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Abstract

The potential genotoxic effects of engineered nanomaterials (ENMs) may occur through induction
of DNA damage or disruption of DNA repair processes. Inefficient DNA repair may lead to
accumulation of DNA lesions and has been linked to various diseases, including cancer. Most
studies so far have focused on understanding the nano-genotoxicity of ENM-induced damages on
DNA while the effects on DNA repair have been widely overlooked. The recently developed
fluorescence multiplex host cell reactivation (FM-HCR) assay allows for the direct quantification
of multiple DNA repair pathways in living cells and offers a great opportunity to address this
methodological gap. Herein, a FM-HCR-based method is developed to screen the impact of ENMs
on six major DNA repair pathways using suspended or adherent cells. The sensitivity and
efficiency of this DNA repair screening method was demonstrated in case studies using primary
human small airway epithelial cells and TK6 cells exposed to various model ENMs (CuO, ZnO,
and Gay03) at sub-cytotoxic doses. It was shown that ENMs may inhibit nucleotide excision
repair, base excision repair, and repair of oxidative damage by DNA glycosylases in TK6 cells,
even in the absence of significant genomic DNA damage. Of note, DNA repair capacity was
increased by some ENMs while suppressed by others. Overall, this method can be part of a multi-
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tier, /n vitro hazard assessment of ENMs as a functional, high-throughput platform that provides
insights to the interplay of properties of ENMs, DNA repair efficiency, and genomic stability.
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Advances in the field of nanotechnology have enabled the synthesis of engineered
nanomaterials (ENMs) that have led to the development of commercial products and
applications in the health,! food,23 and agriculture,*~" energy,® electronics, and construction
industries,10 among others. For example, superparamagnetic iron oxide ENMS have been
used /n vivo for the targeted delivery of docetaxel to solid tumors /7 vivo, 1! biopolymer-
based ENMs are considered for use in the food and pharmaceutical industry,22-16 carbon
nanotubes have improved the mechanical properties of materials in the construction industry,
17 and graphene has enabled experiments that have advanced our understanding of quantum
phenomena.® Continuous investment in nanotechnology will lead to more applications for
ENMs19 and further increase human exposure in occupational settings,29-23 at the end-
consumer level,24 and during the lifecycle of nano-enabled products.2%26 Under these
circumstances, ENMs are under scrutiny in order to clarify the risks they pose for human
health and to ensure the safe and sustainable use of nanotechnology.27-31

A growing body of literature suggests that due to their high reactivity, enormous surface
area, chemical composition, and ability to interfere with biological structures, ENMs may
exert cytotoxic and genotoxic effects on various biological sytems.32-36 Their adverse
effects have been attributed to direct damage on physiological barriers,3” deleterious effects
on organelles including mitochondria and lysosomes,38:39 and the induction of intracellular
and extracellular reactive oxygen species (ROS).#0-43 ROS may lead to persistent
inflammatory responses and genotoxicity,** conditions that have been strongly correlated
with serious diseases, including pulmonary fibrosis and cancer.4®

DNA is the most important biomolecule as it stores genetic information in mammalian cells,
and is vulnerable to DNA damaging agents, including ionizing radiation*647 and chemicals.
48 Many cancers are attributable to environmental DNA damaging agents,*° and several
studies have observed DNA damage upon exposure to ENMs, mainly due to excess
generation of ROS.50 Indeed, excess ROS following exposure of cells to ENM induces
oxidative base damage, apurinic/apyrimidinic sites, single-strand breaks (SSBs), double-
strand breaks (DSBs)®152 and epigenetic effects.>3:4
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DNA repair pathways continuously detect and remove DNA lesions. Unrepaired DNA
lesions can lead to cell death or cancerogenic mutations.>® The sum of DNA repair processes
is crucial for maintaining cellular health and is intertwined with other cellular responses,
such as intracellular signaling, apoptosis, telomere maintenance, replication, cell division,
cell cycle checkpoints, senescence, immune activation, metabolic changes, and
inflammation.6:57 In order to maintain genome stability, there exist several DNA repair
pathways each of which specializes in repairing different types of DNA lesions. Base
damage and abasic sites are predominantly repaired by the base excision repair (BER)
pathway. The first step involves recognition and removal of damaged bases by DNA
glycosylases. For instance, repair of alkylated bases is initiated by methylpurine-DNA
glycosylase (M PG), repair of 8-oxoguanine opposite cytosine (8oxoG:C) is initiated by 8-
oxoguanine DNA glycosylase (OGG1) and Nei-like DNA glycosylases (NEIL1, and
NEIL2), whereas removal of an undamaged adenine base opposite 80xoG (A:80x0G) is
initiated by the mutY DNA glycosylase (MUTYH).58-61 DNA glycosylases leave behind an
abasic site that is then processed by apurinic or apyrimidinic endonuclease (APE1). APE1
incises the abasic site to produce a SSBs, which is then processed by one of two sub-
pathways of BER (short or long patch) depending on the precise chemistry of the DNA ends
and the availability of BER enzymes. Bulky DNA adducts that distort DNA and block DNA
replication are repaired by the nucleotide excision repair (NER) pathway.62 Most DSBs are
either repaired by non-homologous end joining (NHEJ) or homologous recombination (HR)
depending in part on the precise chemistry of the DNA ends and the stage of the cell cycle.53

Exposure to chemicals and others stressors that interfere with the efficiency of DNA repair
processes can lead to genomic instability.52 This potential mechanism of genotoxicity is
distinct from direct induction of DNA damage and could pose a health risk to exposed
populations. Indeed, deficiencies in DNA repair capacity (DRC) are associated with
increased cancer risk, immune dysfunction, and neurocognitive disorders,54-66 and modest
deficiencies on the order of 10-20% are associated with many types of cancer.58.67 Table 1
presents examples of non-congenital disorders and non-hereditary diseases possibly
associated with imbalanced DNA repair capacity relevant to the pathways studied here.

Genotoxic effects of particulate stressors on DRC are challenging to quantify due to
limitations imposed by available techniques and, as a result, they have been understudied in
the nanosafety field. Firstly, population studies of particles” genotoxic effects, e.g., upon
occupational exposure, are subject to several confounding environmental stressors which
also alter DRC, like UVA and UVB radiation.®® Secondly, most of the /i vitro assays
employ DNA damage/repair kinetics®® (e.g., comet assay or y-H2AX staining),
identification of chromosomal aberrations (e.g., cytokinesis blocked micronuclei formation),
transcriptional profiling (e.g., real time PCR, RNA seq, microarrays),>1:70-76 proteomics
studies,”’-80 acellular assays (fluorescence hybridization assay), measurement of DNA
repair enzymatic activity (using cell lysate for BER, MMR or different lesions), and high-
performance liquid chromatography/electrochemical detection require cell lysate or the cells
to be in a different homeostatic condition - both parameters that may induce genotoxic stress
and artificially sensitize the cells’ DNA repair systems. Also, some of the aforementioned
assays suffer from low sensitivity, may rely on indirect measurements, or have low statistical
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power. Importantly, most of these methods struggle to capture changes occurring in
homeostatic environments following exposure of cells to ENMs due to epigenetic or post-
translational regulations and rather focus on a single DNA repair pathway. Consequently, it
is not possible to understand the inter-connected role of multiple DNA repair pathways upon
exposure to huge libraries of ENMs or correlate specific particle traits to genotoxic
responses.

Here, this methodological gap was addressed with a streamlined platform for assessing DRC
upon exposure to ENMs. This platform makes use of emerging, fluorescence-based
multiplex host cell reactivation (FM-HCR) assay previously described by Nagel et a/8! for
chemicals and ionizing radiation. This functional assay enables the direct assessment of
multiple DNA repair systems upon exposure to ENMs. FM-HCR reports the ability of living
cells to repair damaged reporter plasmid genes. The methodology takes advantage of the
exquisite sensitivity of RNA polymerase to the presence of DNA lesions, which disrupt
transcription and thus the expression of fluorescent reporter proteins, as described
elsewhere.82:83 Reporter plasmids with chemically defined site-specific DNA lesions are
transiently transfected to adherent or suspended cells and provide live-cell readouts for all
major DNA repair pathways or enzymes involved in repairing DNA lesions following
exposure to ENMs. Ultimately, this high-throughput and sensitive platform was used to
assess the effects of ENMs on the DRC of both adherent and cells in suspension.

Results and discussion

Figure 1 summarizes the developed method for quantifying DNA repair capacity (DRC) of
living cells exposed to ENMs. Firstly, well-characterized ENM powders are dispersed in cell
culture medium (Figure 1A) and administered to either adherent cells or cells in suspension
(Figure 1B). The dosimetric analysis of ENM is highly recommended because it enables
dose-matched, inter-particle comparisons of biological effects on adherent cells.84 To
quantify DRC, six types of reporter plasmids carrying equal number of DNA lesions are first
engineered (Figure 1C - Step 1) and then transfected to cells previously exposed to ENMs
(Figure 1C - Step I1). Cells in suspension are optimally transfected through electroporation,
whereas adherent cells are transfected with the use of lipofectamine. Twenty-four (24) hours
post transfection, DRC for all six lesions is quantified by means of flow cytometry based on
the ability of cells to repair the reporter plasmids and restore their fluorescence (Figure 1C -
Step I11). The aforementioned steps are both ENM- and cell-specific and required fine-
tuning. The development and optimization of this integrated method is presented in detail in
the method section.

Characterization of ENM powders.

Table 2 summarizes the results of the primary particle characterization of gallium oxide
(Gay03), copper oxide (CuQ), and zinc oxide (ZnO) ENMs. In brief, SSA values for ZnO,
Cu0, and Ga,03 ENMs were 16 g/m?2, 14 g/m?, and 251 g/m2, respectively. All particles
had a near spherical shape and homogeneous morphology, as observed by transmission
electron microscopy (TEM) (Figure S1 A and B) and their mean particle diameters were 46
nm and 50 nm for ZnO and CuO ENMs, respectively. The very small size, fractal geometry,
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and sintered necks of Ga,O3 did not allow for size measurements using TEM, although the
primary particle size was clearly below 5 nm (Figure S1 C). Details on physicochemical
characterization data for ZnO and CuO ENMs have been presented by the authors in
previous publications.3! Finally, microbiological evaluation of all ENM powders was
negative (0 bacteria/mg) and endotoxin levels were below 5 EU/mg.

ENM dispersion, colloidal characterization, and dosimetric analysis.

As summarized in Figure 1A, the dispersion preparation of CuO, Gay,03, and ZnO ENMs
was performed according to a protocol previously developed by the authors8® (see Materials
and methods for more details). The critical delivered sonication energy (DES;) is defined as
the minimum acoustic energy per suspension volume required to disperse ENMs in
deionized water (DI H,0) at the smallest possible agglomerate size.86 DSE; was 76, 416,
and 420 J/mL for Ga,03, CuO, and ZnO ENMs, respectively. Table 3 presents the colloidal
properties of ENMs in water and in cell culture media, once particles were sonicated at
DSE;. These include hydrodynamic diameters (dy), polydispersity index (PDI), zeta-
potential (), and effective density. In DI H,0, all ENMs used in this study formed
suspensions with small PDI values (0.19 — 0.33), an indication of relatively uniformly sized
agglomerates. dy for CuO and ZnO ENMs in DI H,O were ~0.4 and ~0.3 um, respectively,
suggesting few-particle clustering. GaoO3 ENM appeared to create multiple-particle clusters
with average dy ~0.1 pm. All ENM suspensions in water presented modest to strong C-
potential values (|G| ranged from 14 to 38 mV). In cell culture media, ENMs showed variable
degrees of culture medium-dependent agglomeration. ZnO and CuO ENMs only
agglomerated in fully supplemented RPMI, while they did not present strong agglomeration
in small airway epithelial cell growth medium (SAGM). Figure S2 A-C presents the
intensity-weighted dy distributions of all three ENMs in DI H,0 and fully supplemented
RPMI and SAGM.

When possible, it is important that inter-particle toxicological comparisons take into
consideration the variable particokinetics of ENMs i vitro.8% This allows comparisons of
ENMSs on the basis of metrics like ENM mass delivered to cell surface area. An integrated
approach for the dispersion preparation, colloidal characterization, and dosimetric analysis
of ENM in cell culture media for adherent cell lines®” was recently developed by the authors
and applied here for ENMs suspended in SAGM. Following their dispersion, the effective
density (peff) of ZnO, CuO, and Ga,03 ENMs was calculated using the Harvard volumetric
centrifugation method®8 and found to be 1.13, 6.15, and 6.16 g/mL, respectively. Based on
the volume-weighted dy (as measured by DLS) and their pgsf, their normalized delivered-to-
cell mass fraction as a function of time (fp), was calculated and presented in Figure S2 D.
Due to smaller agglomerate size and primary particle density, ZnO ENM deposited at slower
rates on cells, while Ga,O3 and CuO ENMs had similar fp under the experimental
conditions of the study.

High-throughput screening of DNA repair capacity alterations by ENM based on FM-HCR.

The development of FM-HCR as a tool for nanosafety research required the use of sub-
cytotoxic doses of ENM, optimization of transfection efficiency, and adjustment of several
flow-cytometry parameters. Appropriate controls with untreated cells and strong adherence
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to good laboratory practices for molecular biology should be followed to minimize to the
extent of possible errors that could be introduced during transfection due to handling of cells
and biological reagents. Such optimizations are ENM- and cell-specific. Results from the
development process described in method section are presented below:

Cell Exposure to ENM to define dose-cytotoxicity relationship: Given the
objective to measure DRC in /iving cell populations, it was crucial to expose cells at sub-
cytotoxic levels of ENMs. SAEC and TK® cells were exposed to ENMs following their
dispersion in their respective cell culture medium at various concentrations for 4 or 24 hours,
as shown in Figure 1B (see Materials and methods for details). The 4- and 24-hour time-
points were chosen based on the ENM particokinetics and the biology of the cells. First, the
deposited-to-cell ENM mass fractions are contingent on their respective particokinetics, as
shown in Figure S2D. Second, DNA damage-induced stress responses peak between 4 and
24 hours.89 While 4-hour time-points should capture early events, 24 hours provide
sufficient time for most cell lines to undergo a population doubling and thus ensures that
ENM interact with cells through all phases of the cell cycle, possibly revealing variable
sensitivities to ENMSs.9 Figure S3-A shows that at 4 hours, the highest, non-cytotoxic dose
delivered to SAEC was 15.6 pg/cm? for all three ZnO, CuO, and Ga,0O3 ENMs, as measured
by extracellular release of LDH. At 24 hours, all model ENMs showed ~10% cell death at an
even lower dose delivered to cells (1.6 ug/cm?). It is worth noting that the doses delivered to
adherent cells were matched following the dosimetric methodology described above by
adjusting their administered dose.

Additionally, Figure S4—A shows that at 4 hours, the highest, non-cytotoxic dose for TK6
cells was 100 pg/mL for ZnO and Ga,O3 ENMs and 10 ug/mL for CuO ENMs. At 24 hours,
the non-cytotoxic dose of ZnO and Ga,0O3 ENMs dropped to 10 pg/mL, whereas CuO ENM
could decrease the viability of TK cells at even 1 ug/ml. Complete toxicological screening,
including quantification of intracellular reactive oxygen species and metabolic activity, are
also presented in Figures S3 and S4 for SAEC and TKG®6 cells, respectively. It has to be noted
that the assessment of cytotoxicity is necessary to ensure that only non-cytotoxic ENM
doses are used when performing the FM-HCR assay. Other effects, like ROS generation and
mitochondrial metabolic activity, may not be correlated with potential changes in DRC as
these are independent phenomena that are measured at the time of transfection, with DRC
reflecting the ability of treated cells to repair DNA damage over the subsequent 24 hours.

TKG6 cells (human lymphoblast) were used in this study as a cell model due to their high
proliferation rate and stable karyotype which allow for comprehensive genotoxicity analyses
in a human-relevant test system which makes them an ideal test line for chemicals and
ionizing radiation.®! SAEC were isolated from the distal portion of human respiratory tract
and were used in this study as a representative type of normal human tissues likely to be
exposed to inhalable ENMs. In fact, SAEC have been extensively used for studies of
pulmonary-related inflammation or changes of the small-airway epithelium following
exposure to various types of exogenous stressors.43:92:93 |t js important to note that SAEC
were exposed to ENM on the basis of delivered particle mass per cell surface area. The
dosimetric analysis based on ENM particokinetics in SAGM allowed to match the delivered
particle dose after 4 or 24 hours for all three ZnO, CuO, and Ga,03 ENMSs. On the contrary,
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TKG6 cells grow in suspension and inter-particle comparisons were performed based on
administered ENM concentration (ug/mL).

Optimizing efficiency of reporter plasmid transfection.—Figure 1C - Step |
represents the engineering of plasmids carrying DNA lesions repairable by distinct DNA
repair mechanisms. Six different reporter plasmids each bearing different DNA lesions were
transiently transfected into cells to assess the repair capacity in multiple DNA repair
pathways as summarized in Table 4. The NHEJ pathway was measured using a reporter
plasmid with an enzymatically generated DSB; long patch BER was measured using a
plasmid bearing a site-specific tetrahydrofuran abasic sites analog; NER was measured using
a reporter plasmid that was subjected to UV irradiation. For these three reporters, the DNA
lesion blocks transcription and thus prevents fluorescent protein expression unless repair
occurs by the indicated pathway. Accordingly, DRC is directly proportional to expression of
these reporter plasmids. Initiation of BER by methylpurine DNA glycosylase (MPG) was
measured using a reporter plasmid with a site-specific hypoxanthine (Hx) adduct. Initiation
of BER of oxidative damage, which is catalyzed by several DNA glycosylases including
OGG1, NEIL1 and NEIL2, was measured using a reporter plasmid with a site-specific
80x0G lesion in the transcribed strand. Initiation of BER by MUTYH, which removes
adenine opposite 8oxoG was measured using a reporter plasmid with an undamaged adenine
in the transcribed strand opposite 80xoG. For these three reporters, the DNA lesion alters the
sequence of the transcribed RNA in a manner that leads to expression of a fluorescent
protein.

Accordingly, DNA repair capacity is inversely proportional to expression of these reporter
plasmids, and we have reported repair capacity as the reciprocal of fluorescent reporter
expression. In the case of complete repair, these assays yield 0% reporter expression, and the
reciprocal is undefined. In these situations, or where quality control metrics were not met, no
data were plotted (see “ Optimization of reporter plasmid transfection efficiency”).

Before the transfection of SAEC or TK6 cells with the engineered plasmids, it is important
to replace the ENM-containing medium with fresh medium. This is necessary to minimize
the accidental introduction of potentially fluorescent ENM in the cells during transfection
which could have unpredictable genotoxic effects or lead to the recording of false positive
events. Moreover, it circumvents possible interactions of ENM with plasmid DNA, which
have been heavily reported, especially for positively charged ENM.%* The plasmids were
then transfected to either SAEC or TKG6 cells, as represented in Figure 1C - Step |1. Here, it
has to be noted that there is a fixed time window of ~24 hours between the transfection and
the fluorescence-based quantification of the reporter plasmid expression by flow cytometry.
During this time-window, some short-term transcriptional events related to DNA repair
capacity may be missed. For quality control purposes, 10 fluorescent cells and transfection
efficiency above 0.1% were set as a minimum threshold for data inclusion. These criteria
were also met for SAECs with the use of lipofectamine for FM-HCR analysis, as shown in
Figure S5. More details on the parametrization of SAEC transfection through lipofectamine,
including the required control measurements can also be found in Figure S5. Transfection of
lymphoblastoid cell lines including TK6 has been optimized in our previous study®! and
more details can be found in the methods section.
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To expand the usability of FM-HCR technology in the nanosafety field and quantify
alterations in DRC following exposure of cells to ENM, the method was optimized for
adherent, primary human SAEC which are widely used for inhalation exposure studies. It is
important to note that primary human cells, like SAEC, may not tolerate transfection as well
as immortalized cell lines. Indeed, electroporation using MXCell 96-well plates (at
260V/950 pF) was highly toxic to SAECs, as shown in Figure S5A. Transfection using
lipofectamine led to both higher levels of cell viability and'transfection efficiency, as shown
in Figures S5B and S5C. The internal transfection controls were pmax_mOrange for
damaged cocktail 1, and pmax_BFP for damaged cocktail 2. Fluorescent reporter expression
for each plasmid was normalized to the expression of the internal transfection control
plasmid. After this normalization, the expression of each damaged reporter plasmid was
normalized to its undamaged counterpart to calculate percent reporter expression. Finally,
percent reporter expression for ENM treated cells was normalized to that for untreated
controls. This final normalization makes the assay more robust to potential batch effects.
When such effects from day-to-day variabilities do not need to be considered, it is also
possible to directly compare the raw signals between reporter expression of untreated and
ENM-treated cells. It is expected that the proposed transfection approach can be successfully
applied on other adherent cells and cell lines, however plasmid transfection efficiency and
cell viability should always be verified and optimized as performed in this study.

Fine-tuning flow-cytometry parameters for cells exposed to ENMs.—Figure S7
shows that ENM treatment resulted in a leftward shift of the main population of cells in the
FSC vs SSC plot. However, no difference was observed in reporter expression (NHEJ, long
patch BER, NER, Hx(MPG), 80ox0G:C, A:80x0G) upon adjusting the gating conditions to
accommodate the observed shift as shown in Figure S7A and S7B. Moreover, a single set of
gates was used to analyze all samples so as to minimize variability, as presented in Figures
S6A and S6B. Figure S8 presents example flow-cytometry data of cells transfected with and
without ENMs for different reporter plasmid cocktails.

Fine-tuning the flow-cytometry parameters, including adjustment of gating, fluorescent
voltages, and exclusion of doublets, was key in adapting FM-HCR to the field of nanosafety.
For example, additive fluorescent events or false positives in the reporter gates could be
generated by culture media alone or dispersed ENM, as indicated in Figure S6C. Indeed,
ENMs tend to decrease their surface energy by means of physisorption of
biomacromolecules, including proteins®® and plasmid DNA, 6 and could thus alter the
functionality of reporter plasmids. Furthermore, ENM scatter light and their intrinsic
fluorescence may generate signals detectable by flow cytometry, even in complex biological
media.?”-98 Finally, cell morphology may change upon exposure to ENM?° which may in
turn alter their scattering properties, as observed here for TK6 cells. Adjustment of flow-
cytometry parameters in response to these phenomena carries the risk of excluding a subset
of cells or introducing variability. Therefore, these quality control steps are essential to
ensure that all transfected cells are accounted for in the obtained data and that all obtained
data are only due to the transfected cells. More information on the exact parameters
employed for flow-cytometry can be found in the methods section.
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Case studies: assessing nanoparticle-mediated alterations in DNA repair capacity using
the FM-HCR methodology.

The developed method was applied on TK6 cells exposed to ZnO, CuO, and Ga,O3 ENMs
as case studies that demonstrate its ability to resolve variable particle effects on genomic
stability. This specific panel of ENMs was put together because they have already found
their way in commercial products and industrial processes and thus pose a possible risk for
human exposure.100 The method was applied following 4- and 24-hour ENM exposures to
inquire its sensitivity in detecting early changes in DRC. Under select conditions, the
method was also applied on SAEC to demonstrate its applicability on adherent, human
primary cells. Results on a case-by-case basis are elaborated below.

ZnO ENM: Upon exposure of TK6 cells to ZnO ENM at 100 pug/mL for 4 hours, some
DNA repair pathways were induced while others were inhibited. Specifically, significant
decreases were observed in long patch BER (p=0.02) and NER (p=0.01) reporter expression,
while accompanied by a significant increase (p=0.02) in repair for Hx(MPG), as shown in
Figure 2A and 2B. Moreover, at 10 pg/mL over 24 h, there was a significant and
considerable (by ~10%) decrease in A:80x0G lesion repair, as shown in Figure 2B. Already,
FM-HCR reveals that exposure to ENMs may simultaneously and differentially affect
multiple DNA repair pathways in a dose- and exposure duration-dependent manner. It is
important to note here that mitochondrial activity and released LDH did not indicate acute
cytotoxicity under the aforementioned conditions, although there was a doubling in
production of intracellular ROS after 4h at 100 pg/mL. In accordance to the literaturel91 and
our own previous work,%9 significant increase in oxidative damage and strand breaks in TK6
cells exposed to ZnO ENMs, as presented in Figure 2D was demonstrated. Specifically, a
significant and considerable increase (+40%, 95%Cl: —42.51 to —31.36, p<0.0001) in DNA
damage was induced at 100 pug/mL over 4h, but this effect was not present at lower
concentrations. These data highlight the complementary information provided by the two
types of assays. Comet assays provide a snapshot of DNA damage levels, whereas the FM-
HCR assays provide a measure of DNA repair, both important metrics for genotoxicity
studies. Importantly, alkaline comet assays detect strand breaks and DNA lesions, such as
abasic sites, that can be converted into SSBs under alkaline conditions. Since the NER
pathway primarily repairs bulky DNA adducts, unrepaired DNA damage associated with
ENM-induced NER inhibition would not be detected by conventional comet assays.

The complex effect of ZnO ENM on DRC of TK® cells led us to expose SAEC at delivered
to cell dose of 1.6 pg/cm? for 4 hours which were non-cytotoxic as shown in Figure S3.
Under these conditions, a significant (p=0.009) difference in A:80x0G reporter expression
was observed, as shown in Figure 2C. At this delivered to cell dose, no DNA damage was
detected by the alkaline nano-CometChip assay. In fact, Figure 2D shows that DNA damage
only increased in a considerable and significant manner (95%CI: —61.65 to -43.29,
p<0.0001), when SAEC were exposed to 15.6 pug/cm? for 4 hours. This highlights the ability
of FM-HCR assays to detect alterations in DNA repair at doses that do not result in DNA
damage detectable by comet assays. The magnitude of the detected changes in DRC are
large enough to be of concern for cancer risk, particularly under conditions of sustained
exposure.
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A central question concerns the establishment of a threshold for changes in DRC in ENM-
exposed cells that can be used to flag the material for follow-up with further genotoxicity
assessments. The answer depends on whether DNA damage that would normally be repaired
by the disrupted pathway is present in the exposed tissue. This DNA damage can arise
endogenously, or it may be induced by environmental agents, including in some cases the
ENMs themselves. For example, simultaneous skin exposure to sunlight and an ENM that
inhibits NER may increase risk of UV-induced skin cancers. In general, inhibiting DNA
repair can lower the threshold for genotoxicity due to a second exposure.102

We propose a 50% change in DRC in exposed cells as a conservative threshold for follow-up
with additional assays testing for genotoxicity of previously uncharacterized ENMs,
provided the change in repair capacity is dose-dependent and occurs at physiologically
relevant doses. We base this threshold on numerous epidemiological studies using functional
assays have demonstrated that differences in repair capacity on the order of 10-20% are
associated with increased cancer risk, with odds ratios of 2 or more.58 Notably, an increase
in repair capacity can also be a risk factor; higher levels of MPG activity, which we observed
in ZnO ENM-treated TK6 (see Figure 2B), are associated with increased lung cancer risk.103
This counter-intuitive excess cancer risk in individuals with elevated DRC may be
attributable to a phenomenon referred to as repair imbalance, wherein an early step in the
repair process (in this case, MPG-catalyzed initiation of base excision repair) leads to the
accumulation of downstream repair intermediates that may be more cytotoxic and mutagenic
than the initial base lesion.194 As has similarly been proposed for other genotoxicity assays
such as the Ames test,19° follow-up with mutation assays can determine whether an ENM
increases the mutagenicity of agents that produce DNA damage normally processed by the
pathway flagged by our FM-HCR platform.

Our findings that ZnO ENM leads to less efficient BER and elevated levels of DNA damage
are broadly consistent with previous studies. For example, it has been shown that exposure
to ZnO nanoparticles (50-80 nm in diameter) promoted the formation of micronuclei in TK6
cells and led to slower DNA repair kinetics in human SHSY5Y neuronal cells.106.107
Similarly, Zinjo et al. observed induction of micronuclei, DNA strand breaks, Fpg sensitive
sites, and slower removal of 8oxoG lesions from the genome in Caco-2 cells following
exposure to ZnO nanoparticles.1%8 Finally, the same type of particles reduced the viability of
murine macrophages by leading to GO/G1 cell cycle arrest, inhibited the action of
superoxide dismutase, and decreased the activity of long patch BER enzymes PolB and
FEN1.78 Decreased PolB and FEN1 activity would be consistent with our observation of
diminished long patch BER activity in TK6 cells upon exposure to ZnO ENM. Consistent
with our observation of diminished NER activity in TK6 cells treated with ZnO ENM, metal
cations leached from ENM (CdSQ,, CdTe quantum dots, and ZnS) significantly reduce NER
activity.”273.109 gpecifically, the presence of Cd2* in the nuclei of liver cells of zebrafish led
to the formation of bulky DNA adducts formation after an exposure of zebrafish to CdTe
quantum dots.”® ZnO ENMs are also prone to intracellular dissolution, and therefore
increased nuclear concentration of Zn2* is a possible mechanism underlying the observed
alterations in DNA repair pathways. Our data suggest that ENM dose and exposure duration
may affect multiple cellular processes in a non-linear and non-monotonic relationship. For
example, NER activity is increased at 10ug/mL of ZnO ENM but inhibited at 100ug/mL.
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One potential interpretation is that ZnO ENMs induce an adaptive and protective DNA
damage response at low doses similar to that induced by ionizing radiation and other agents.
110 Above a certain threshold, this response may be offset by metal-dependent inhibition of
NER, which has been previously reported for Cd(Il) and As(l11).81

CuO: Figures 3A and 3B show that upon exposure of TK6 cells to CuO ENM at 10 pug/mL
for 4 hours, there was a significant ~30% decrease in long patch BER (p=0.01) and

MUTY H-dependent excision of A:80xoG (p=0.05). In addition, there was evidence of an
increase in repair activity for 8oxoG:C lesions, signified as “N/A” (Figure 3B). Note that for
this assay, repair capacity is inversely proportional to reporter expression; for this reason, the
absence of detectable signal reflects higher repair capacity. Importantly, exposure to of TK6
to 10 pg/mL h of CuO ENM over 4 h did not induce considerable DNA damage as measured
by comet assays compared to the untreated control (+2%, 95%CI: -1.628 to —0.5734,
p=0.0003), as shown in Figure 3C. Despite the absence of considerable DNA damage,
intracellular ROS levels appeared very elevated compared to the untreated control (+70%,
Figure S4e). The higher toxicity of CuO ENMs at 10 pg/mL compared to 100 pg/mL could
be attributed to increased particle agglomeration at higher concentrations which decreases
the available agglomerate surface area and may inhibit the release of Cu2*, both of which are
important mediators of nanoparticle toxicity.111112 The apparent discrepancy between
elevated ROS levels and minimal DNA damage might be due to accentuated repair of
oxidative damages, as reported by the FM-HCR assays (Fig 3B). Here, it is worth
mentioning that DNA repair pathways were differentially affected in TK6 cells following
exposure to CuO ENM than they did to ZnO ENM, attesting to the ability of FM-HCR to
resolve ENM-specific biological responses. Application of the FM-HCR assay at higher
particle doses (e.g., 100 pg/mL) or over longer exposure times (e.g., 24 hours) was not
possible due to the pronounced cytotoxicity of CuO ENMSs. More information on the
toxicological assessment of CuO ENM are presented in Figure S4a—d. Contrasts in DRC or
toxicity observed among cell lines at higher versus lower doses of ENM exposure may
reflect a non-monotonic dose-response, which has been observed for other agents such as
bisphenol A.113 Further detailed studies are needed for the test ENMs and doses used in this
study to understand the potential underlying, ENM-specific biological mechanisms for DNA
repair.

In our findings, CuO ENMs induce DNA damage and lead to an increase in DRC. These
observations are consistent with previous characterizations of the effects of CuO ENM on
cell lines. In more detail, oxidative stress, DNA damage, and a p53-dependent DNA damage
response have been observed in A549 cells exposed to CuO nanoparticles.”’ p53 regulates
several DNA repair pathways, including NER and BER.114 In particular, p53 promotes the
activity of glycosylases responsible for repair of oxidative damage, 112116 consistent with the
apparent increase in glycosylase initiated repair detected for FM-HCR substrates with
80x0G:C and A:80x0G lesions (Fig 3B). Furthermore, p53 negatively regulates APE1117 -an
enzyme responsible for initiation of repair of our long patch BER reporter- which is repaired
less efficiently in CuO ENM exposed cells (Fig 3A). Further evidence for a CuO ENM-
induced oxidative stress response came from a report by Semisch et a/., which demonstrated
that A549 cells exposed to CuO ENMs undergo DNA damage-induced apoptosis.118 Taken
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together, the available data indicate that our platform is capable of detecting alterations in
DRC that occur as part of a p53-mediated DNA damage response that is mounted in cells
exposed to genotoxic ENMs.

Gay03: Exposure of TK6 cells to Ga,O3 ENM at 10 pg/mL for 4h led to a significant
increase (p=0.03) in NER reporter expression, as shown in Figure 4A. Interestingly, the
cells’ response was reversed after Ga,O3 ENM exposure at 100 pg/mL for 4h, with a return
to baseline levels of, NHEJ, long patch BER, and NER reporter expression (Figure 4A and
4B). At the same time, Hx(MPG) and A:80xoG repair pathways presented an increasing,
albeit statistically insignificant trend. In accordance to other studies, our cytotoxic and
genotoxic assessment of Ga,O3 ENM was negative, bolstering their innocuous toxicological
profile. Supporting comet assay and toxicological assessment are presented in Figure 4D and
in Figure S3 a—e, respectively. While inhibition in DNA repair may have well-known
adverse effects, induction of these pathways can also be an indicator of genotoxicity.
Induction of DNA repair pathways can be indicative of a DNA damage response, and as
mentioned above can have deleterious effects due to an imbalance of multi-step repair
processes.

Regarding the mechanism underlying the observed effects, it has to be noted that Ga,03
ENMs are insoluble in aqueous media, therefore it is not expected that metal ions are the
culprit of the observed biological responses. Although more studies are required to elucidate
how Ga,O3 ENM impact DNA repair, enhanced particle internalization and nuclear
localization have been observed for small ENMs, 19 pointing to the possibility of direct
particle interference with the dynamic multi-protein machines that carry out DNA repait.

The important effects of Ga,O3 ENM on TKG6 cells and their small, inhalable size led us to
expose SAEC to them at 1.6 ug/cm? for 4 hours. Toxicological results presented in Figure
S4A-E and FM-HCR results shown in Figure 4C show that both exposure conditions were
non-cytotoxic (<10% LDH release, no ROS generation), did not induce considerable
genotoxicity (<10% DNA in tail), nor any changes in reporter expression were observed.
Figure 5 provides an overview of the statistically significant DRC in SAEC or TKG6 cells
upon treatment with ZnO, CuO, or Ga,O3 ENMs. The starkly different responses of SAEC
and TKG6 cells to the same ENMs merits further investigation and is a reminder that
statements about the safety of ENMs should be accompanied by ample contextual
information regarding the route of exposure and biological system under consideration.

Conclusions

In this study, the development and versatility of a high-throughput method for assessing
DRC alterations in human cells exposed to ENMs was demonstrated. Given the scarcity of
DNA repair studies following exposure of human cells to ENMs, the proposed FM-HCR
method has been designed to offer multiple advantages over previously used techniques.
Compared to other techniques, this method provides a functional assay for living cells that
directly quantifies alterations in six major DRC pathways within a streamlined workflow.
Moreover, it only requires small numbers of cells, reports the effects of ENMs under
physiological conditions (instead of cell lysates) thus avoiding the use of detergents and
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other reagents that could alter the properties of ENMs. Finally, its low cost and semi-
automated analysis removes subjective bias and democratizes the testing of crucial genome
repair processes in ENM exposed cells.

Beyond its proven use with cells in suspension (e.g., TK6), FM-HCR was adapted here for
cells routinely used in nanosafety studies, like sensitive, adherent, primary human cells. The
engineering of plasmids with site-specific DNA lesions also enabled functional analysis of
the molecular mechanisms underlying 6 major DNA repair pathways in cells exposed to
multiple types of ENMs. Importantly, FM-HCR assays integrate the contributions of a
complex series of steps that may be impacted by exposure to ENMs into a simple functional
readout. We have integrated critical controls into the workflow to eliminate potential
interference from ENMSs. These checkpoints do increase the required time to perform the
assay, potentially rendering it more time-consuming than other techniques. Nevertheless,
these optimization steps need only be performed once with each cell type-ENM
combination. FM-HCR overcomes multiple challenges that limited the applicability of
previous approaches and is thus a powerful tool for high-throughput screening of ENMs for
predictive nanotoxicology and nanosafety.

While the scope of this methodological article study is focused on demonstrating the utility
of FM-HCR platform in nanosafety research, we have also applied the developed
methodology on a pilot scale to test whether disruption of DRC is an important mechanism
by which ENMs can be genotoxic. The utility of FM-HCR as a sensitive screening tool for
nanosafety research was demonstrated by the differential impact of ENMs to the studied
DNA repair mechanisms. In particular, the extent of DRC alterations was found to be
contingent on dose, exposure time, cell line, and ENM type. For example, ZnO ENM only
increased the MPG DNA glycosylase activity in TK6 cells at the elevated dose of 100
ug/mL, while decreased excision of A:80x0G at 24 hours of exposure at the much lower
dose of 10 pg/mL. Another important finding was that exposure of cells to different ENMs
may alter DRC in opposite directions. Specifically, exposure of TK6 cells to ZnO ENMs
inhibited NER, while Ga,O3 ENM led to increased activity in the same pathway. The
finding that some ENMs may induce higher DRC highlights the potential for adverse health
effects of ENM exposure to be mediated not only by inhibition of DNA repair, but in some
cases higher repair rates. Higher repair rates can lead to repair imbalance that promotes the
accumulation of repair intermediates that can be more cytotoxic and mutagenic than the
initial DNA lesions. Finally, SAEC exhibited different types of DRC alterations to TK6
following exposure to ZnO ENM, underscoring the important contributions due to cell type
and route of exposure that must be taken into consideration when developing safe nano-
enabled products and applications.

The biological effects of ENMs on cells and tissues /in vitro are governed by a variety of
factors that include the culture format (adherent or in suspension), dose, exposure time,
endocytic mechanisms of ENMs, the exact composition of culture medium which defines
their protein coronas,120:121 and the fate of ENMs once inside the cell.122 The biological
effects of DNA damage also depend on a variety of factors including the ability of cells to
process it, the severity and type of the damage, and the mechanisms by which it was
induced. Taken together, these factors suggest that ENM genotoxicity may vary across cell
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types.123 Therefore, it is important to perform genotoxicological screening using /n vitro
(and, later, in vivo) systems relevant to the exposed tissue. In this study, SAEC and TK6
cells are two vastly different types of cells, from the composition of their plasma membrane,
to culture medium, and their potential to physically interact with suspended ENMs - all
factors that play a role in ENM bioactivity.124 It is also worth noting that the FM-HCR assay
has been previously validated using a large number of cell types®! and it is thus expected
that the reported differences in the responses of SAEC and TKG6 cells reflect the real
differential biological differences between the two cell lines.

The FM-HCR method for ENMs demonstrated here complements more conventional
toxicological assays and provide further insight to the effects of ENM on human cells. Of
note, most effects detected and quantified by FM-HCR, like substantial inhibition in NER by
ZnO ENM and significant increases in the activity of BER glycosylases by CuO ENMs,
were not accompanied by acute cytotoxicity. Even more so, most of ENMs did not show
DNA damage detectable by comet assays, but potentially genome-damaging effects of ENM
were captured by FM-HCR. For example, NER inhibition by ZnO ENM was only evident by
FM-HCR assay, suggesting that transient alterations in TK6 cells’ DRC can be picked up by
our platform. The finding that some ENMs may induce higher DRC highlights the potential
for adverse health effects of ENM exposure to be mediated not only by inhibition of DNA
repair, but in some cases higher repair rates. Higher repair rates can lead to repair imbalance
that promotes the accumulation of repair intermediates that can be more cytotoxic and
mutagenic than the initial DNA lesions.12% Three of our FM-HCR assays report on the
initiation step of BER, but unlike the assays for long patch BER, NER, and NHEJ, they do
not report completion of repair. Notably, SAEC and TK6 exhibited different types of DRC
alterations following exposure to ZnO ENM. This underscores the importance of taking the
tissue type and potential routes of exposure into consideration when developing safe nano-
enabled products and applications. As regards to the absolute magnitude of DRC alterations
in either SAEC or TKS6 cells as measured in the current study, these were generally small,
even when statistically significant. Still, it has to be noted that errors in the genome that may
accumulate due to exogenous factors (e.g., radiation), or due to the inefficiency of
endogenous DNA repair mechanisms like the ones studied here, may cause genomic
instability. Such instability can lead to mutagenesis,126 carcinogenesis,® and has also been
linked to neurodegenerative diseases. 2’ More recently, it was also suggested that, until
repaired, DNA lesions may impact the cellular physiologic function to the same extent as
genetic mutations.128

These case studies with FM-HCR assay are subject to some important limitations. FM-HCR
is a powerful tool for measuring the activity of DNA repair pathways, but may not be
sensitive to some chromatin structures that are only found in genomic DNA. Although comet
assays complement FM-HCR in this regard, they are not sensitive to all types of DNA
damage. Inhibition of DNA repair might not be sufficient to lead to mutations in the absence
of a second insult. Therefore, studies using mutation assays to determine the joint effects of
ENM exposure and exposure to a second DNA damaging agent, such as UV rays or ionizing
radiation would be helpful for assessing mutagenicity in ENMs flagged by our platform as
potentially genotoxic. Beyond the processes of DNA damage and repair, other key steps
along the pathway to genotoxic effects would need to be considered to draw conclusions
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about the underlying mechanisms, and the likelihood that they will lead to adverse health
outcomes in humans. These include identification of internalization pathways for each
ENM, their sub-cellular localization, how they are processed in the physiological context of
human tissues, and their dissolution inside cellular organelles, among others, but fall outside
the scope of the current article.

As evidenced in this study, the development of FM-HCR enables the testing for potential
genomic insults upon ENM exposure in the form of altered DRC. While DNA repair
processes are understudied in the field of nanosafety, the assay’s versatility in terms of
studied cell types and diverse reporter plasmids with chemically defined DNA lesions should
provide a high-throughput tool poised to improve the screening of ENMs. Results from its
application suggest that DRC analysis could function as part of a tiered ENM screening to
better inform more elaborate /n vivo works or downstream proteomic analyses and thus help
understand genotoxic adverse outcome pathways. The harmonization of methodological
conditions through the development of assays like FM-HCR should allow for robust
correlations between specific ENM properties, exposure settings, and promote the
mechanistic understanding of possible pathogenic effects.>1:129

Materials and methods

ENM synthesis.

In this study, a panel of 3 ENMs was used, namely ZnO, CuO, and Ga;03. ZnO and CuO
ENMs are reference engineered nanomaterials from the nanomaterials repository established
at the Harvard University as part of the Nanotechnology Health Implications Research
(NHIR) Consortium established by the National Institute of Environmental Health Sciences
(NIEHS). ZnO and CuO ENMs were procured by Sigma Aldrich and Meliorum
Technologies, Inc., respectively.

GayO3 ENM were synthesized in-house by the flame spray pyrolysis(FSP)-based Harvard
VENGES system, according to a synthesis method described in detail elsewhere,130-132
Chemicals for the synthesis of Ga;O3 ENM were purchased from Sigma-Aldrich and used
without further processing.

ENM powder characterization.

TEM: Transmission electron microscopy (TEM, JEOL 2100) was used for primary particle
size measurements and shape characterization of ZnO and CuO ENMs. To prepare the
particles for TEM observations, 2 mg of each ENM powders were dispersed in DI H,0 at a
final concentration of 0.5 mg/mL with the help of a cup-horn sonicator (please see the next
section for more information on the dispersion protocol). The dispersion was then drop-cast
on TEM grids (Ted Pella Inc., Redding, CA) and was left to dry for 10 min in an enclosed
container. Blotting with filter paper was used to remove excess suspension. Images were
obtained at 200 kV and were analyzed on ImageJ software (NIH). The Feret diameter was
used to calculate the average primary particle diameter of the observed particles. Ga,O3
ENM were dispersed in ethanol prior TEM observation (Carl Zeiss Libra 120 Plus) at 120
kV. Image processing was performed as described for ZnO and CuO ENMs
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XRD: X-Ray diffraction (XRD) was used to define the crystal structure of ENM powders.
The XRD patterns of ZnO and CuO ENMs were collected in 26 at 10—90° configuration
with a 0.02° increment and 2s step. Collected data were analyzed by EVA software by
BRUKER®. For Ga,0O3 ENM, XRD measurements were performed with a Rigaku Miniflex
in a silicon low background holder and with a 1.25° divergence slit. The diffractograms were
then analyzed in Rigaku’s PDXL2 and Rietveld refinement performed where appropriate.

BET: N, adsorption was used to measure particle specific surface area (SSA, m2/g)
according to the Brunauer—Emmett—Teller (BET) theory. In brief, a 5-point BET isotherm
was calculated using a surface area and pore size analyzer (Quantachrome Instruments,
NOVAtouch LX4). Approximately 50 mg of ENM powder were degassed at 100-300 °C for
>3 h. Average primary particle size (dggT) was calculated assuming particle according to the
following formula dggt = 6000/(SSAp), where, p is the material density in g/cm3, and dggt
isin nm.

Microbiological sterility and endotoxin assessment: The biological sterility of
ENMs was assessed according to the U.S. Pharmacopeia protocol for sterility (WHO
document QAS/11.413) while their endotoxin load was quantified with the Recombinant
Factor C (rFC) assay (Lonza PyroGene® kit) as suggested by manufacturer’s instructions.

ENM dispersion, colloidal characterization, and dosimetric analysis.

Dispersion of CuO, Gay03, and ZnO ENMs in DI H,0O was performed according to a
dispersion protocol previously developed by the autors.86:88 |n brief, ENM powders were
added to DI H,O at a final concentration of 0.5 mg/mL and underwent cycles of sonication
(60 s) and high-speed vortexing (30 s) using a calibrated 3-inch cup-horn sonicator (Branson
Sonifier S-450D, 400 W) and a bench-top vortexer, respectively. The cup-horn sonicator was
calibrated according to a protocol previously presented elsewhere88 and was found to deliver
1.23 W/ml. The sonication-vortexing cycles were repeated until there was no considerable
change (z 5%) in their hydrodynamic diameter (dy), as measured by dynamic light
scattering (Zetasizer Nano ZS, Malvern UK) using 1 ml of the sonicated ENM suspension in
optically clear cuvettes. At this point, the total acoustic energy delivered to the suspension
(in J/mL) is termed critical delivered sonication energy (DSE;). The particles’ C-potential
values were measured upon delivery of DSE, using folded capillary cells. ENMs were then
added in cell culture media (RPMI+ 10% vol/vol heat-inactivated FBS or SAGM) at a final
concentration of 0.1 mg/mL where their colloidal properties (dy, poly-dispersity index, C-
potential) were also measured. Finally, the effective density (pefs) of ENMs in SAGM was
also measured according to the volumetric centrifugation method (VCM) described in our
previous work®8,

The distorted grid (DG) model was applied to calculate the ENM concentration profiles
along the wells of 96-well plates, the concentration at the bottom of the wells, and the
fraction of administered ENM mass deposited onto the cell surface as a function of exposure
time (fp).87133 The particokinetics simulation was coded and executed on MATLAB
(MathWorks, Massachusetts, USA).
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TK6 human lymphoblastoid cells from ATCC (American Type Culture Collection, USA)
were used for the development and application of the methodology as a staple mammalian
cell line for genotoxicity studies. TK6 cells were cultured in RPMI-1640 medium
supplemented with L-glutamine, 10% vol/vol horse serum, and 100 U/mL streptomycin-
penicillin in upright T75 flasks. TK6 cells were kept under humidified atmosphere of 37°C,
5% CO», and were used between passages 5 and 10. To demonstrate the applicability of the
methodology on adherent cells, human primary small airway epithelial cells (SAEC) from
Lonza Inc were used in the study. SAEC were maintained in basal medium mixed with
required growth supplements (SAGM™ Small Airway Epithelial Cell Media BulletKit™),
kept under humidified atmosphere of 37°C, 5% CO», and were used between passages 4 and
12.

Cellular treatment prior to fluorescence multiplex-host cell reactivation (FM-HCR) assay.

To expose TK®6 cells prior to the FM-HCR assay, CuO, Ga,03, and ZnO ENMs powders
were dispersed in fully supplemented RPMI-1640 culture medium according to the
procedure described above. Each of the CuO, Ga,0O3, and ZnO ENM suspensions was then
administered to log-phase growing TK®6 cells in 24-well tissue culture plates at final ENM
concentrations of 1, 10, and 100 pg/mL. The final volume of TK®6 cell suspension was 0.8
mL and cell concentration was 2X106 cells/ml. To expose SAEC prior to FM-HCR assay,
cells were plated in 12-well plates and grown until 60—70% confluence at which point CuO,
Gay03, and ZnO ENMs powders were dispersed in fully supplemented SAGM culture
medium according to the procedure described above. Based on their particokinetics profile
and fp calculated as described above, each of the CuO, Ga,03, and ZnO ENMSs suspensions
was administered to SAEC at starting concentrations that would lead to the deposition of 1.6
Hg/cm? or 15.6 pg/cm?, after 4 hours of exposure. Following ENM administration, SAEC
and TKG6 cells were kept under humidified atmosphere of 37°C, 5% CO, for the duration of
the exposure (4h or 24h).

Cellular membrane integrity.

Following exposure to ENMs, the cellular membrane integrity of SAEC and TK6 cells was
evaluated using the Pierce™ LDH Cytotoxicity Assay Kit (Thermo Scientific, Waltham,
MA, USA). The released cytoplasmic enzyme lactate dehydrogenase was colorimetrically
quantified in the supernatant of cells collected by centrifugation of suspended TK®6 cells
(300xg, 5 min) or by simple pipetting in the case of adherent SAEC. Briefly, 50 pl of the
collected supernatant was transferred to a new 96-well plate, mixed with LDH assay reagent
and incubated for 30min at room temperature protected from light. The absorbance values
were recorded at 490 nm (LDH activity) and 680 nm (background signal from instrument)
using a SpectraMax M5/M5e spectrophotometer (Molecular Devices, Sunnyvale,
California). Maximum LDH release was measured in positive controls prepared upon
treatment of cells with Lysis buffer 1X solution. LDH released for cells exposed to ENMs
was compared to positive control and as percent LDH leakage (100xLDH release in medium
of ENM-treated cells/maximum LDH release from positive controls) and expressed as the
mean, using triplicate wells per concentration.
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Assessment of mitochondrial activity.

The reducing power of mitochondria and, in by extension, the viability of a cellular
population can be estimated using the PrestoBlue® (Thermo Fisher, USA) assay. In brief,
following 4h or 24h of ENM exposure, cell culture medium was removed by centrifugation
of suspended TK6 cells (300xg, 5 min) or by simple aspiration in the case of adherent
SAEC. Cells were washed with pre-warmed 1x PBS and the resazurin-based reagent was
mixed with serum-free culture medium (10% vol/vol) and administered to cells before
incubating them at 37°C from 30 min. Fluorescence signal from the reduced resorufin was
detected using a SpectraMax M5/M5e with excitation at 560 nm and emission measured at
590 nm.

Measurement of intracellular reactive oxygen species.

CellROX® Reagent (orange) (Thermo Fisher, Waltham MA) was used to measure the
intracellular levels of ROS following exposure of SAEC and TK6 cells to ENMs according
to the manufacturer’s instructions. Briefly, after exposure to ENMs, cell culture medium was
removed after centrifugation of suspended TK6 cells (300xg, 5 min) or by simple aspiration
in the case of adherent SAEC. Cells were then washed 3x with pre-warmed 1x PBS and
CellROX® reagent was added at a final concentration of 5uM to the cells before incubating
them for 30 minutes at 37°C in a CO, incubator. The reagent was then washed with pre-
warmed 1x PBS as described above and cells were re-suspended in 1x PBS for fluorescence
measurement with excitation at 480 nm and emission measured of 520 nm. As a positive
control, cells were treated with 100 uM menadione for 1 hour at 37°C. Data were presented
as relative increase of ROS levels compared to the untreated group.

Quantitation of DNA damage using alkaline single-cell nano-CometChip assay.

nano-CometChip (alkaline single-cell gel electrophoresis) was carried out to quantitate the
amount of DNA damage induced by ENMs according to a protocol described by Watson et
al® In brief, 10,000 cells per 100pl/well were loaded for each cell type in 96-well plates (15
mins for TK6 cells and 30 mins for SAECs). After gravitational settling, excess cells were
aspirated, and the chips were rinsed with 1X PBS. Then, molten low-melting agarose was
overlaid onto the chip and allowed to set for 2 mins at 4°C. The chip was then submerged
overnight at 4°C in ice-cold alkaline lysis solution (2.5 M NaCl, 100 mM Na,EDTA, 10mM
Tris, pH 9.5 with 0.5% Triton X-100). After overnight incubation, alkaline unwinding was
performed using alkaline buffer (0.3M sodium hydroxide and 1mM Na,EDTA in distilled
water) at 4°C for 40 mins. Electrophoresis was carried out at 4°C for 30 mins at 21 V and
300mA and then the chips were neutralized using neutralization buffer (0.4 M Tris-HCI
buffer, pH7.5). The chips were stained using 1X SYBR Gold nucleic acid gel staining
(Invitrogen, Cat no # S11494) and fluorescent images of the comets were captured at 4X
magnification using an epifluorescence microscope (Nikon Eclipse 80i, Nikon Instruments,
Inc., Melville, NY) with a 480 nm excitation filter. Comet images were analyzed using
Guicometanalyzer, a custom software developed in MATLAB (MathWorks Inc., Natick,
MA). Outputs from Guicometanalyzer were processed and imported to Microsoft Excel
using Comet2Excel, an in-house software developed in Python Software Foundation (Python
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version 2.7.10). The percentage of DNA in the comet tail was used as a parameter to
measure DNA damage levels.

Assessing DNA repair capacity of cells using the FM-HCR assay.

Step 1: Preparation of reporter plasmids and cocktail composition for FM-
HCR assay: Plasmid preparation was carried out as described in detail by Chaim er a/.82
and Nagel et a/81 The selected DNA repair pathway/lesion studied were NHEJ-dependent
repair of a restriction enzyme induced double strand break, NER-dependent repair of UV-
induced DNA damage, long patch BER of a tetrahydrofuran abasic site analog, and repair of
site-specific base lesions that report the activities of DNA glycosylases including
hypoxanthine (repaired by MPG), 80xoG:C lesion (repaired by OGG1, NEIL1, and NEIL2),
and A:80x0G lesion (repaired by MUTYH). pCX-NNX-D3GFP (a non-fluorescent protein
expressing reporter plasmid) was used as a carrier plasmid to enhance the transfection
efficiency. For each condition, cells were divided into 4 aliquots for transfection: 1) un-
transfected cells; 2) transfection with undamaged plasmid cocktail; 3) transfection with
damaged plasmid cocktail #1; 4.) transfection with damaged cocktail #2. The composition of
each of the cocktails is given in Table 4.

Step 2: Transfection of cells with as-prepared reporter plasmids: The generic
protocol for electroporation of mammalian cells with FM-HCR reporter plasmids has been
described in a previous study of ours.81 In brief, prior to electroporation, 24-well tissue
culture plates with 800 pL per well /transfection of culture medium was placed into a 37°C
incubator with 5% CO, for 10 mins. After incubation with ENMs, TK6 cells were
centrifuged at 300g for 4 mins and the supernatant was carefully aspirated. The cell pellet
was then resuspended in fresh, pre-equilibrated fully supplemented RPMI-1640 culture
medium. 100 pL of cell suspension were aliquoted (untransfected, transfection with
undamaged cocktail 1-2, transfection with damaged cocktail 1 and transfection with
damaged cocktail 2) and then were mixed with the 1.5 pg of plasmid cocktail. Each aliquot
was placed in the MXCell 96-well electroporation plate (Biorad, Cat no#1652681) and
pulsed at 260V and 950 pF. Immediately after pulsing the cells, 100 pL of pre-warmed
media was added into each of the pulsed wells and thoroughly mixed. The complete pulsed
cell medium was transferred to the appropriate well in the 24-well plate and incubated for 24
hours at 37 °C and 5% CO,. Post incubation, the cells were thoroughly resuspended and
transferred to flow tubes for flow cytometry analysis.

SAEC at 60-70% confluency were plated in 12-well plates prior to exposure to ENMs. Post-
exposure, the medium was aspirated from and fresh medium was added to the cells.
LipofectamineTM 3000-based transfection was carried out following the manufacturer’s
guidelines (Thermofisher Scientific, Cat. #L..3000001). In brief, after generating DNA-lipid
complexes, 3.0 pg plasmid cocktail DNA was used added to SAECs and the plates were then
incubated for 24 h at 37 °C incubator, 5% CO,. Post-incubation, the medium was aliquoted
in flow tubes. The cells were trypsinized using 400ul/well of trypsin for 4 mins and then
culture medium containing serum was added to deactivate the trypsin. Trypsinized cells
suspended in medium were added into the flow tube and proceeded for flow cytometry
analysis.
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Step 3: Flow cytometry and analysis: 200ng of each fluorescent plasmid was
transfected during each experiment of TK6 and SAECs which was used for single-color
gating and compensation. The cells were collected after incubation and samples were
processed by Attune NxT flow cytometry (Thermofisher Scientific). Doublets and higher
order aggregates were excluded using forward vsside scatter. Singlet cells were gated to
analyze the fluorescent reporter events. Data were analyzed in the Attune NxT software and
Microsoft Excel following detailed analysis as described by Nagel et a/81 Triplicate
measurements were carried out for each condition. For quality control purposes, 10
fluorescent positive events and transfection efficiency above 0.1% was set as minimum
threshold for data inclusion in our FM-HCR analysis. For each cocktail of plasmids,
transfection efficiency was normalized to the transfection control. NHEJ, long patch BER
and NER are reported as reporter expression (%) which equates to direct proportionality to
repair capacity. Hx(MPG), 80oxoG:C and A:80x0G reporter expression output from flow
cytometry is inversely proportional to the repair capacity because they report the presence of
the DNA lesion through transcriptional mutagenesis that occurs during lesion bypass by
RNA polymerase. To represent data in an intuitive format where the reporter expression is
directly proportional to DRC, we have computed the inverse of the reporter expression (1/
reporter expression in %) for these plasmid readouts. The reporter expression from untreated
cells was then normalized to reporter expression from treated cells of the same day to
control for possible batch effects.

Statistical analyses.

For both the nano-CometChip assay and FM-HCR, one-way ANOVA analyses were used to
compare statistical significance between the signals obtained from cells exposed to ENMs
and control cells. Specifically, for the nano-CometChip assay, one-way ANOVA analysis
with a Dunnett correction for multiple comparisons was used to test for significant
differences between the cells exposed to ENMs versus control cells. For the FM-HCR assay,
the raw fluorescent signals obtained from the internal transfection controls were used to
normalize the fluorescent reporter expression for each plasmid. Then, the fluorescence
signals from damaged plasmids in the ENM-treated cells were normalized against their
undamaged counterparts and presented as percent reporter expression. Finally, percent
reporter expression from the ENM exposed cells was normalized to percent reporter
expression in untreated cells. The resulting normalized percent reporter expression signals
were compared using a parametric unpaired t-test. Multiple comparisons between reporter
plasmid expressions for different DNA repair pathways were considered independent,
therefore statistical significance was set at p < 0.05. All statistical analyses were carried out
on Prism 8.1.
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Step A - day 1:
ENM dispersion, colloidal characterization,
and dosimetric analysis in cell culture medium

Step B - day 1:
cellular exposure to ENMs dispersed in cell
culture medium

Sonication at
ENM-specific DSE,,

&~

e
Addition of
ENM powder
in DI H20 Dilution in
cell culture
medium

¢ Add ENMs to DI H20, sonicate according to
dispersion protocol, and dilute in cell culture
medium.

¢ Perform colloidal characterization and dosimetric
analysis according to published protocols.

J

5
J

'.

C o)Xe®

Exposure of cells in
suspensions to ENMs
dispersed in cell culture

medium, e.g., TK6

Exposure of adherent
cells to ENMs dispersed
in cell culture medium,
e.g., SAEC

¢ Expose adherent or suspended cells to ENMs dispersed
in cell culture medium at sub-cytotoxic doses.
¢ Incubate cells over the desired exposure duration.

Step C - days 2 & 3: Fluorescence Multiplex-Host Cell Reactivation (FM-HCR) assay

Step C - day 2: Step C - day 2: Step C - day 3:
preparation of reporter plasmids for six | Transfection of cells exposed to ENMs Flow Cytometry for DNA repair
DNA repair mechanisms assessment
Electroporation > ®
: (cells in suspension)
6x plasmid DNA ®°® @ _
0 )
O 2 3 “ ’
10
6 Lipofectamine 0
(adherent cells)
(Y [ ) @O 0 10 10'  10' |£|
¢ Preparation of reporter plasmids ¢ Adherent cells are trypsinized and ¢ Quantification of DNA repair
with 6 distinct DNA lesions that transfected with Lipofectamine. by means of flow cytometry in
fluoresce upon repair. e Suspended cells are transfected by live cell population exposed to
means of electroporation. ENMs.

Figure 1. Protocol overview for assessing DNA

repair capacity of cellsusing the Fluorescence

Multiplex Host Cell Reactivation (FM-HCR) assay.
A. Engineered nanomaterials are suspended in cell culture medium according to the

dispersion preparation protocol by Cohen et a/*3 B. Cells are exposed at the desired ENM
concentration over the desired duration of time. C. Fluorescence Multiplex-Host Cell
Reactivation Assay. Step |: Reporter plasmids that carry specific DNA lesions are prepared.
Step I1: Reporter plasmids are then transfected to ENM-exposed cells by means of

electroporation (for suspended TK®6 cells) or

lipofectamine (for adherent SAEC). Step 111:
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The capacity of cells to repair the DNA lesions carried by the reporter plasmids corresponds
to the production of fluorescent proteins and can be directly quantified using flow cytometry.
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Figure 2. DNA damage and DRC quantification in SAEC and TK6 calls exposed to ZnO ENM.
A and B. DRC presented as reporter expression in TK6 cells exposed to ZnO ENM at

various administered concentrations and time-points. Lesion-specific plasmid substrates are
presented on the x axis for NHEJ, long patch BER, NER (A) and Hx(MPG), 8ox0G:C, and
A:8ox0G (B). Reporter expression on the yaxis is normalized to untreated control. Error
bars represents mean + SD; each dot represents one replicate. C. DRC presented as reporter
expression in SAEC exposed to ZnO ENMs at various doses (presented as deposited ENM
mass per cell surface area). x axis presents lesion-specific plasmid substrates and y axis
presents reporter expression (%). D. Quantitation of DNA damage as % DNA in tail region
for SAEC and TKG6 cells following 4-hour exposures to ZnO ENM. Each dot represents
approximately 250 cells. N/A: insufficient positive events; error bars: mean + standard error
(SE); experimental groups are compared for statistical significance to the untreated control;
* p<0.05; ** p<0.005; *** p<0.0005; **** p<0.00005. Doses for SAEC: 1.6 ug/cm? at 4
and 24 hours hours correspond 8 pg/mL administered dose; 15.6 pg/cm? at 24 hours
corresponds to 79 pg/mL administered dose. Doses for TK6 cells correspond to administered
concentrations.
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Figure 3. DNA damage and DRC quantification in TK6 cells exposed to CuO ENM.
A. DRC presented as reporter expression in TK6 cells exposed to CuO ENMs at 10 pg/ml

(administered concentration) after a 4-h exposure. Lesion-specific plasmid substrates are
presented on the x axis for NHEJ, long patch BER, NER (A) and Hx(MPG), 8ox0G:C, and
A:8ox0G (B). Reporter expression on the yaxis is normalized to untreated control. Error
bars represents mean + SD; each dot represents one replicate. C. Quantitation of DNA
damage as % DNA in tail region for TK6 cells following a 4-hour exposure to CuO ENM.
Each dot represents approximately 250 cells. Error bars represents mean + standard error
(SE); experimental groups are compared for statistical significance to the untreated control;
* p<0.05; ** p<0.005; *** p<0.0005.

ACS Nano. Author manuscript; available in PMC 2022 March 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Toprani et al.

A

Normalized Reporter Expression (%)

Normalized Reporter Expression (%)

3009

2501

2004

1504

Page 35

E 10pg/ml-4h Bl 10pg/ml - 24h 100pug/ml - 4h B E 10pg/mi - 4h B 10pug/ml -24h  EF 100ug/ml - 4h

Normalized 1/Reporter Expression (%)

1001 =
==
504
% N/A NA
N NHEJ Long patch BER NER 80x0G:C
DNA repair substrate DNA repair substrate
g 20
250, % 250, D TKS cells SAECs
K]
[
200 @
2004
w X
1504 5 1501 =
€ & (3 . ®e
o = 104
% -— . .
1004 & 100] 3 *
- =) L4 .
°
5 Ee S s0f °]
E= 5
= E
ol _E 5
T NHEJ = Hx(MPG) 80x0G:C A:80x0G 0
x( ) 8oxoG: B0X0! Untrealed 10pglml 10|.|g/m| 100uglm| Untreatad 1.6pg/cmz2 15.4 Guglcmi 1. Guglcml
DNA repair substrate
DNA repair substrate DNA repair substrate Treatment parameters

Figure 4. DNA damage and DRC quantification in SAEC and TK6 calls exposed to GapO3 ENM.
A and B. DRC presented as reporter expression in TK6 cells exposed to Ga,0O3 ENMs at

various administered concentrations and time-points. Lesion-specific plasmid substrates are
presented on the x axis for NHEJ, long patch BER, NER (A) and Hx(MPG), 8ox0G:C, and
A:8ox0G (B). Reporter expression on the yaxis is normalized to untreated control. Error
bars represents mean + SD; each dot represents one replicate. C. DRC presented as reporter
expression in SAEC exposed to GapO3 ENMs at various doses (presented as deposited ENM
mass per cell surface area). x axis presents lesion-specific plasmid substrates and y axis
presents reporter expression (%). D. Quantitation of DNA damage as % DNA in tail region
for SAEC and TKG6 cells following 4-hour exposures to Gap,O3 ENM. Each dot represents
approximately 250 cells. N/A: insufficient positive events; error bars: mean + standard error
(SE); * p<0.05. Doses for SAEC: 1.6 pg/cm? at 4 and 24 hours hours correspond 5 pg/mL
administered dose; 15.6 pg/cm? at 24 hours corresponds to 54 pg/mL administered dose.
Doses for TK6 cells correspond to administered concentrations.
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Figure 5: Overview of DNA repair capacity (DRC) changes following treatment of SAEC or TK6

cellswith ZnO, CuO, or GapO3z ENM.

Baseline DRC from untreated cells is set at 100% (white color). Blue color denotes
statistically significant DRC inhibition (<100%) while red color denotes statistically
significant DRC increase compared to untreated cells. SAEC: small airway epithelial cells;
BER: base-excision repair; NER: nucleotide excision repair; HX(MPG): hypoxanthine

methylpurine glycosylase; X: non-significant change.
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Diseases and functional consequences possibly associated with inhibited or increased DNA repair activity

DNA repair pathway

Diseases possibly associated with DNA repair
inhibition

Functional consequences possibly
associated with increased DNA repair
activity

BER (base excision repair)

neurodegeneration;134 Alzheimer’s disease;13
complete defect in immunoglobulin class-switch
recombination, hyper-immunoglobulin M
syndrome, infections, lymphoid
hyperplasial36.137

gastric,138 colorectal, 139 and ovarian
cancer3?

NER (nucleotide excision repair)

Parkinson’s disease;14? increased genomic
sensitivity to UV radiation4!

ERCC1-associated resistance to platinum-
based chemotherapy against gastric!42 and
bladder cancer4?

NHEJ (non-homologous end joining
repair)

immunodeficiency44

hyperactive NHEJ promotes leukemia in the
context of Fanconi anemial4®

MPG (methylpurine-DNA glycosylase-
mediated repair)

diabetes, ischemic heart disease46

lung cancer4?

A:80x0G (oxidative lesion repair initated
by MUTYH DNA glycosylase)

atherosclerosis; 3> colon polyposis!3®

N/A

8ox0G: C (oxidative lesion repair initiated

by OGGL1 glycosylase)

lung cancer4”

potential excess activation of OGG1-
dependent transcription148

N/A: no relevant studies available in the literature at the time of writing
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Table 2.

Physicochemical Characterization of ENMs Used in DNA Repair Assessment”

ENM | SSA (m?%g) | dger (M) | drem (nm)
Ga,0; | 251+19 4 <5

Cuo D141 by bsos11
Zno bigs1 bgy b6 +17

HSSA (specific surface area) as measured by nitrogen adsorption according to the Brunauer-Emmett-Teller (BET) method; dBET, primary particle
diameter calculated from SSA values; dXRD, particle diameter as determined by X-ray diffraction.

bData taken from Duean et a/31
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Table 3.

Colloidal characterization of ENMs used in DNA repair assessment”

Page 39

DI H,0 RPMI SAGM
ENM dy (nm) PDI ¢ (mV) | DSE; (I/mL) | dy (nm) PDI € (mv) dy (nm) PDI ¢ (MmV) | per(g/mL)
Gay03 94 +3 0201 | 381 76 400+9 | 0329 | -6+0 | 2027 +245 | 0417 | -11+1 | 1.13+0.01
CuO 434+22 | 0.330 | -14+0 416 434+22 | 0111 | -12+2 | 702+184 | 0686 | -9+1 6.153%
ZnO 274+6 | 0.188 18+1 420 849+75 | 0444 | -12%2 301+6 0235 | -9+0 6.155 ™

adH, hydrodynamic diameter as measured by dynamic light scattering (DLS); PDI, polydispersity index associated with intensity-weighted DLS
measurements; C, zeta-potential measured by electrophoretic light scattering; DSEgy, critical delivered sonication energy as measured by a protocol

we have previously provided elsewhere;86 peff, effective density as measured by the Harvard volumetric centrifugation method;88

*
density values as measured by N2 pycnometer and reported elsewhere were used as peff for ZnO and CuO ENMs due to their lack of

agglomeration in SAGM.
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Table 4.

Composition of plasmid cocktails used in this study.

Page 40

Three plasmid cocktails (Undamaged 1 & 2, Damage 1, and Damage 2) of 4 colors (BFP, GFP, mOrange, and
mPlum) were prepared to measure repair capacity of cells for 6 DNA repair proteins/pathways. pmax

backbone plasmid was used for this study. Details of plasmid fluorochrome reporter, filter, and flow channel

were used to gate the fluorescent reporter events. The amount (in ng) of each plasmid reporting for a particular
pathway of interest is mentioned. pmax_mOrange (in cocktail Damage 1) and pmax_BFP (in cocktail Damage
2) were used as transfection controls.

Serial

Fluorochrome
of reporter
plasmid,
fluorochrome,
filter, flow
channel

Undamaged cocktails 1 &
2

Damage cocktail 1

Damage cocktail 2

Amount

Plasmid (ng)

Plasmid

Amount
(ng)

Pathway

Plasmid

Amount
(ng)

Pathway

BFP
(Pacific Blue,
440/50, VL-1)

pmax_BFP 50

pmax_BFP_Scal
digested

100

NHEJ]

pmax_BFP

25

Control

GFP
(FITC, 530/30,
BL-1)

pmax_GFP 50

pmax_GFP_THF

50

Long
patch
BER

pmax_GFP_Hx

50

HX(MPG)

mOrange
(Phycoerythrin/
PE, 585/16,
YL-1)

pmax_mOrange 100

pmax_mOrange

100

control

pmax_mOrange_80x0G-
C

100

80x0G:C

mPlum
(PE-Cy5.5,
695/40, YL-3)

pmax_mPlum 100

pmax_mPlum_UV800J/
m2

100

NER

pmax_mPlum_A-80xoG

100

A:80x0G

pex_nnx-
D3GFP 1000

pex_nnx-D3GFP

1000

Carrier

pcex_nnx-D3GFP

1000

Carrier
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