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Abstract

The wide applications of carbon nanomaterials (CNMs) in both materials and life sciences necessitate
investigation of their metabolites due to the inevitable contact of CNMs and biological systems. Graphene

oxide (GO), along with other types of CNMs, can be enzymatically degraded by myeloperoxidase (MPO),



an enzyme released during the innate immune response. However, the enzymatic degradation products are
neither well-defined nor well-understood. Some products generated during MPO-catalyzed degradation of
GO could emit blue photoluminescence (PL) and were simply dubbed graphene quantum dots (GQDs)
without further elucidating their structures. In this work, we use liquid chromatography-mass
spectrometry (LC-MS) to isolate and elucidate chemical structures of the MPO-catalyzed degradation
products. A general chemical formula screening workflow was developed for the GQDs, which are in the
form of polyaromatic hydrocarbons (PAHs), obtained in the degradation products. Structures of the PAHs
responsible for the blue PL were further proposed using density functional theory (DFT) calculations. Our
results indicated that structures with several conjugated benzene rings are likely to generate the observed
PL. This work provides insights into the mechanism of enzymatic degradation and open opportunities for

fluorescence imaging of GO in biological systems.
Introduction

Carbon nanomaterials (CNMs) such as carbon nanotubes and graphene have attracted tremendous
attention for various applications in multiple fields including energy conversion and storage,"? chemical
sensors, and biomedicine.> However, increasing use of CNMs also necessitates careful scrutiny of their
impact on biological systems and human health. Understanding their interactions with cells of the innate
immune system is of particular importance.*® Myeloperoxidase (MPO), a key enzyme released by
neutrophils during inflammation, has been shown to catalyze the biodegradation of carbon nanomaterials
both in vitro and in vivo.® Specifically, Kagan et al.’ reported that incubation of carboxylated single-
walled carbon nanotubes (SWCNTSs) with MPO, H,0,, and CI” results in degradation into a series of
carbonaceous by-products including but not limited to CO, CO,, and a range of hydrocarbons. Kurapati et
al.'® have reported biodegradation of graphene oxide (GO) sheets by MPO in the presence of 200 uM
H;0,. In vitro oxidation of GO by neutrophils has also been investigated and the generated degradation
products have been found to be non-genotoxic.'' However, the intermediate degradation products were

hypothesized to be polycyclic aromatic hydrocarbons (PAHs) (Figure 1) with well-documented toxicity



on their own.'? Therefore, investigation of the oxidative biodegradation of CNMs and identification of

their degradation products is of upmost importance to biological health.
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Figure 1. Schematic diagram illustrating the oxidative biodegradation of graphene oxide (GO) into

polycyclic aromatic hydrocarbons (PAHs).

We have recently reported the observation of gradually increased photoluminescence (PL) of GO
during MPO-catalyzed enzymatic degradation.'®> We attributed the observed fluorescence to the formation

)4 15 or carbon quantum dots,'®

of the fluorescent degradation products, graphene quantum dots (GQDs
which are presumably PAHs with specific molecular structures. Similar blue-luminescent GQDs have
also been previously generated through a photo-Fenton oxidation reaction of GO.'*!” Although some of

the CNMs oxidative products generated through both enzymatic degradation’ '*

and photo-Fenton
reaction'*'” have been identified, the assigned products were found to be non-fluorescent in nature. The
newly demonstrated PL property of the degradation products provide spectroscopic information that can
help into structure assignment, as it implies certain energy bandgap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Therefore, in this work,
we performed a composition and structure screening of the formed fluorescent PAHs by liquid

chromatography-mass spectrometry (LC-MS) and density functional theory (DFT) calculations. By

correlating the assigned products to the observed blue PL, our results would be helpful to understand the



origin of fluorescent GO degradation products and contribute to future applications of GO in PL bio-

imaging.
Materials and Methods

Similar to the reported MPO-catalyzed oxidation of CNMs,” '' MPO enzymatic degradation of
GO was conducted as described previously."”® Samples were prepared by adding 446 puL 1x phosphate
buffer saline (PBS) (Sigma-Aldrich, 0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M
sodium chloride, pH 7.4, at 25°C) and 50 pL of 1 mg/mL GO. Lyophilized MPO (Athens Research &
Technology, Inc.) was dissolved in 1x PBS with a final concentration of 2.5 pg/uL and added to all six
vials at a volume of 2 pL. MPO/H»O,/CI” degradation was activated by adding 2 pL 25 mM H,O, (Fisher
Scientific) every hour, for a total of seven additions per day for 5 days. 2 L. MPO were replenished daily
to compensate for the loss. For control MPO experiments without GO, equal volumes of nanopure H,O
were added to the reaction mixture as a substitute for GO. It should be noted that as the MPO will
gradually deactivate during incubation and H,O, additions; seven additions of H,O, were considered
within 6 hours to ensure an efficient oxidation. Besides, as higher concentrations of H,O, will deactivate
MPO faster,'" H,0,was added in the seven aliquots instead of one addition. It has also been previously
reported that the acidification of the reaction mixture upon H,O, addition is compatible with the enzyme

activity during proposed degradation procedures. "

The oxidized products were collected by dichloromethane (DCM) extraction. After the DCM
extraction, the solvent was evaporated and the resulting residue was resuspended in 500 pL of methanol
for injection into the LC-MS column. It could be reasoned that GO degradation products, in the form of
PAHs with extended m-conjugated systems, are preferably present in the organic DCM layer instead of
the aqueous layer as a result of the difference in solubility.'>?° A similar extraction method has been used

to analyze the enzymatic degradation products of SWCNTs.'®



Liquid chromatography (LC) was performed using a Dionex-Ultimate 3000 (Thermo Fisher
Scientific). The column employed was a Hypersil Gold C18, 100 x 2.1 mm length and 1.9 um particle
size from Thermo Fisher Scientific. The mobile phases used were 0.1% formic acid in water (mpl) and
0.1% formic acid in acetonitrile (mp2). An isocratic program with 30% mp1 and 70% mp2 was used. The

flow rate was held constant at 200 pL min' with an injection volume of 5 pL.

The LC effluent was pumped into a Q Exactive benchtop Orbitrap-based mass spectrometer
(Thermo Fisher Scientific) with electrospray ionization (ESI) held at either positive or negative polarity.
Nitrogen sheath gas and auxiliary gas flow rate were set up at 35 and 10 (arbitrary units), respectively.
The capillary temperature was set at 250°C, the spray voltage was 3.5 kV and the S-lens voltage was set
to 60 V. The instrument was operated at 70,000 resolving power and the automatic gain control (AGC)

target was 1x10°.

MS/MS (MS?) spectra were acquired by data dependent MS? experiments with an applied
fragmentation energy of 30 eV. The experiments were operated at 35,000 resolving power. The AGC

target and the maximum ion injection time (IT) were set to 1E5 and 50 ms.

The absorption and emission spectra of molecular systems of interest were calculated using time-
dependent DFT*'# for the ground and excited states as implemented in Gaussian 16 package.”
Calculations were performed at CAM-B3LYP/6-311+G(2d,p) level of theory.”® The effect of bulk solvent
(water) on molecular configurations and on the corresponding vertical excitation and emission energies

1227 with inclusion of state-specific solvation

was considered by means of a polarizable continuum mode
for absorption or emission. An ultrafine integration grid with 99 radial shells and 590 angular points per

shell was used in all calculations.
Results and Discussion

Figure 2 displays the LC-MS total ion chromatogram (TIC) profile in positive ionization mode of

three different samples corresponding to pure methanol, MPO control, and degradation products after 5-



day MPO/H,0O,/CI" oxidation of GO. Similar chromatography peaks at retention time ~1 min appeared
across all three samples, showing the background chromatographic peak. In contrast to the first two
samples (Figures 2a and 2b), the chromatograph of the third sample (Figure 2c) displayed additional late-
eluted chromatography peaks, indicating that these peaks could be a result of the formed GO degraded
products. It can be reasoned that compared with solvent (methanol) and non-GO related products, such as
dityrosine,”® * formed in the MPO control sample, GO oxidative products with original m-conjugated

systems would exhibit higher hydrophobicity and would have longer retention time.
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Figure 2. LC-MS total ion liquid chromatograms (TIC) in positive ionization mode of (a) pure methanol,
(b) MPO control, and (c) after 5-day MPO/H,0,/CI™ degradation of GO. Note: the red * symbol in panel

(c) indicates the peak subjected to chemical formula screening.

In order to search for the potential molecular ion peaks correlated with GQDs, i.e., the generated
PAHs degradation products, we focused on three fractions eluted at 9.28 min, 20.29 min, and 26.35 min
(denoted using a red * symbol in Figure 2c). Figure S1 displays the positive ion electrospray ionization
(ESI) mass spectra obtained for the selected peaks. Here, a non-target screening workflow (Figure 3) was
developed to filter out the chemical composition for the tentative GQDs, which are in the form of PAHs,
in the degradation products. First, only the molecular ion peaks with relative intensities higher than 1%
were chosen for analysis (Step I). At the same time, the relative intensity of the selected molecular ion
peaks should be less than 1% in both pure methanol and in MPO control samples, as potential
contributions from degradation products should not be present in both samples. After filtering out
potential molecular ion peaks based on the 1% threshold cutoff, the following criteria were implemented
to assign possible chemical compositions for each selected peak. Limit the number and type of elements
(Step II) to *C (up to 100), 'H (up to 100), 'O (up to 100), **Na, *K, and "N (one *Na, *°K, and "N for
a singly charged peak, two **Na, *K, and "N for a doubly charged peak, and so forth). Also, the ideal
composition candidates must contain at least three elements, i.e., C, H and O. Different from laser
desorption ionization (LDI) and/or matrix-assisted laser desorption ionization (MALDI) ionization
methods, which produce primarily singly charged ions,**** ESI could generate a range of multiply
charged species® for each molecule: +2, +3, +4 and so on. Moreover, as ESI is one of the softest
ionization techniques, detectability of some adducts during the ESI process depends on the availability of
the small ions in the analytical process.” *® For example, sodium is one of the most common impurity,
which could arise from multiple sources such as mobile phase additives, solvents, glassware, and so on.*”
3% Therefore, sodium adducts could be formed during the MS analysis. Here, four types of cationic

adducts, namely [M + nH]"", [M + nNa]™", [M + nK]", and [M + nNH4]"", were taken into consideration,



where M represents the volatile analyte neutral molecules. The mass errors of the generated composition
candidates for each molecular ion peak should be within = 5 ppm (Step III). The ring double bond (RDB)
value in the molecular candidates should be >4 to ensure the presence of at least one benzene ring in the
structures (Step IV). The difference between experimental and theoretical intensity ratio of M+1(0.5)

(isotope peak, 1 and 0.5 are the isotopic spacing for singly and doubly charged base peak, respectively)

and M (base peak) should be within £10 % (Step V).

[ Parent molecular ions ]

l. Rel. intensity 21%

Il. Limit the number and type of elements
Ill. Mass error within * 5 ppm

IV. Ring double bond (RDB) 2 4

V. Isotopic difference within * 10%

[ Chemical formulas screening results ]

Check MS/MS spectra

[ Selected chemical formulas ] [ Experimental PL results ]
|

DFT calculations

Calculated PL results
match
experimental PL results ?

[ Structures screening results ]

Figure 3. Workflow for chemical formula and structure screening of potential PAHs generated through

enzymatic degradation of GO.

All the peaks that met the aforementioned criteria are summarized in Table S1. Four types of
oxygen functionalities are known to exist in the GO: epoxide, hydroxyl, carbonyl, and carboxyl groups.”
While epoxide and carbonyl groups are expected to be detected in the positive ESI mode, hydroxyl and

carboxyl groups are less sensitively detected in this positive mode.*® ' Therefore, a chemical formula



screening for the peaks detected in negative ionization mode (Figures S2 and S3) has also been performed
using a procedure similar to that described in Figure 3 and the corresponding results are summarized in
Table S2. In the negative-ion mode, deprotonated [M — H]™ and [M + CI]” adducts were taken into
consideration. Therefore, in Step II, four types of elements, '>C, 'H, '%0 and *Cl, were allowed. The
maximum number of '’C, 'H, and '°O atoms remained 100, respectively, while the upper limit for
maximum number of **Cl is one for a singly charged peak, two for a doubly charged peak, and so forth.
Taken together the chemical formula screening results obtained in both positive and negative ionization
modes are presented in Tables S1 and S2, respectively. The molecular weight of all the filtered GO
biodegradation products ranged from ~150 to ~ 780 Da. They contained 7 to 50 carbon atoms, 4 to 80
hydrogen atoms, and 1 to 13 oxygen atoms. The carbon to oxygen (C/O) ratio varied from 1.4 to 25,

comparable to the reported values of graphene-based material with different extent of oxidation.****

On the basis of the above chemical formula screening results, we proposed a mechanism of the
MPO/H,0,/Cl" enzymatic degradation of GO and generation of PAHs as described in Scheme 1. Here,
hypochlorite (ClO") and reactive radical intermediates of MPO are the two oxidants involved in
biodegradation of GO.” '** These two strong oxidants could play a similar role as the one reported for
hydroxyl radicals.'* They start attacking the defect sites in GO, namely those sp® carbon atoms connected
with hydroxyl and epoxide groups on the basal planes to break the C-C/C=C bonds apart (Scheme 1).
Epoxide groups present on the basal planes of GO are particular unstable due to the unfavorable ring
strain.*® Additionally, carbonyl groups can also interact with ClO~.* The oxidation procedure is
evidenced by an increase in the oxidation state of carbon atoms (highlighted in red in Scheme 1).
Specifically, in the starting GO structures, the oxidation state of the hydrogenated sp® edge carbon atom is
—1, while the oxidation state of the in-plane sp’ carbon connected with hydroxyl group is +1. During the
enzymatic oxidation, the oxygen-containing functional groups can undergo further oxidation, such that
the oxidation state of the carbon atom increases to +2, and further to +4 in the case of CO,. In these

processes, different carbon-carbon bonds break thus effectively generating small sp? conjugated domains



(usually less than 100 nm in size) in the form of PAHs that are free to fluoresce. The edges of the
generated aromatic molecules should be either (partially or fully) hydrogenated or contain some oxygen
functional groups. In addition, the following two processes are expected to happen during the entire

47-48 it is anticipated that C1O™ could generate

degradation. First, similar to the case of carbon nanotubes,
carboxyl and hydroxyl groups on the GO, which may serve as new degradation active sites, or CIO™ can
form epoxides from terminal olefins.*’ Second, it is assumed that decarboxylation of carboxylic acid
groups with formation of CO; could take place throughout the enzymatic oxidation.*

The proposed structural changes (Scheme 1) occurring during the enzymatic reaction have been
evidenced by transmission electron microscopy (TEM, Figure S4) and Raman spectroscopy (Figure S5).
Micrometer-sized GO completely disappeared after 5-days of enzymatic oxidation treatment leading to
nanometer-sized degradation products (Figure S4b). The Raman spectrum of the pristine GO displays two
characteristic D and G peaks, which are assigned to the sp® and sp? bonding states, respectively.”® Both
peaks significantly decreased after 5-day enzymatic oxidation confirming the degradation of GO. The D-
to G-band intensities ratio, Ip/Ig, increases from 1.18 for pristine GO to 1.51 after enzymatic oxidation,
indicating an increased disorder in the graphitic carbon lattice. It could be reasoned that while most of the
oxygenated groups are removed during the degradation, the generation of the holes within the basal
planes of GO leads to discontinuity of its long-range sp* domains and a corresponding increase in the
In/lg.”!

The proposed mechanism can be further supported by X-ray photoelectron spectroscopy (XPS)
results (Figure S6). The quantified carbon-to-oxygen (C/O) atomic ratio was calculated based on XPS
survey scan shown in Figure S6a. The increase of C/O atomic ratio from 1.94 in GO to 5.39 after 5-day
degradation confirms the consumption of the oxygen-containing functional groups during the enzymatic
degradation. This result is in accordance with our assumption that the oxygen-containing functional
groups serve as the initial reactive sites being attacked and leading to the break of their surrounding C-
C/C=C bonds. It should be noted that during the enzymatic degradation process the products are

inevitably subject to different degrees of oxidation, which would consequently lead to an inhomogeneous
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nature of the degradation products and various C/O ratios (Tables S1 and S2). While the C/O ratio of 5.39
for the degradation products acquired using XPS characterization was obtained under the assumption of
homogeneous products, the obtained value is within the range of C/O ratios obtained based on
composition screening results (Tables S1 and S2) as found in LC-MS measurements and thus could
represent the averaged composition property of the products. High-resolution C 1s spectra (Figure S6b)
were deconvoluted into four peaks with varied proportions, corresponding to C-C/C=C in aromatic rings,
C-O groups, C=0 groups, and m to m* satellite peak. After 5-day degradation, a decrease in peaks
associated with oxygenated carbon was observed. The increased contribution of C-C/C=C species,
compared to oxygenated carbon species as seen in C 1s spectra is also consistent with the increase of C/O
atomic ratio, demonstrating that the degraded products are less oxidized. The n-n* satellite peak has been
noticed for different chemically reduced GOs evolved upon chemical reduction of GO.** ** The
appearance of m-n* satellite contribution in the 5-day degradation products implies that the delocalized nt-
conjugated system was restored during the enzymatic degradation process.
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Scheme 1. Schematic representation of the proposed mechanism for MPO/H,O,/Cl™ degradation of GO.

The numbers indicated in red correspond to oxidation state of the carbon atoms.

Next, we focused on a more in-depth characterization of the obtained PAHs systems in terms of
the chemical formula screening results (Tables S1 and S2). For this purpose, we have considered the case
of molecular ions with specific mass-to-charge ratios m/z of 485.11 and 251.04 (Table 1), eluted at a
retention time of 26.35 min in the positive-ion mode. In contrast to other ions that can be fragmented and
can lead to diverse fragmentation patterns (Figures S7-S18, data for other peaks were not shown), the two
molecular ions indicated above can be hardly fragmented during ionization process as shown in LC-
MS/MS product ion spectra (Figures 4a and 5a). As a result, it can be assumed that these two molecular
ions have relative compact structures and contain extended conjugated @ systems (Figure 4b and 5b),
making them less susceptible to fragmentation. For these two ions, chemical formulas with the lowest
mass error (Table 1), namely Cs3Hi303 and CysHisO10, were chosen. It should be noted that neither the
extra hydrogen nor the sodium atoms (Figures 4b and 5b) attached to the proposed structures (with
formula C;33H, 303 and CysH5010) are from the degradation product sample itself. The formation of either
hydrogen or sodium cation adducts during the LC-MS analysis is due to the soft ESI ionization process as

aforementioned.

Table 1. Possible PAHs generated by MPO/H,0,/Cl oxidation of GO.

Mass to Experimental Charee Mass error Theoretical
charge ratio M+1(0.5)/M (z)g Chemical formula RDB* (ppm) M+1(0.5)/M
(m/z) (%) PP (%)
[C33H1803 + NEI]Jr 25 -2.13 35.69
485.11378 39.93 ! [C30H204 + K] 20 —2.45 32.45
[CasH 3010 + H + Na]** 17 1.52 27.04
251.04363 36.14 2 [Co7H 16010 + 2H]* 20 -3.27 29.2

? RDB = ring double bond.
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Figure 4. (a) LC-MS/MS product ion spectrum of the precursor ion m/z 485.11 in Table 1. (b) Tentative

structure assignment.
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Figure 5. (a) LC-MS/MS product ion spectrum of the precursor ion m/z 251.04 in Table 1. (b) Tentative
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structure assignment.

For the resulted GO enzymatic degraded products, we have also performed an analysis of their
fluorescence properties. Specifically, we found"® that under 325 nm excitation, the degradation products
have a blue fluorescence emission at 440 nm as shown in Figure S19. These spectroscopic findings

impose additional electronic requirements that can be used in a structural screening process.
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The information obtained from LC-MS and photoluminescence experiments has been further
used to perform a theoretical screening of different molecular structures. The fundamental objective of
this screening stage was to investigate if molecular systems having the same stoichiometries as those
obtained in LC-MS experiments can be also responsible for the observed photoluminescence, showing in
particular a blue photoluminescence in the 440 nm region under a 325 nm excitation. The structural
screening has been initiated starting from the two stoichiometries C33HisO3 and CisHi3O1o, hereafter
denoted as A and B, identified in our LC-MS experiments. Despite the apparent simplicity of these two
sets of compounds, the associated chemical space of possible structural forms having these two
stoichiometries is very large. In order to reduce the range of possibilities we followed a procedure
consistent to the one described above for analysis of LC-MS data. Specifically, for the two A and B sets,
we analyzed only the case of compact structures composed primarily from aromatic carbon rings with a
high fraction of sp” hybridized carbon atoms. One might assume that upon enzymatic degradation, the
resulted graphitic structures are primarily composed of 6-membered carbon rings but we included also the
possibility that the resulted polycyclic aromatic systems can contain at most one 5- or 7-membered ring.
Consistent to experimental findings, the edges of the structures are hydrogenated or contain oxygen
functional groups consistent to those observed experimentally and satisfy the requirement to present
ionization in a positive-ion mode. For the structures tested we have performed optimizations of the
ground and electronic excited states under solvation conditions and determined the associated excitation
and luminescence energies. The final selected molecular configurations have the experimentally derived
stoichiometries and present UV absorption in the energy range (325 £ 20) nm and blue luminescence in
the spectral range (440 + 20) nm, consistent to our experimental results. The + 20 nm spread range for
either absorption or emission is somewhat arbitrary and represents an estimated uncertainty interval
motivated both by errors inherent to our PL experiments, for example due to selection of a 10 nm slit
width, as well as by differences in spectral deviations related to the phosphate buffer saline solvent used

in our experiments vs a pure water solvent used in computations. We also note that the solvent has been
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described in our theoretical analysis using of a polarizable continuum model*® ?’

and such a description
might not fully incorporate the complexity of real solvent clusters that might be formed at the interface

with various functional oxygen groups decorating the PAHs structures.

In Figure 6 we summarize molecular configurations for compounds with A and B stoichiometries
having absorption and fluorescence lines in the spectral ranges of interest. Additional details related to the
specific electronic transitions involved in each case are detailed in Table S4. In Figure 6, A1-A3 and B1-
B3 compounds represent systems which satisfy the general requirements imposed based on our
experimental data in terms of compound stoichiometry, namely the need to be formed exclusively from 6-
membered rings, to have a compact structure less susceptible to fragmentation, to have the expected
oxygen or hydrogen functional groups decorating the edge carbon sites and to be characterized by optical
absorption and emission energies consistent to our experimental PL measurements. Beside these systems
we show that other type of molecular structures are also possible, for example compounds composed
primarily from 6-membered carbon rings with one additional 5-membered ring (A4-A6, A8, A9) or a 7-
membered ring (A7). Moreover, in addition to hydroxyl functional group, the systems can be decorated
with ester, ether (epoxide), and/or carbonyl groups. A full list of the set of molecular configurations
identified containing these groups are provided in Table S4. In addition, in Table S5 we indicate
structures containing purely hydroxyl or a mixture of hydroxyl and carboxylic groups, while satisfying
the same spectroscopic limitations. Though hydroxyl and carboxyl groups are less sensitive, compared to
the epoxide and carbonyl groups, to be detected in the positive ionization mode, the proposed structures
shown in Table S5 are still of interest as hydroxyl and carboxyl groups could be major components in

some of the degradation PAHs products.

Overall, the above results demonstrate that within the two general stoichiometries A (C33His03)
and B (Cy5Hi3010) identified by LC-MS measurements in the enzymatic degradation of GO, several

different types of polycyclic hydrocarbon compounds having a high fraction of sp*/sp* hybridized carbon

15



and emitting blue light when excited with UV radiation can be identified, consistent to experimental

results performed in this study.

A similar blue PL to the one found in this study has been reported previously in the case of
chemically derived graphene oxide using hydrazine as a reducing agent.>* In that study, the absorbance
was found to increase with hydrazine exposure time, leading to a PL intensity correlated to the amount of
small sp* clusters formed. In particular, it was suggested™ that very small clusters containing only few
aromatic rings should be responsible for the observed blue PL. The results reported in the current work as
indicated in Figure 6 fully support these previous expectations and demonstrate that indeed, small sp*
clusters containing only several (<10) aromatic rings, can present blue emission as observed
experimentally. In contrast, based on the fact that the width of benzene is ~ 2.8 A,*® the nm-sized
degradation products observed under transmission electron microscopy (TEM, Figure S4b) could consist
~ 8000 benzene rings (for a ~ 20 nm particle), which make them less likely be responsible for the blue PL.
In addition, using computational calculations, it was observed that in general the band gap of PAHs
decreased as the particle size increased.'®>*>” The energy gap is ~ 7 eV for a single benzene molecule
and decreases to about 2 eV for systems containing about 20 aromatic rings.’* > Therefore, given the size
of the observed carbonaceous degradation products, the corresponding gap is estimated to be too small to

generate blue PL.
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system the corresponding absorption vertical excitations (in the range (325 £+ 20) nm) and fluorescence

energies are indicated. The color scheme corresponds to C (gray), H (white) and O (red).
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Compared with low-molecular-weight PAHs containing two or three rings which occur in the
atmosphere, predominantly in the vapor phase, the above identified fluorescent products in the form of
multi-ringed PAHs (containing more than four rings) could largely bound to particles and are in
particulate phase.”® As majority of the high-molecular-weight PAHs are identified as carcinogenic,’* ¢!
similar to the reported DNA damage effect in the lung carcinoma cells of the enzyme-oxidized
SWCNTs,* the bioaccumulation of the proposed fluorescent products from enzymatic degradation of GO
could have potential toxicological concerns. Even though the GO oxidative products have been found to
be non-genotoxic on bronchial epithelia cell line BEAS-2B,'! other studies have shown that the
toxicology of PAHs can depend on several factors including its functional groups,” size,'? dose,* and

metabolic activation.®> %% ¢7

Conclusion

In this work, we investigated the chemical compositions of the enzymatic oxidative products of
GO, using LC-ESI-Orbitrap MS with up to 70,000 resolving power. A non-target screening workflow was
developed to filter out the specific chemical formulas for the tentative PAHs products. The structures of
the PAHs were proposed based on a combined use of experimental fluorescence measurements and DFT
calculations. We demonstrated that polycyclic aromatic structures containing few conjugated repeating
benzene units could be responsible for the observed blue PL emission. These results provide additional
insight into the origin of fluorescence in GO enzymatic degradation, and can be used also as a practical
method for tracking GO degradation products in biosensing and fluorescence tagging applications. The
developed chemical composition and structure screening workflow could also be applicable to investigate
the fluorescence origins of GQDs generated through other oxidation methods than the enzymatic

degradation considered in this work.
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Associated Content

Supporting Information

Additional Methodological Details; positive-ion and negative-ion ESI mass spectra of selected
chromatographic peaks; potential PAHs generated by MPO/H»O,/CI oxidation of GO (detected
in both positive and negative ionization modes); LC-MS TIC in negative ionization mode; TEM,
Raman, XPS, and PL spectra of GO and GO after 5-day MPO/H,0,/CIl" degradation; LC-MS/MS
ion chromatograms showing the product ion profiles and LC-MS/MS product ion spectra of the
precursor ions at retention time of 26.35 min in Table S1; comparison of PL emission under
different excitations of GO after 5-day MPO-catalyzed degradation; additional details related to

the DFT proposed structures.
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