.

Little is known about the daytime encounters between cOH and live bacteria in clouds. Here we

investigated the aqueous cOH photooxidation of four bacterial strains, B. subtilis, P. putida, E.

hormaechei B0910, and E. hormaechei pf0910, in microcosms composed of artificial cloud water that

mimicked the chemical composition of cloud water in Hong Kong. The survival rates for the four

bacterial strains decreased to zero within 6 hours during exposure to 1 × 10−16 M of cOH under artificial

sunlight. Bacterial cell damage and lysis released biological and organic compounds, which were

subsequently oxidized by cOH. The molecular weights of some of these biological and organic

compounds were >50 kDa. The O/C, H/C, and N/C ratios increased at the initial onset of

photooxidation. As the photooxidation progressed, there were few changes in the H/C and N/C,

whereas the O/C continued to increase for hours after all the bacterial cells had died. The increase in the

O/C was due to functionalization and fragmentation reactions, which increased the O content and

decreased the C content, respectively. In particular, fragmentation reactions played key roles in

transforming biological and organic compounds. Fragmentation reactions cleaved the C–C bonds of

carbon backbones of higher molecular weight proteinaceous-like matter to form a variety of lower

molecular weight compounds, including HULIS of molecular weight <3 kDa and highly oxygenated

organic compounds of molecular weight <1.2 kDa. Overall, our results provided new insights at the

process level into how daytime reactive interactions between live bacteria and cOH in clouds contribute

to the formation and transformation of organic matter.
Environmental signicance

This work investigates the aqueous cOH photooxidation of four commonly found bacterial strains in microcosms composed of articial cloud water that
mimicked the chemical composition of atmospheric cloud water. The survival rates for the bacterial strains decreased to zero within 6 hours during exposure to
cOH under articial sunlight. Bacterial cell damage and lysis released biological and organic compounds, which were oxidized by cOH. Fragmentation reactions
played a major role in driving the transformations of these compounds. The carbon backbones of higher molecular weight proteinaceous-like matter were
cleaved to form a variety of lower molecular weight compounds, including HULIS and highly oxygenated organic compounds. These results provide new process-
level and molecular-level insights into how daytime reactive interactions between live bacteria and cOH in clouds contribute to the formation and trans-
formation of organic matter, which have important atmospheric and climate implications.
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1 Introduction

Clouds serve as an important liquid reaction medium for
aqueous-phase reactions of atmospheric organic and inorganic
compounds.1,2 Although the composition of inorganic
compounds in clouds is currently pretty well-understood,1

a large fraction of organic matter in clouds remains poorly
This journal is © The Royal Society of Chemistry 2023
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characterized. Chemical processes that contribute to the
formation and transformation of organic matter in clouds
remain an area of active research. Clouds also play important
roles as a habitat for microorganisms to live in and as a medium
for microbial processes.3–7 Live microorganisms in the atmo-
sphere originate primarily from natural sources.8–10 Bacteria are
one of the many types of live microorganisms that enter the
atmosphere as primary biological aerosol particles (“bio-
aerosols”). Once they are aerosolized into the atmosphere, live
bacteria can serve as cloud condensation nuclei and participate
in cloud formation processes.11–13 Acinetobacter, Sphingomonas,
Pseudomonas, and Bacillus are some of the common cultivable
live bacterial species that have been detected in clouds
worldwide.12,14–16

Aer they have been incorporated into clouds, live bacteria
are exposed to a range of atmospheric conditions that can have
adverse effects on their survival and energetic states. Joly et al.
(2015) previously examined how exposure to osmotic shocks,
freeze–thaw cycles, and simulated sunlight individually impact
the survival of different bacterial strains in microcosms simu-
lating physicochemical cloud conditions at Puy de Dôme in
France.17 The authors reported that exposure to simulated
sunlight had little effect on the survival rates of the bacterial
strains, whereas exposure to osmotic shocks and freeze–thaw
cycles negatively impacted the survival of the bacterial strains.
Our recent study showed that the effect of sunlight exposure on
the survival of bacteria will depend on the cloud water pH.18

Using two Enterobacter strains in microcosms simulating cloud
conditions at Tai Mo Shan in Hong Kong, we observed that
exposure to simulated sunlight at pH 4 to 5 negatively impacted
the energetic states and survival of the bacteria but the effects
were minimal at pH > 5. Live bacteria are also exposed to
oxidants in clouds. Previous studies have investigated how the
survival and energetic states of bacteria are impacted by
hydrogen peroxide,6,17,19,20 which plays a central role in driving
cloud chemistry since it is the main photochemical source of
hydroxyl radicals (cOH) in cloud water in most areas.1 Exposure
to hydrogen peroxide under dark conditions in microcosms
mimicking cloud water at Puy de Dôme had little effect on the
survival of Pseudomonas graminis, Pseudomonas syringae, and
Sphingomonas sp. strains.17 Changes in their energetic states
indicated that the bacteria modulated some of their metabolic
pathways as part of their response to the oxidative stress
inicted by hydrogen peroxide.19,20

There have been limited studies on the photooxidation of
bioaerosols by cOH, which is the most important daytime
oxidant free radical species in the troposphere.21 cOH in cloud
water can be due to mass transfer from the gas phase into the
aqueous phase or in situ formation via dark Fenton processes
and photochemical reactions of aqueous-phase photolabile
inorganic and organic compounds (e.g., hydrogen peroxide,
nitrate, nitrite, and organic peroxides).21–26 Even though the
relative importance of these processes will impact the cOH
concentration in cloud water, they are still not fully understood
and remain an active area of research. Hydrogen peroxide and
inorganic nitrate are the two main cOH photochemical sources
in continental clouds.1,26 The cOH photooxidation of
This journal is © The Royal Society of Chemistry 2023
atmospheric organic matter has been studied extensively. These
cOH reactions proceed by either H atom abstraction or cOH
addition to C]C bonds. Competition between reaction path-
ways that add oxygen-containing functional groups (function-
alization) vs. cleave C–C bonds (fragmentation) during cOH
photooxidation has a governing inuence on the trans-
formation of the composition of atmospheric organic matter.
There have been some studies on the cOH photooxidation of
biological molecules that serve as surrogates for bioaerosols.
Bioaerosol surrogates usually used in these studies are known
components of cells, and they include proteins, peptides, and
lipids.27–33 Past investigations on reactions of cOH with model
protein systems found that the rst step is typically H atom
abstraction by cOH from C–H bonds located on amino acid side
chains or the polypeptide backbone.32,33 This leads to the
functionalization of amino acid side chains, formation of
protein–protein cross-linkages, and protein fragmentation. Past
investigations on reactions of cOH with model polyunsaturated
fatty acid systems showed that the rst reaction step is primarily
cOH addition to the C]C bonds to form hydroxyalkyl
radicals.28–30 These hydroxyalkyl radicals subsequently undergo
intermolecular H atom abstraction reactions to form allylic
alkyl radicals, which are key intermediates in functionalization
reactions that form higher molecular weight compounds with
carbonyl and hydroxyl functional groups on their carbon
backbones. Despite these previous studies, our current under-
standing of the cOH photooxidation of bioaerosols remains
lacking. This is because single-component model systems are
typically used in these previous studies, whereas bacteria
release a complex multi-component mixture of biological
molecules.

At present, little is known about how daytime aqueous-phase
encounters between cOH and live bacteria in clouds impact
their survival rates and energetic states. Reactive encounters
between cOH and the bacteria's cellular material may lead to
cell damage, which can be lethal to the bacterial cells. These
reactive encounters may also modify the bacteria's energetic
states, cellular composition, and biological properties. These
changes will affect the ability of the bacteria to biodegrade
organic compounds, which in turn will impact the composition
of organic matter and the organic carbon budget in clouds. In
addition, our previous study showed that lipids, peptides,
unsaturated hydrocarbons, nucleic acids, amino sugars, and
carbohydrates can be released when bacteria are exposed to
light under cloud-like conditions.18 These released biological
and organic molecules can subsequently react with cOH to form
an array of higher and lower molecular weight organic
compounds of different volatilities via functionalization and
fragmentation reaction pathways. The lower volatility organic
compounds will remain in cloud droplets while the more vola-
tile organic compounds can partition between the gas phase
and cloud droplets, which will impact the multiphasic organic
carbon budget in clouds. Hence, understanding the daytime
reactive encounters between cOH and live bacteria in clouds will
help us better evaluate the impacts that live microorganisms
have on organic matter production and transformation in
Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168 | 1151
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clouds, which have broad atmospheric and climate
implications.

In this study, we investigate the aqueous cOH photooxidation
of four bacterial strains under cloud-like conditions. The four
bacterial strains belong to the Bacillus, Pseudomonas, and
Enterobacter genera, which have been detected in atmospheric
cloud water. Bacillus is a Gram-positive bacteria, whereas
Pseudomonas and Enterobacter are Gram-negative bacteria.
Laboratory experiments were conducted using microcosms that
contained articial cloud water that mimicked the chemical
composition of cloud water at Tai Mo Shan in Hong Kong.
Either hydrogen peroxide or inorganic nitrate was used as the
aqueous cOH photochemical precursor. The main objectives of
this study are to (1) investigate how daytime aqueous-phase
interactions with cOH impact the survival and energetic states
of live bacteria in clouds, (2) characterize the biological and
organic compounds released from the bacteria during these
interactions, and (3) investigate the competition between
functionalization and fragmentation reactions in transforming
the released biological and organic compounds as they undergo
photooxidation.

2 Experimental methods
2.1. General approach

All the experiments were performed in microcosms mimicking
the chemical composition of cloud water previously collected at
the Tai Mo Shan station (TMS; 22°24′N, 114°16′E, 957 m a.s.l.),
which is Hong Kong's highest point. This mountaintop site is
inuenced by both urban and regional continental pollution
from the Pearl River Delta region and cleaner marine air masses
from the western Pacic Ocean.34 The chemicals used to prepare
the articial cloud water were acetic acid (C2H4O2, Aldrich,
$99.99%), formic acid (CH2O2, Fisher, ∼98%), oxalic acid
(C2H2O4, Fluka, $99%), pyruvic acid (C3H4O3, Merck, $99%),
magnesium chloride (MgCl2$6H2O, Merck, $99%), calcium
chloride (CaCl2$2H2O, Aldrich, 99%), potassium chloride (KCl,
Merck, $99%), sodium chloride (NaCl, Merck, 99.5%), ammo-
nium sulfate ((NH4)2SO4, Merck, $99.5%), sodium hydroxide
(NaOH, Merck, 99%) and hydrochloric acid (HCl, Acros
Organics, $95%). The composition of inorganic and organic
ions in the articial cloud water medium and their mean
concentrations measured at Tai Mo Shan are shown in Table
S1.† The organic compounds (i.e., formate, acetate, pyruvate,
and oxalate) were selected for their abundance in cloud water at
Tai Mo Shan.34 The pH of the articial cloud water was set to 5.2,
which is reportedly the global mean pH of cloud water.35

Four bacterial strains were used in this study: Bacillus subtilis
ATCC 6051-U, Pseudomonas putida ATCC 23467, Enterobacter
hormaechei B0910, and Enterobacter hormaechei pf0910. Bacillus
subtilis ATCC 6051-U and Pseudomonas putida ATCC 23467 were
purchased from the American Type Culture Collection. Both B.
subtilis and P. putida bacteria are commonly found in outdoor
and indoor environments.36,37 Enterobacter hormaechei B0910
and Enterobacter hormaechei pf0910 were isolated from an
ambient air sample collected in Hong Kong. Details of their
genomes can be found in our previous study.18 The four
1152 | Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168
bacterial strains were grown in nutrient broth (NB) at 30 °C to
the stationary phase. The culture was subsequently centrifuged
at 6000 rpm for 10 min at 4 °C, and the cell pellets were rinsed
with articial cloud water three times. Since B. subtilis is
a spore-forming bacteria, we performed some experiments to
investigate the interactions between cOH and B. subtilis endo-
spores. Section S1† describes how the B. subtilis ATCC 6051-U
endospores were prepared for experiments. The bacterial cells/
endospores were re-suspended in articial cloud water to an
initial concentration of either ∼105 cells per mL or ∼107 cells
per mL for experiments. Calibration curves were used to convert
optical density to the bacterial cell/endospore concentration.

All the experiments were performed in three custom-built
quartz reactors that had lids with vents to allow air to enter/
exit the reactors. The initial volume of the solution in each
reactor was 300 mL. The solutions were mixed continuously
during each 12 hour experiment using a magnetic stirrer. The
solutions were irradiated through a quartz window in each
reactor with simulated sunlight produced by a 300 W Xenon
lamp (GZYY300W, Yuye Co.) equipped with a long-pass lter of
3.3 mm thickness and wavelength cut-off at 300 nm (ZJB300,
Taizhu Co.). The photon ux inside the reactors is shown in
Fig. S1.† The photon ux falls in the range of 300 to 700 nm,
with a maximum at 545 nm. The temperatures of the solutions
(25 °C) were regulated using a fan aimed at the reactors. The
solutions were mixed with either hydrogen peroxide (H2O2,
Fisher, 36.5%) or sodium nitrate (NaNO3, Fisher, $99.5%),
which served as the cOH photochemical precursor. The NO3

−

ion concentration (200 mM) in the solutions falls within the
range of the NO3

− concentrations previously measured in
atmospheric cloud water at Tai Mo Shan.34 The H2O2 concen-
trations in atmospheric cloud water at Tai Mo Shan are not
known. However, the H2O2 concentration (10 mM) in the solu-
tions falls within the range of H2O2 concentrations reported in
atmospheric cloud water in other locations that, like Tai Mo
Shan, are subjected to both continental pollution and clean
marine air masses, such as the Puy de Dôme in France (0.1 to
57.7 M) and Mont Schmücke in Germany (0.4 to 17 M).38–40

To investigate the composition of molecular weight-
fractionated compounds released by bacteria, one set of exper-
iments was performed wherein ultraltration was rst applied
to the solution aliquots to obtain molecular weight-fractionated
ltrates, which were then subjected to total organic carbon,
total nitrogen, and excitation–emission matrix uorescence
analyses (Section 3.3). In this set of experiments, the bacterial
cells were re-suspended in articial cloud water to an initial
concentration of ∼107 cells per mL to ensure that there was
sufficient material in the molecular weight-fractionated ltrates
for chemical analysis. In the second set of experiments wherein
ultraltration was not performed prior to bulk compositional
chemical analyses using ultra-performance liquid
chromatography-mass spectrometry, size exclusion chroma-
tography, and excitation–emission matrix uorescence
measurements (Section 3.2), the bacterial cells were re-
suspended in articial cloud water to an initial concentration
of ∼105 cells per mL. The same composition of the articial
cloud water medium (Table S1†) was used in these experiments
This journal is © The Royal Society of Chemistry 2023
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regardless of the initial bacterial concentration used. The
inorganic and organic ion concentrations in the articial cloud
water medium were not increased by 100 times in the experi-
ments that used an initial bacterial concentration of ∼107 cells
per mL. This is because doing so resulted in high organic
carbon and total nitrogen backgrounds, which interfered with
the measurements of the total organic carbon and total
nitrogen in the molecular weight-fractionated ltrates. Never-
theless, the bacterial survival rates measured in experiments
using ∼107 cells per mL initial cell concentrations were similar
to those measured in experiments using ∼105 cells per mL
initial cell concentrations. This indicated that using a different
initial concentration ratio of the chemical compounds in the
articial cloud water to bacterial cells did not affect the bacterial
survival rates under our experimental conditions. This in turn
suggested that the observed trends in the chemical composi-
tional changes for the molecular weight-fractionated ltrates in
experiments using ∼107 cells per mL initial cell concentrations
could be extrapolated to experiments using ∼105 cells per mL
initial cell concentrations. Control experiments were also per-
formed using solutions that did not contain H2O2/NaNO3. In
dark control experiments, the reactors were covered completely
with aluminum foil. All the experiments and measurements
were performed in triplicate.

During each experiment, aliquots of the solution were
removed from the reactors at different time points for offline
analysis. At each time point, 100 mL of the solution was used for
colony forming unit (CFU) counts on NB agar at 30 °C for 16
hours to determine the cell concentrations, which were used to
calculate the bacterial survival rates. 20 mL of the solution was
used for adenosine diphosphate/adenosine triphosphate (ADP/
ATP) ratio measurements, which were used to monitor changes
in the energetic states of bacteria. The ADP/ATP ratios were
measured using an assay kit (EnzyLightTM, BioAssay Systems)
and a bioluminometer (SpectraMax M2e, Molecular Devices) to
monitor changes in the energetic states of bacteria. A constant
ADP/ATP ratio can serve as an indication that the bacterial cells
are growing since ADP (the degradation product of ATP) is
constantly being converted to ATP to maintain ATP concentra-
tions. In contrast, the ADP/ATP ratio will increase when the
metabolism of ATP production is disrupted. This is because
ADP cannot be converted to ATP even if ADP is still being
formed from ATP. A live cell typically has an ADP/ATP ratio of
around 0.25, while a dead cell has an ADP/ATP ratio of around
6.41 Varying solution volumes were removed from the reactors
for various chemical analyses as described in Section 2.2.

The biological analyses that were performed in this study,
while essential for evaluating various aspects of microbial
growth and activity, are not without limitations. For instance,
the primary limitation of utilizing CFU counts on NB agar is its
reliance on the ability of individual cells to form visible colonies
on the agar surface. This method may not accurately reect the
total cell concentration as some viable cells may fail to form
colonies due to factors such as cell aggregation, nutrient limi-
tations, or the presence of viable but non-culturable (VBNC)
cells. The assessment of cellular energetic states through the
measurement of the ADP/ATP ratio also has drawbacks. This
This journal is © The Royal Society of Chemistry 2023
method assumes a direct relationship between the ADP/ATP
ratio and the metabolic state of the cell, but this correlation
may not always be consistent across different cell types or under
varying growth conditions.

Separate experiments were performed using benzoic acid
(C6H5COOH, J&K Scientic, 99.5%) as the cOH probe
compound to estimate the steady-state cOH concentration
([cOH]ss) in experiments initiated by the photolysis of 10 mM
H2O2 or 200 mM NO3

−. These experiments were performed
using articial cloud water solutions that did not contain
bacterial cells. Details of the experimental methodology of
these experiments can be found in our previous studies.42–44

The estimated [cOH]ss values were found to be 0.99 × 10−16 M
and 0.95 × 10−16 M for experiments initiated by 10 mM H2O2

photolysis and by 200 mM NO3
− photolysis, respectively. The

estimated values are at the lower end of the range of cOH
concentrations previously estimated for atmospheric cloud
water from measurements of bulk cloud water samples and
multiphase chemistry cloud models (10−16 to 10−12 M).22,23,45,46

It should be noted that cOH concentrations simulated by
multiphase chemistry cloud models are typically higher than
those obtained from measurements since the models tend to
underestimate radical sinks and consider the mass transfer of
cOH from the gas phase to the aqueous phase as an additional
source.45

Some of the chemical compounds in the articial cloud
water (Table S1†) can react with cOH (e.g., carboxylic acids).
Thus, separate experiments were performed to determine if the
chemical compounds in the articial cloud water served as
substantial cOH sinks during the photooxidation experiments.
These experiments were performed using solutions composed
of benzoic acid (cOH probe compound) and a cOH photo-
chemical precursor (i.e., 10 mM H2O2 or 200 mM NaNO3) mixed
in ultra-pure water that did not contain any other chemical
compounds and bacterial cells. The estimated [cOH]ss values
were found to be 1.23 × 10−16 M and 1.12 × 10−16 M for these
experiments initiated by 10 mM H2O2 photolysis and by 200 mM
NO3

− photolysis, respectively. This indicated that the chemical
compounds in the articial cloud water only reduced the [cOH]ss
by around 19% and 15% in experiments initiated by 10 mM
H2O2 photolysis and by 200 mM NO3

− photolysis, respectively.
This suggested that the chemical compounds in the articial
cloud water were not substantial cOH sinks and likely would not
reduce the effect of cOH on the bacteria and the reactions of
cOH with biological and organic compounds released by the
bacteria.
2.2. Chemical analysis

2.2.1. Extraction of water-soluble and water-insoluble
compounds. Each aliquot of solution extracted for chemical
analysis was rst passed through a 0.22 mm pore size PTFE
syringe lter (Tianjin Jinteng Experiment Equipment Co. Ltd,
China) to remove intact bacterial cells. Water-soluble (WS) and
water-insoluble (WIS) compounds were then extracted from
these ltered solutions using the method described in Section
S2.†
Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168 | 1153
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2.2.2. Ultra-performance liquid chromatography-mass
spectrometry analysis. 200 mL of the extract was transferred
into glass vial inserts for ultra-performance liquid
chromatography-mass spectrometry (UPLC-MS) analysis. Non-
targeted UPLC-MS analysis was performed using an ultrahigh
performance liquid chromatography system (ExionLC AD
system, Sciex, USA) coupled to a high-resolution quadrupole-
time-of-ight mass spectrometer (TripleTOF 6600 system,
Sciex, USA) equipped with electrospray ionization (ESI). Chro-
matographic separation was achieved using a Kinetex HILIC LC
column (100 × 2.1 mm, 2.6 mm, 100 Å, Phenomenex, USA) and
a gradient program. The information dependent analysis (IDA)
acquisition was acquired with MS scan (100 to 1200 m/z) fol-
lowed by MS/MS scan (50 to 1200 m/z) in positive and negative
ion modes. The sample injection volume was 10 mL, and the
ow rate was xed at 0.3 mL min−1 with ultra-pure water con-
taining 5 mM ammonium acetate (Fisher, LC-MS grade) as
mobile phase A and acetonitrile (Duskan, LC-MS grade) for
mobile phase B. The raw MS data were processed for peak
detection, retention time correction, alignment, and integration
using the R package of PatRoon.47 The O/C ratio, H/C ratio, N/C
ratio, and double-bond-equivalent (DBE) values were calculated
for each identied molecular formula. The UPLC-MS gradient
program, operation parameters, data processing, and statistical
analysis are described in Section S3.†

2.2.3. Molecular weight-fractionated analysis by size
exclusion chromatography. 1 mL of the extract was used for
molecular weight distribution analysis by size exclusion chro-
matography (SEC), which separates analyte molecules based on
their molecular size. Separations were achieved using an SEC
column (Polysep GFC P-3000, Phenomenex, USA) and a high-
performance liquid chromatography system (Model 2695,
Waters, USA) equipped with a photodiode array detector (Model
2998, Waters, USA). The chromatography system was operated in
isocratic mode using a 90 : 10 v/v mixture of water and methanol
(Duskan, HPLC grade) as the mobile phase, at a ow rate of 0.6
mLmin−1 and a sample injection volume of 20 mL. SEC separates
analyte molecules based on their molecular size, with larger
molecules eluting before smaller ones. The molecular weights of
the analytes were empirically determined by comparing their
elution volumes to those of sodium polystyrene sulfonate stan-
dards of known molecular weights from 1.6 to 68 kDa (Scientic
Polymer Products Inc., USA). Molecular weight values derived
from this calibration method are not denitive measurements,
but rather estimations. This is because the calibration method
relies on the assumption that the molecular densities of the
calibration standard molecules are similar to those of the analyte
molecules. However, the molecular densities of the standards
may not be representative of those of analyte molecules, and
interactions between the analyte molecules and the SEC column
matrix may be different from those between the calibration
standard molecules and the SEC column matrix.48

2.2.4. Excitation–emission matrix uorescence measure-
ments. 1 mL of the extract was used for light absorption
measurements using a UV-visible absorption spectrophotom-
eter (UV-33600, Shimadzu Corp., Japan). 1 mL of the extract was
1154 | Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168
used for excitation–emission matrix (EEM) uorescence spec-
troscopy measurements using a spectrouorometer
(FluoroMax-4, Horiba, Japan). Parallel factor analysis (PAR-
AFAC) was performed on the EEM uorescence spectra. Details
of the EEM uorescence measurements and PARAFAC analysis
can be found in Section S4.†

2.2.5. Ultraltration and characterization of molecular
weight-fractionated water-soluble compounds. To evaluate the
composition of molecular weight-fractionated WS compounds
released by the bacteria, 60 mL of the WS extract was ltered by
ultraltration (Amicon® Ultra-15 centrifugal lter units, Merck
Millipore Ltd, Ireland). Four centrifugal lter sizes were used: 3
kDa, 10 kDa, 30 kDa, and 50 kDa. Samples were separated
within the 10 kDa, 30 kDa, and 50 kDa ultraltration units at
4000×g centrifugation for 10 min, while samples were sepa-
rated within the 3 kDa unit at 4500×g centrifugation for 30 min.
The ltrate from each lter size fraction was then used for EEM
uorescence (1 mL), total organic carbon (TOC) (9 mL), and
total nitrogen (TN) (5 mL) measurements. A total carbon
analyzer instrument (TOC-L CPH, Shimadzu, Japan) was used
for TOC and TN measurements. The reported TOC and TN
concentrations have been corrected for background TOC and
TN from the articial cloud water. Ultraltration could not be
applied to WIS extracts.

3 Results and discussion
3.1. Impact of photooxidation on the survival and energetic
states of bacteria

No signicant changes in the survival rates and ADP/ATP ratios
of B. subtilis, P. putida, E. hormaechei B0910, and E. hormaechei
pf0910 were observed in the absence and presence of H2O2 or
NO3

− under dark conditions (Fig. S2†). This indicated that
exposure to H2O2 and NO3

− under dark conditions did not
impact the survival and energetic states of the four bacterial
strains under our experimental conditions. Similar to our
ndings that H2O2 exposure did not impact the survival rates of
B. subtilis, P. putida, E. hormaechei B0910, and E. hormaechei
pf0910, Wirgot et al. (2017, 2019) showed that H2O2 exposure
under dark conditions in microcosmsmimicking cloud water at
Puy de Dôme did not impact the survival rates of P. graminis, P.
syringae, and Sphingomonas sp. bacteria.19,20 However, in
contrast to our ndings that H2O2 exposure did not impact the
energetic states of B. subtilis, P. putida, E. hormaechei B0910, and
E. hormaechei pf0910, Wirgot et al. (2017, 2019) reported that
H2O2 exposure caused changes to the energetic states of P.
graminis, P. syringae, and Sphingomonas sp. bacteria. It is
unlikely that differences in the pH of the articial cloud water
used in our study (pH 5.2) and by Wirgot et al. (2017, 2019) (pH
6) contributed to the differences in our ndings since these
bacterial species are neutrophiles. Instead, the differences in
our ndings could partly be due to differences in the H2O2

concentrations used. 10 mM of H2O2 was used in this study,
whereas Wirgot et al. (2017, 2019) used 20 mM and 200 mMH2O2

concentrations in their studies. The higher H2O2 concentra-
tions used by Wirgot et al. (2017, 2019) may have elicited
changes in the energetic states of their studied bacterial strains.
This journal is © The Royal Society of Chemistry 2023
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It is also possible that the energetic states of different bacterial
species (and strains) respond to H2O2 differently.

Fig. 1 shows the survival rates and ADP/ATP ratios of B.
subtilis, P. putida, E. hormaechei B0910, and E. hormaechei
pf0910 over time in the absence and presence of H2O2 or NO3

−

under illumination conditions. In the absence of H2O2 and
Fig. 1 (a, c, e, and g) Survival rates and (b, d, f, and h) ADP/ATP ratios of fo
of H2O2 or NO3

− under illumination conditions over time. The survival
divided by the initial number concentration of culturable viable cells at t
mean of biological triplicates.

This journal is © The Royal Society of Chemistry 2023
NO3
−, there were no signicant changes in the survival rates

and ADP/ATP ratios of both E. hormaechei B0910 and E. hor-
maechei pf0910. This is consistent with results from our
previous study where we showed that the survival rates and
ADP/ATP ratios of E. hormaechei B0910 and E. hormaechei
pf0910 will only change at pH < 5 under illumination
ur bacterial strains in artificial cloud water in the absence and presence
rate is defined as the number concentration of culturable viable cells
ime point 0 min. Error bars represent one standard deviation from the
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conditions.18 In contrast, exposure to light in the absence of
H2O2 and NO3

− had a signicant effect on the survival rates and
ADP/ATP ratios of both B. subtilis and P. putida. The concen-
trations of their viable cells decreased to zero aer 10 hours.
Consistent with their decreasing survival rates, the ADP/ATP
ratios of both B. subtilis and P. putida increased with time.
This indicated that exposure to light caused cell damage and
lysis in both B. subtilis and P. putida. Together, these results
showed that exposure to light affected the four bacterial species
differently at pH 5.2.

The presence of a cOH photochemical precursor, H2O2 or
NO3

−, in the articial cloud water medium had noticeable
effects on the survival rates and ADP/ATP ratios of the four
bacterial strains under illumination conditions. It took 4 hours
for the concentrations of viable cells for both B. subtilis and P.
putida to decrease to zero, as opposed to 10 hours when H2O2 or
NO3

− was absent. The concentrations of viable cells for both E.
hormaechei B0910 and E. hormaechei pf0910 also decreased to
zero aer 6 hours, as opposed to no signicant changes in their
survival rates when H2O2 or NO3

− was absent. Consistent with
their decreasing survival rates, the ADP/ATP ratios for the four
bacterial strains increased with time. The estimated [cOH]ss
values were 0.99 × 10−16 M and 0.95 × 10−16 M in experiments
that used H2O2 and NO3

− as cOH photochemical precursors,
respectively. Based on work by Lallement et al. (2018),45 the
bacterial cells are not expected to be a signicant cOH sink in
our experiments due to the low initial bacterial cell concentra-
tions used. Based on the decays in the survival rates of the four
bacterial strains, the half-lives for B. subtilis, P. putida, E. hor-
maechei B0910, and E. hormaechei pf0910 were approximately 66
minutes, 64 minutes, 92 minutes, and 103 minutes, respec-
tively. It should be noted that all the experiments were con-
ducted at 25 °C, which is more representative of summer to
early fall conditions in warmer regions such as Hong Kong.34

Temperature is known to modulate microbial activity, including
altering the rates at which the bacteria biodegrade organic
compounds,49 and the number of organic compounds bio-
degraded.50 Thus, temperature will likely affect the survival
rates and energetic states of the four bacterial strains as well.

Changes in the survival and energetic states of the four
bacterial strains could be attributed to the presence of free
radicals produced from the photolysis of H2O2 or NO3

−.
Aqueous-phase H2O2 photolysis only produces oxygen-
containing free radicals cOH and hydroperoxyl radicals (HO2c),
whereas aqueous-phase NO3

− photolysis produces nitrogen-
containing free radicals nitrite (NO2c) and nitroso (NOc) radi-
cals in addition to cOH and HO2c.21,26 Superoxide anion radicals
(O2c

−) are also formed from the deprotonation of HO2c (pKa =

4.8) under our experimental conditions.21 These highly reactive
free radicals can disintegrate the bacterial cell wall, inactivate
the function of the bacterial cell membrane, and impair the
functions of enzymes.51 We expect cOH to cause signicant
damage to most biological molecules due to its high reactivity.
HO2c can also react with biological molecules, especially
unsaturated lipids via peroxidation reactions.52 O2c

− are
considered to be less reactive than cOH but they can still cause
cellular damage. More importantly, O2c

− can react with other
1156 | Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168
molecules to form more reactive species that can cause more
substantial cellular damage.53 Some of the free radicals (e.g.,
cNO2 and cNO) can also enter the cell membrane to react with
functional biomolecules.54 These processes likely contributed to
the observed changes in the bacterial energetic states and cell
death.

Experiments were also performed to investigate how expo-
sure to H2O2 and NO3

− under dark and illumination conditions
will affect the survival of B. subtilis endospores. No signicant
changes in the survival rates of B. subtilis endospores were
observed (Fig. S3†). This could be attributed to the exterior
structure of endospores, which allows them to tolerate
stressors. The endospores likely resisted the free radicals
because small, acid-soluble spore proteins bound to the DNA
provided protection.55 The low core water content in endospores
may also have reduced the ability of stressors to generate
intracellularly damaging free radicals.55,56
3.2. Chemical composition changes with photooxidation:
bulk analysis

Fig. 1 clearly demonstrates that aqueous-phase cOH and other
reactive species produced from H2O2 or NO3

− photolysis
signicantly impact the survival and energetic states of bacteria.
Since the abundance and chemical reactivity of cOH are mostly
higher than those of the other reactive species produced from
the photolysis of H2O2 or NO3

−, cOHwas likely the main reactive
species that drove the observed changes in the bacterial survival
and energetic states. The decreased survival rates are clear
indications that cell damage and lysis occurred. Cell damage
and lysis will lead to the release of biological and organic
compounds, which can subsequently undergo photooxidation
with cOH and other reactive species (e.g., HO2c, NO2c, NOc,
O2c

−). EEM uorescence spectroscopy and UPLC-MS were used
to analyze the solution at different time points to investigate
how these biological and organic compounds were transformed
during photooxidation. No WS and WIS compounds were
detected in H2O2/NO3

−-containing solutions of the four bacte-
rial strains under dark conditions, which is consistent with no
signicant changes in their survival rates under these condi-
tions (Fig. S2†).

3.2.1. EEM uorescence measurements. The EEM uores-
cence measurements were used to provide insights into the
evolution of the composition of uorescent WS compounds
released from the four bacterial strains during photooxidation.
Four components were extracted from the EEM uorescence
spectra by PARAFAC analysis. They were identied based on
comparisons of their PARAFAC-extracted EEM uorescence
spectra to those from previous bioaerosol studies (Table S2†).
Components C1 and C2 were identied as proteinaceous-like
matter, and they were assigned as tryptophan-like and
tyrosine-like chromophores, respectively.57,58 Tryptophan has
a higher quantum yield than tyrosine,58 so it is possible that
tryptophan-like chromophores (component C1) have higher
quantum yields than tyrosine-like chromophores (component
C2). Components C3 and C4 were identied as humic-like
substances (HULIS), and they were assigned as HULIS-1 and
This journal is © The Royal Society of Chemistry 2023
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HULIS-2 chromophores, respectively.59,60 HULIS-2 chromo-
phores (component C4) are less oxygenated than HULIS-1
chromophores (component C3).60

Fig. S4† shows the time evolution of the four components
during photooxidation initiated by H2O2 and NO3

− photolysis.
Components C1 and C2 increased at the initial onset of
photooxidation (reaction time 0 to ∼3 hour). Upon further
photooxidation (reaction time beyond ∼3 hour), components
C1 and C2 decreased. The initial increase in components C1
and C2 could be attributed to the early stages of photooxidation
being dominated by the release of proteinaceous-like matter
from the bacteria as a result of cell damage and lysis. As the
photooxidation progressed, reactions of the proteinaceous-like
matter became increasingly important. The reactions of
proteinaceous-like matter with free radicals may have occurred
via H atom abstraction from C–H bonds located on amino acid
side chains or the polypeptide backbone, which resulted in the
functionalization of amino acid side chains, formation of
protein–protein cross-linkages, and protein fragmentation.32,33

These processes could have altered the abundance, composi-
tion, and uorescent properties of the proteinaceous-like
matter, which would explain the subsequent decreasing
trends of components C1 and C2. By the time the concentra-
tions of viable bacterial cells decreased to zero, reactions of the
proteinaceous-like matter dominated. Components C3 and C4
increased continuously, albeit at slower rates during the later
stages of photooxidation. The increase in components C3 and
C4 could partly be attributed to the release of HULIS
compounds from the bacteria as a result of cell damage and
lysis. Part of the increase in components C3 and C4 could also
be due to their formation from the photochemical reactions of
proteinaceous-like matter such as tryptophan-like and tyrosine-
like molecules.61

3.2.2. UPLC-MS measurements. The UPLC-MS measure-
ments provided molecular-level information on the evolution of
the composition of WS and WIS compounds released from the
four bacterial strains during photooxidation. The peaks in the
mass spectra generally fell in the m/z range of 100 to 1200. The
molecular formulae and signal intensities of the identied
peaks (S/N $ 3) were used to calculate the intensity-weighted
average values of the DBE and the X/C elemental ratios (X
represents O, H, and N atoms) (Section S3†). Fig. 2 shows the
time evolution of the intensity-weighted average DBE and X/C
values during photooxidation initiated by H2O2 and NO3

−

photolysis. The time evolution of the intensity-weighted average
DBE and X/C values of the WS and WIS compounds released by
the four bacterial strains showed similar trends. The DBE and
X/C values increased at the initial onset of photooxidation
(reaction time 0 to 1 hour). The increase in the DBE and X/C
values coincided with the commencement of the decrease in
the survival rates of the four bacterial strains (Fig. 1). The DBE,
H/C, and N/C values were higher for the WIS compounds,
whereas the O/C values were higher for the WS compounds. For
example, in the case of B. subtilis with H2O2 as the cOH photo-
chemical precursor, the DBE, H/C, N/C, and O/C values for the
WIS compounds were 4.43, 1.85, 0.21, and 0.30, respectively, at
4 h (time point at which the survival rate of B. subtilis rst
This journal is © The Royal Society of Chemistry 2023
reaches zero), while the corresponding values for the WS
compounds were 4.19, 1.71, 0.31, and 0.35, respectively. A
plausible explanation for this observation is that the more
oxygenated biological and organic compounds (i.e., having
higher O/C ratios) were more polar, which resulted in their
higher water solubility.62

As the photooxidation progressed (reaction time beyond 1
hour), there were little changes in the H/C and N/C values. In
contrast, the DBE and O/C values decreased and increased
signicantly, respectively. Changes in the DBE and O/C values
continued for hours even aer the concentrations of viable
bacterial cells had decreased to zero. This is highlighted in
Fig. S5 to S8,† which compare the intensity-weighted average
DBE and X/C values for the four bacterial strains at two time
points T1 and T2. T1 denotes the time point when the survival
rate of the bacterial strain rst reaches zero, while T2 denotes
the time point that is 6 hours aer T1. The differences in the H/
C and N/C values at T1 vs. T2 were not statistically signicant (p
> 0.05, Student's t-test). In contrast, the increase in the O/C
values from T1 to T2 was statistically signicant (p < 0.05,
Student's t-test). The O/C values for the four bacterial strains, on
average, increased by 0.03 and 0.03 for theWIS compounds with
H2O2 and NO3

− as the cOH photochemical precursor, respec-
tively. The O/C values for the four bacterial strains, on average,
increased by 0.04 and 0.04 for the WS compounds with H2O2

and NO3
− as the cOH photochemical precursor, respectively.

The decrease in the DBE values from T1 to T2 was also statis-
tically signicant (p < 0.05, Student's t-test). The DBE values for
the four bacterial strains, on average, decreased by 0.32 and 0.35
for the WIS compounds with H2O2 and NO3

− as the cOH
photochemical precursor, respectively. The DBE values for the
four bacterial strains, on average, decreased by 0.34 and 0.37 for
the WS compounds with H2O2 and NO3

− as the cOH photo-
chemical precursor, respectively.

The increase in the O/C with photooxidation could be
attributed to functionalization reactions that added oxygen-
containing functional groups to the biological and organic
compounds released from the bacteria. The functionalization
reactions would cause an increase in the abundance of O atoms.
Fragmentation reactions could also have contributed to the
increase in the O/C. Some of the fragmentation reactions could
have fragmented the carbon backbone of biological and organic
compounds via C–C bond cleavage to form small volatile
molecules that escaped into the gas phase. This would result in
a decrease in the abundance of C atoms, and thus an increase in
the O/C. The decrease in the DBE with photooxidation indicated
a decrease in the degree of unsaturation. This could be attrib-
uted to the preferential photooxidation of aromatic and unsat-
urated compounds via free radical addition to the C]C bonds
and the preferential degradation of oligomeric compounds
through photodissociation and reactions with free radicals.63

Differences in the intensity-weighted average DBE and X/C
values for the WS and WIS compounds during photooxidation
initiated by H2O2 photolysis vs. NO3

− photolysis were statisti-
cally insignicant (p > 0.05, Student's t-test) for all four bacterial
strains. This implied that the cOH photochemical precursor did
not have a signicant impact on how the composition of the
Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168 | 1157
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Fig. 2 Time evolution of the intensity-weighted average DBE, O/C, H/C, and N/C of WS and WIS compounds from the four bacterial strains
during photooxidation initiated by the photolysis of (a, c, e, and g) H2O2 and (b, d, f, and h) NO3

−. Error bars represent one standard deviation from
the mean of triplicate measurements. Comparisons of the DBE, O/C, H/C, and N/C of WS and WIS compounds at time points T1 (i.e., the time
point when the survival rate of the bacterial strain first reaches zero) vs. T2 (i.e., the time point that is 6 hours after T1) are shown in Fig. S5 to S8.†
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released biological and organic compounds evolved as they
underwent photooxidation under our experimental conditions.
The statistically insignicant differences in the N/C ratios were
somewhat surprising. This is because even though aqueous-
phase H2O2 and NO3

− photolysis both produce cOH and
HO2c, NO3

− photolysis also produces NO2c and NOc.21,26 Roughly
equal quantities of NO2c and cOH are produced by NO3

−

photolysis.64,65 The statistically insignicant differences in the
1158 | Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168
N/C ratios could be explained by NO2c and NOc typically having
lower chemical reactivities than cOH.64–66 The reactions of NO2c

and NOcwith biological and organic compounds are expected to
proceed via similar mechanisms to the reactions of cOH with
biological and organic compounds. Analogous to the cOH
reactions, the reactions of NO2c and NOc with saturated bio-
logical and organic compounds proceed viaH atom abstraction,
whereas the reactions of NO2c and NOc with unsaturated
This journal is © The Royal Society of Chemistry 2023
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biological and organic compounds proceed either by H atom
abstraction or the addition of NO2c and NOc to the C]C
bond(s).67,68 The addition of NO2c and NOc to the C]C bond(s)
of an unsaturated biological or organic compound could
increase the number of N atoms in the compound. However, the
statistically insignicant differences in the N/C ratios suggested
that the reactions of unsaturated biological and organic
compounds could have been dominated by cOH due to its high
reactivity.
Fig. 3 VK diagrams of WS and WIS compounds from B. subtilis at time po
e, and f) H2O2 and (c, d, g, and h) NO3

−. Time point T1 is when the survival
after T1. The VK diagrams are divided into seven chemical classes bas
terpenoids, (4) polyketides, (5) unsaturated hydrocarbons, (6) aromatic str
(CH, CHO, CHON, CHONP, CHONS, CHONSP, CHOP, and CHOS).

This journal is © The Royal Society of Chemistry 2023
Several methods have been used by the atmospheric
community to graphically visualize and classify peaks in
complex MS datasets based on the molecular formulae and
elemental ratios of the peaks, including the Van Krevelen (VK)
diagram (H/C vs. O/C),69 carbon oxidation state vs. number of C
atoms diagram,70 and DBE vs. number of C atoms diagram.71 To
better understand how the composition of biological and
organic compounds released from the four bacterial strains
evolved during photooxidation, the O/C and H/C ratios of the
ints T1 and T2 during photooxidation initiated by the photolysis of (a, b,
rate of the bacterial strain first reaches zero, and time point T2 is 6 hours
ed on their combined O/C and H/C ratios: (1) lipids, (2) peptides, (3)
uctures, and (7) HOCs. The symbols are colored based on compositions
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identied WS and WIS compounds were visualized on VK
diagrams, which is a commonly used tool to graphically visu-
alize and classify compounds in cloud water.50,72 The WS and
WIS compounds were categorized into seven groups based on
the region of the VK diagrams that they were in according to
their combined O/C and H/C ratios. Using previously reported
boundaries of regions in VK diagrams, we divided the VK
diagrams into seven regions: lipids, peptides, terpenoids, pol-
yketides, unsaturated hydrocarbons, aromatic structures, and
highly oxygenated compounds (HOCs) (Table S2†). A weakness
of our approach is the partial overlap of some of the categories
(e.g., peptides and terpenoids), which could lead to the incorrect
classication of peaks that fall within these overlaps.72

Fig. 3 and S9 to S11† show the VK diagrams for the four
bacterial strains at time points T1 and T2 during photooxida-
tion initiated by H2O2 and NO3

− photolysis. The VK diagrams of
the WS and WIS compounds show several similar characteris-
tics. The majority of the detected WS and WIS compounds were
categorized as peptides and lipids based on their placements in
the VK diagrams. This was unsurprising since proteins, amino
acids, and lipids are the main components of cell membranes.
The identied compounds in the VK diagrams were also clas-
sied into eight major subcategories based on the elements in
their molecular formulae: CH, CHO, CHON, CHONP, CHONS,
CHONSP, CHOP, and CHOS. The majority of the compounds
were categorized as CHON molecules (Fig. S12†), which was
unsurprising since C, H, O, and N are the most abundant
elements in living organisms.

Comparisons of the VK diagrams at time points T1 vs. T2
indicated that the number of compounds in the lipids,
peptides, terpenoids, and unsaturated hydrocarbons categories
decreased signicantly during photooxidation from time points
T1 to T2. For experiments where the photooxidation was initi-
ated by H2O2 photolysis, the number of WS compounds in the
lipids, peptides, terpenoids, and unsaturated hydrocarbons
categories for the four bacterial strains decreased, on average,
by 58%, 62%, 49%, and 26%, respectively. For experiments
where the photooxidation was initiated by NO3

− photolysis, the
number of WS compounds in the lipids, peptides, terpenoids,
and unsaturated hydrocarbons categories for the four bacterial
strains decreased, on average, by 62%, 60%, 52%, and 33%,
respectively. The percentage decreases in the number of WIS
compounds from T1 to T2 were mostly smaller compared to the
corresponding percentage decreases in the number of WS
compounds. For experiments where the photooxidation was
initiated by H2O2 photolysis, the number of WIS compounds in
the lipids, peptides, terpenoids, and unsaturated hydrocarbons
categories for the four bacterial strains decreased, on average,
by 32%, 28%, 31%, and 22%, respectively. For experiments
where the photooxidation was initiated by NO3

− photolysis, the
number of WIS compounds in the lipids, peptides, terpenoids,
and unsaturated hydrocarbons categories for the four bacterial
strains decreased, on average, by 36%, 26%, 32%, and 53%,
respectively. The observed decreases suggested that compounds
that were classied in these four categories were more suscep-
tible to reactions.
1160 | Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168
Reactions of WS andWIS compounds during photooxidation
are expected to be driven primarily by cOH under our experi-
mental conditions. Compounds with C]C bonds typically react
quickly with cOH. Terpenoids and unsaturated hydrocarbons
are classes of compounds with C]C bonds. Some peptides (e.g.,
those with tryptophan and tyrosine residues) and lipids (e.g.,
polyunsaturated fatty acids) also have C]C bonds. Thus, the
presence of highly reactive compounds with C]C bonds in the
lipids, peptides, terpenoids, and unsaturated hydrocarbons
categories could explain why the number of WS and WIS
compounds in these four categories decreased signicantly
during photooxidation from time points T1 to T2. It should be
noted that this simple comparison method that we used to
identify the compound categories that were more susceptible to
reactions is not quantitative. This is because the peak intensi-
ties of many compounds in the mass spectra likely changed as
a result of photooxidation but without the disappearance/
formation of peaks.

Fig. 4 and S13† show the time evolution of the number of WS
and WIS compounds detected during photooxidation initiated
by H2O2 and NO3

− photolysis. The total number of WS and WIS
compounds increased and then decreased with photooxidation.
The time points when the number of WS and WIS compounds
peaked were different. For B. subtilis and P. putida, the total
number of WS and WIS compounds peaked at around the 4th
hour of photooxidation, which coincided with the time point
when their viable cell concentrations reached zero. For E. hor-
maechei B0910 and E. hormaechei pf0910, the total number of
WS and WIS compounds peaked at around the 6th hour of
photooxidation, which coincided with the time point when their
viable cell concentrations reached zero. It is worth noting that
for B. subtilis and P. putida, the total number of WS and WIS
compounds increased almost continuously when H2O2 and
NO3

− were not present in the illuminated solution (Fig. S14†).
WS and WIS compounds were not detected for E. hormaechei
B0910 and E. hormaechei pf0910 when H2O2/NO3

− was absent
from the illuminated solution.

The initial increase in the total number of WS and WIS
compounds during photooxidation initiated by H2O2 and NO3

−

photolysis could be attributed to the early stages of photooxi-
dation being dominated by the release of biological and organic
compounds from the bacteria as a result of cell damage and
lysis. Based on Fig. 4 and S13,† majority of the WS and WIS
compounds released by the bacteria were categorized as lipids,
peptides, and terpenoids according to their combined H/C and
O/C ratios. As the photooxidation progressed, reactions of the
released biological and organic compounds became increas-
ingly important. By the time the concentrations of viable
bacterial cells decreased to zero, reactions of the biological and
organic compounds started to dominate. This could explain
why the total number of WS and WIS compounds for the four
bacterial strains peaked at time point T1, which is when their
concentrations of viable cells rst reached zero.

Depending on the molecular structure of the biological/
organic compound, its reaction with cOH will proceed either
by H atom abstraction or by cOH addition to C]C bonds. The
reaction steps following the initial H atom abstraction or cOH
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Time evolution of the number of WS compounds from the four bacterial strains detected by UPLC-MS during photooxidation initiated by
the photolysis of (a, c, e, and g) H2O2, and (b, d, f, and h) NO3

−.
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addition step will lead to the addition of polar, oxygen-
containing functional groups (functionalization) and/or
breaking of the carbon skeleton via C–C bond cleavage (frag-
mentation). UPLC-MS analysis was performed using a HILIC
column, which is highly effective in separating polar
compounds and is widely used in the proteomic and metab-
olomic elds to detect biomarkers, nucleosides, nucleotides,
amino acids, peptides, and proteins.73 Thus, our UPLC-MS
methodology should allow us to detect compounds with
added polar, oxygen-containing functional groups from both
fragmentation and functionalization reactions. However, only
This journal is © The Royal Society of Chemistry 2023
compounds within the m/z range of 100 to 1200 were detected.
This indicated that compounds with molecular weights <100 Da
formed from fragmentation reactions were not detected due to
poor separation in UPLC and/or inefficient ionization by ESI.
Fragmentation reactions could also have formed small volatile
molecules that escaped into the gas phase and thus were not
detected by UPLC-MS. Taken together, the decrease in the total
number of WS and WIS compounds beyond time point T1
suggested that fragmentation reactions played a major role in
the photooxidation.
Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168 | 1161
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3.3. Chemical composition changes with photooxidation:
molecular weight-fractionated analysis

Some biomolecules (e.g., proteins) can have molecular weights
>10 kDa. Since only compounds within the m/z range of 100 to
1200 were detected in UPLC-MS, this raised the question of
whether UPLC-MS is an effective analytical method for detect-
ing high molecular weight biological and organic compounds.
To address this question, ultraltration was applied to the WS
extracts to fractionate the compounds according to their
molecular weights: <3 kDa, 3 to 10 kDa, 10 to 30 kDa, 30 to 50
kDa, and >50 kDa. Each ltrate was subsequently analyzed by
UPLC-MS. For comparison purposes, we analyzed the molecular
weight distributions of light-absorbing compounds in the WS
extracts using SEC coupled to UV-visible absorption spectros-
copy. While UPLC-MS detected biological and organic
compounds in the <3 kDa ltrate, no compounds were detected
in the 3 to 10 kDa, 10 to 30 kDa, 30 to 50 kDa, and >50 kDa
ltrates. In contrast, the SEC/UV-visible absorption chromato-
grams showed that light-absorbing compounds as large as 68
kDa were released by the bacteria during photooxidation
(Fig. S15†). The light absorbance intensities of higher molecular
weight compounds typically peaked during the early stages of
photooxidation, while the light absorbance intensities of lower
molecular weight compounds peaked during the later stages of
photooxidation. Overall, these results indicated that our UPLC-
MS methodology could not detect high molecular weight bio-
logical and organic compounds effectively. This could be due to
the low concentrations of individual high molecular weight
biological and organic compounds (>3 kDa) produced during
the photooxidation. The individual concentrations of these
highmolecular weight biological and organic compounds could
be below the detection limit of the UPLC-MS instrument used in
this study.
Fig. 5 TOC and TN concentrations of different molecular weight-fractio
filtrates from B. subtilis during photooxidation initiated by (a and c) H2O

1162 | Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168
EEM uorescence, TOC, and TN measurements were per-
formed on the molecular weight-fractionated ltrates to provide
insights into how the composition of molecular weight-
fractionated compounds evolves during photooxidation.
Fig. 5, S16 and S17† show the time evolution of the TOC and TN
concentrations of molecular weight-fractionated ltrates of the
four bacterial strains during photooxidation initiated by the
photolysis of H2O2 and NO3

−. The combined TOC and TN
concentrations from the ve molecular weight-fractionated
ltrates increased before tapering off. The time points at
which the combined TOC and TC concentrations started
tapering offwere associated with the bacterial survival rates. For
B. subtilis and P. putida, the TOC and TN concentrations started
to taper off at around the 4th hour of photooxidation, which
coincided with when their survival rates reached zero. For E.
hormaechei B0910 and E. hormaechei pf0910, the combined TOC
and TN concentrations started to taper off at around the 6th
hour of photooxidation, which coincided with when their
survival rates reached zero.

Compounds with molecular weights >3 kDa were the main
contributors to the combined TOC and TON concentrations in
the 1st hour of photooxidation. However, the contributions of
the ve molecular weight-fractionated ltrates to the combined
TOC and TON concentrations changed as the photooxidation
progressed. The TOC and TON contributions of compounds in
the 3 to 10 kDa, 10 to 30 kDa, and 30 to 50 kDa ltrates mostly
increased and then decreased with photooxidation. Out of the
three forementioned ltrates, the TOC and TON contributions
of the 30 to 50 kDa ltrate peaked at the earliest reaction time,
followed by the 10 to 30 kDa ltrate and then the 3 to 10 kDa
ltrate. The TOC and TON contributions of the >50 kDa ltrate
mostly decreased with photooxidation, whereas the TOC and
TON contributions of the <3 kDa ltrate increased with photo-
oxidation. The time evolution trends of the ve molecular
nated (<3 kDa, 3 to 10 kDa, 10 to 30 kDa, 30 to 50 kDa, and >50 kDa)

2 and (b and d) NO3
− photolysis.

This journal is © The Royal Society of Chemistry 2023
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weight-fractionated ltrates indicated that the lower molecular
weight compounds mostly originated from fragmentation
reactions of higher molecular weight compounds. There was
little change in the TOC and TN concentrations of the <3 kDa
ltrate from the 6th hour to the 12th hour of photooxidation.
This was somewhat surprising since the total number of WS
compounds detected by UPLC-MS decreased noticeably during
the later stages of photooxidation (Fig. 4). This suggested that
the decrease in the total number of WS compounds detected by
UPLC-MS could be largely due to the fragmentation reactions
forming small molecules that remained in the solution but were
not detected by UPLC-MS due to poor separation in UPLC and/
or inefficient ionization by ESI. However, we cannot discount
the possibility that the instrument used for TOC and TN
measurements was not sensitive enough to detect small
decreases in the TOC and TN concentrations caused by the
volatilization of small molecules formed from fragmentation
reactions.

Fig. 6 and S18† show the time evolution of the four
PARAFAC-extracted components in the ve molecular weight-
fractionated ltrates from the four bacterial strains during
photooxidation initiated by the photolysis of H2O2 and NO3

−.
All the molecular weight-fractionated ltrates of the four
bacterial strains contained the proteinaceous-like C1 and C2
components (tryptophan-like and tyrosine-like chromophores,
respectively). In general, the C1 and C2 components in the ve
molecular weight-fractionated ltrates increased and then
Fig. 6 (a to d) The PARAFAC-extracted EEM fluorescence spectra of com
tyrosine-like, HULIS-1, and HULIS-2 chromophores, respectively. Time
molecular weight-fractionated filtrates from B. subtilis during photooxid

This journal is © The Royal Society of Chemistry 2023
decreased with photooxidation. The time points at which the C1
and C2 components in the ltrates peaked were inversely
correlated with the fractionatedmolecular weights. The >50 kDa
ltrate peaked rst, followed by the 30 to 50 kDa, 10 to 30 kDa, 3
to 10 kDa, and <3 kDa ltrates. This indicated that the lower
molecular weight proteinaceous-like matter mostly originated
from fragmentation reactions of higher molecular weight
proteinaceous-like matter. These time evolution trends high-
lighted the important role that fragmentation reactions play in
the photooxidation process.

Unlike the proteinaceous-like C1 and C2 components, the
HULIS C3 and C4 components (HULIS-1 and HULIS-2 chro-
mophores, respectively) were present mainly in the <3 kDa
ltrate. This indicated that the HULIS components were present
primarily as lower molecular weight compounds (<3 kDa). The
C3 and C4 components in the <3 kDa ltrate increased before
decreasing slightly at around the 8th hour of photooxidation.
The increase in C3 and C4 components could be attributed in
part to the release of HULIS compounds from the bacteria as
a result of cell damage and lysis. Part of the increase in
components C3 and C4 in the <3 kDa ltrate was also due to
their formation from fragmentation reactions of higher
molecular weight (>3 kDa) proteinaceous-like matter.61 This
would explain the small decrease in the C3 and C4 components
during the later stages of the photooxidation since their
formation from fragmentation reactions of higher molecular
weight (>3 kDa) proteinaceous-like matter in the C1 and C2
ponents C1, C2, C3, and C4, which were assigned as tryptophan-like,
evolution of the four PARAFAC-extracted components in the five

ation initiated by the photolysis of (e to h) H2O2 and (i to l) NO3
−.
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components mostly offset their decay caused by their reactions
with cOH and other reactive species. The increase in the more
oxygenated HULIS C3 component could also be partly due to its
formation from functionalization reactions of the less oxygen-
ated HULIS C4 component.60
4 Conclusions

In this study, we investigated the aqueous cOH photooxidation
of four bacterial strains belonging to the Bacillus, Pseudomonas,
and Enterobacter genera under cloud-like conditions at pH 5.2.
Two of the four bacterial strains (E. hormaechei B0910 and E.
hormaechei pf0910) were isolated from an ambient air sample
collected in Hong Kong, while the other two bacterial strains (B.
subtilis ATCC 6051-U and P. putida ATCC 23467) were from
a culture collection. Even though the B. subtilis and P. putida
strains used in this study were not isolated from atmospheric
samples, our results are relevant to B. subtilis and P. putida
strains found in atmospheric samples given the typically high
similarities in genetic and physiological characteristics shared
by the bacterial strains in the same genus. Our investigations
showed that aqueous-phase interactions between cOH and live
bacteria can have signicant impacts on the bacterial survival
and energetic states. Upon exposure to 1 × 10−16 M cOH (and
other reactive species) under articial sunlight, the concentra-
tions of viable cells for both B. subtilis and P. putida decreased to
zero aer 4 hours, while the concentrations of viable cells for
both E. hormaechei B0910 and E. hormaechei pf0910 decreased
to zero aer 6 hours. This corresponded to half-lives of about
66 min, 64 min, 92 min, and 103 min for B. subtilis, P. putida, E.
hormaechei B0910, and E. hormaechei pf0910, respectively. Our
results imply that some bacterial species that are co-present
with compounds that serve as cOH photochemical precursors
in cloud droplets will not be able to survive for long periods of
time during the day. The cOH concentrations in atmospheric
cloud water typically range from 10−16 to 10−12 M.46 Since the
[cOH]ss in our experiments are on the lower end of the range of
cOH concentrations in atmospheric cloud water, our
experimentally-derived half-lives for B. subtilis, P. putida, E.
hormaechei B0910, and E. hormaechei pf0910 against cOH
represent an upper limit. It should be noted that the chemical
composition (e.g., cOH photochemical precursors), chemistry,
and pH are not uniform across all cloud droplets;74–76 thus the
concentrations of cOH in different cloud droplets may span
a wide range. For example, while cOH production from H2O2

photolysis does not depend signicantly on the pH, the
production of cOH and other free radicals from NO3

− photolysis
depends strongly on the pH. Higher concentrations of cOH will
be produced at lower pH during NO3

− photolysis as a result of
higher cOH formation rates at lower pH.42,77 In addition, all the
experiments were conducted at 25 °C, which is more represen-
tative of summer to early fall conditions in warmer regions such
as Hong Kong.34 Since temperature can modulate microbial
activity,49,50 we expect temperature to also affect the half-lives of
B. subtilis, P. putida, E. hormaechei B0910, and E. hormaechei
pf0910 against cOH.
1164 | Environ. Sci.: Processes Impacts, 2023, 25, 1150–1168
The damage and lysis of bacterial cells caused by the
aqueous-phase interactions of live bacteria with cOH resulted in
the release of a variety of biological and organic compounds,
which underwent photooxidation with cOH (and other reactive
species). Our chemical analysis revealed that the molecular
weights of some of the released biological and organic
compounds were >50 kDa. It should be noted that even though
the duration of each experiment was set to 12 h to simulate
a 12 h daytime period, the release and subsequent photooxi-
dation of biological and organic compounds occurred at
substantially shorter timescales. In all instances, biological and
organic compounds were detected within the 1st hour of the
experiment. This implied that the release of biological and
organic compounds by live bacteria as a result of their aqueous-
phase interactions with cOH would occur within the atmo-
spheric lifetime of a cloud droplet. Furthermore, given that the
[cOH]ss in our experiments are on the lower end of the range of
cOH concentrations in atmospheric cloud water, the release and
subsequent photooxidation of biological and organic
compounds during aqueous-phase interactions between cOH
and live bacteria in cloud droplets can potentially occur on
timescales shorter than 1 h in the atmosphere.

UPLC-MS provided molecular-level insights into how bio-
logical and organic compounds with molecular weights <3 kDa
were transformed during photooxidation. The O/C, H/C, and N/
C ratios increased at the initial onset of photooxidation. As the
photooxidation progressed, there were few changes in the H/C
and N/C, whereas the O/C continued to increase for hours
aer all the bacterial cells had died. The increase in the O/C
with photooxidation was due to a combination of functionali-
zation and fragmentation reactions, which increased the O
content and decreased the C content, respectively. Unsaturated
compounds were observed to be more prone to reactions with
cOH, likely through cOH addition to the C]C bonds. The
decrease in the number of compounds detected by UPLC-MS as
the photooxidation progressed highlighted the important role
of fragmentation reactions. This was corroborated by the time
evolution of molecular weight-fractionated compounds
measured by EEM uorescence spectroscopy, which showed
that proteinaceous-like matter with molecular weights ranging
from <3 kDa to >50 kDa and HULIS-like matter with molecular
weights <3 kDa were released during bacterial cell damage and
lysis. The time evolution of the uorescence signals of the
molecular weight-fractionated proteinaceous-like matter and
HULIS-like matter indicated that lower molecular weight
proteinaceous-like matter and HULIS-like matter mostly origi-
nated from fragmentation reactions of higher molecular weight
proteinaceous-like matter.

Overall, our results provide new insights at the process level
into the daytime interactions between live bacteria and cOH in
clouds. These interactions can negatively impact the survival
and energetic states of bacteria, which has important implica-
tions for our understanding of how bacteria inuence the
composition of organic matter in clouds. Microbiological–
chemical interactions between organic matter and live bacteria
can inuence the composition of organic matter in clouds
because these interactions can lead to the biodegradation of
This journal is © The Royal Society of Chemistry 2023
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small organic compounds such as organic acids, phenolic
compounds, amino acids, formaldehyde, and methanol.18,49,78–81

However, enhanced bacterial mortality due to interactions with
cOH will reduce the inuence of microbial activity on the
composition of small organic compounds in these cloud drop-
lets. Conversely, the release of biological and organic
compounds from the bacteria during cell damage and lysis and
the subsequent transformation of these compounds during
photooxidation will contribute to the organic matter composi-
tion in these cloud droplets. Furthermore, the release of bio-
logical and organic compounds can occur at timescales as short
as 1 h from the start of cOH-live bacterium interactions, thus
highlighting the efficiency of these interactions in contributing
to the organic matter composition in cloud droplets.
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