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Antibiotic resistance combined with pathogen internalization leads to
debilitating infections. Here we test novel superoxide producing,
stimuli-activated quantum dots (QDs), to treat an intracellular infec-
tion of Salmonella enterica serovar Typhimurium in an osteoblast
precursor cell line. These QDs are precisely tuned to reduce dissolved
oxygen to superoxide and kill bacteria upon stimulation (e.g., light). We
show QDs provide tunable clearance at various multiplicities of
infection and limited host cell toxicity by modulating their concen-
tration and stimuli intensity, proving the efficacy of superoxide
producing QDs for intracellular infection treatment and establishing
a framework for further testing in different infection models.

The rapid emergence of multi drug resistant (MDR) infectious
diseases has created a global health crisis which is made worse
by the decreasing pipeline of new antimicrobial therapies in
production.’” In the United States, as reported by the Center for
Disease Control in 2019, there are more than 2.8 million
antibiotic-resistance infections each year and more than 35 000
deaths.® Compounding the emergence of MDR bacteria is
bacteria's ability to evade treatment by residing intracellularly
within host cells. By hiding intracellularly, bacteria create
multiple physical barriers to treatment: the host cell
membrane, any intracellular vacuole, and the bacteria
membrane.” Antibiotics such as B-lactams, aminoglycosides,
fluoroquinolones, and macrolides have little or no efficacy in
treating intracellular infections due to poor transport into host
cells, low retention in host cells, or decreased intracellular
concentrations due to the host cell environment.” Due to these
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compounding issues a novel solution to treat infectious disease
is desperately needed.

One solution is to mimic the body's natural defense mech-
anism. Within the innate immune system macrophages,
neutrophils, and dendritic cells eliminate intracellular infec-
tions through phagocytic respiratory burst. Respiratory burst
clears intracellular infections by generating a lethal bolus of the
reactive oxygen species (ROS) superoxide (O, ).'*** This toxic
dose of superoxide induces oxidative stress causing DNA
damage, protein damage, and eventually lysis."*** Additionally,
perturbing ROS concentrations is an effective extracellular
antimicrobial as many antibiotics induce oxidative stress,
including aminoglycosides, quinolones, rifampicin, and
chloramphenicols.*

While most therapeutics are effective at eliminating extra-
cellular bacteria, here we expand on bacteria's sensitivity to ROS
perturbations by utilizing superoxide-producing quantum dot
(QD) nanoparticles to treat an intracellular infection. Unlike
numerous antibiotics, studies show that nanoparticles have
enhanced transport into mammalian cells and are more effec-
tive at treating intracellular infections compared to small
molecules alone.’**® Further, we have shown that superoxide
specific generation offers the largest therapeutic window when
comparing different ROS,* while still eliminating bacteria at
nanomolar concentrations without showing toxicity in different
mammalian cell lines?>*** or a murine model,** the latter of
which showed robust renal clearance of CdTe-2.4 eV QDs with
no deleterious effects to host organ systems. Combining the
superior transport of these nanoparticles and superoxide's large
therapeutic window creates an ideal treatment for intracellular
infections.

Quantum dots (QDs) are semiconductor nanoparticles that
have tunable quantum states based on their size, shape, and
material, conferring specific reduction and oxidation poten-
tials.>>*¢ Based on their specific reduction potential, QDs can
react with surrounding molecules upon activation by a stim-
ulus. They do so by utilizing the provided stimuli to activate an
electron across their bandgap, creating an electron hole pair

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d2na00378c&domain=pdf&date_stamp=2023-03-25
http://orcid.org/0000-0002-8389-9917
https://doi.org/10.1039/d2na00378c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00378c
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA005007

Open Access Article. Published on 07 March 2023. Downloaded on 3/30/2026 11:06:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

which, based on the redox potential, can react with available
molecules nearby. Here we use light activated cadmium tellu-
ride QDs (~3 nm in diameter) tuned to a bandgap of 2.4 eV,
a redox potential specific to reduce dissolved oxygen to
superoxide.””*® By being stimuli-activated these therapeutic
nanoparticles also provide spatial and temporal control,
providing opportunities to negate the negative effects of broad-
spectrum antibiotics that eliminate infectious and beneficial
bacteria throughout the body and unnecessarily expose all
bacteria, increasing the likelihood of resistance to develop.

Here we test our superoxide producing nanoparticles in
treating a bone intracellular infection model, specifically
a Salmonella infection of preosteoblast cells. Osteomyelitis,
bacterial infection of bone, is devastating and difficult to treat
as it is known to be chronic, reoccurring, and often refractory to
antibiotics due to the dense matrix of bone and internalization
of bacteria. Osteomyelitis can require long-term (6-18 months)
antibiotic treatment, surgical debridement, and amputation,
and has high rates of treatment failure leading to bone loss and
death.?*> Specifically, Salmonella enterica serotype Typhimu-
rium causing osteomyelitis has a high incidence rate in patients
with Sickle Cell Disease and is known to infect intracellularly,
creating further physical barriers for treatment.**** The
combined rise in MDR infections and osteomyelitis' difficult
treatment and devastating outcomes warrant novel solutions.
Given the severity of osteomyelitis and its uniquely challenging
treatment, we selected preosteoblast cells for our model as
a proof of concept for translation of our treatment to a variety of
elusive intracellular infections (such as gastrointestinal or
dermal infections). Here we investigate the use of superoxide
producing nanoparticles as a therapy for the hard to treat and
hard to reach intracellular infections.

Prior to testing an intracellular infection treatment of
Salmonella enterica serovar Typhimurium strain SL1344, the
toxicity of our superoxide specific generating nanoparticles was
validated extracellularly. These 3 nm, cadmium telluride, semi-
conducting nanoparticles are rationally designed to achieve
a 2.4 eV band gap, that upon light activation generates an
electron-hole pair at the precise reduction potential to convert
dissolved oxygen to superoxide (Fig. 1A, left). The reduction
potential is specific to the material properties and size (corre-
lated to band gap distance); as such the same cadmium tellu-
ride nanoparticle at a different size, and therefore smaller band
gap of 2.2 eV, does not produce superoxide because its
conduction band is no longer above molecular oxygen's reduc-
tion potential (Fig. 1A, right). Superoxide producing CdTe-2.4 eV
emits green light and CdTe 2.2 eV emits red light, therefore,
figures using CdTe-2.4 eV are shown in green and figures using
CdTe 2.2 eV are shown in red. Superoxide production was
validated using electro paramagnetic resonance (EPR) spec-
troscopy (Fig. 1B and ESI Fig. S17), where we see superoxide
production as well as hydroxyl adducts from immediate super-
oxide dismutation to hydroxyl radicals. Normalized superoxide
production shows a significant reduction in superoxide
productions between CdTe-2.4 eV and CdTe 2.2 eV (two sample
t-test, P < 0.001). Due to the wider size distribution of CdTe-
2.2 eV as compared to the CdTe-2.4 eV (ESI Fig. S11), there is
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a small portion of nanoparticles at the correct size to produce
superoxide; therefore, superoxide production is not eliminated
completely but reduced to 20% that of the CdTe-2.4 eV QDs.

Superoxide specific toxicity of Salmonella was tested by
microdilution in broth culture to a 1:1000 dilution from over-
night culture followed by 18 hours of growth with or without
light activation (Fig. 1C). Bacterial optical density normalized to
no treatment shows that with the addition of CdTe-2.4 eV
nanoparticles causes no significant reduction in growth (two
sample #-test, P > 0.05) without light activation (dark), and
therefore no superoxide production, at 100, 400, or even 600 nM
(Fig. 1F). Upon light activation a concentration dependent
growth reduction is seen at all three concentrations, indicating
a superoxide specific dependence on bacterial toxicity (Fig. 1D
and F, two sample #-test, P < 0.05). The addition of light shows
no toxicity as seen by comparing no nanoparticle treatment in
light and dark conditions (ESI Fig. S27). Further validation used
CdTe 2.2 eV as a superoxide specific toxicity control while
maintaining the same materials and incorporating light illu-
mination. Upon treatment with light activated CdTe-2.2 eV the
growth inhibition is significantly less than that of the CdTe-
2.4 eV at 100, 400, and 600 nM, and no growth inhibition in dark
conditions (Fig. 1E and G).

With an established toxicity threshold determined for
extracellular Salmonella, we established the toxicity threshold
for the preosteoblast host cells in our intracellular infection
model to verify a therapeutic window. Reactive oxygen species
can be toxic to mammalian cells but at higher concentrations
than typically seen for bacteria.”” Here we confirm that by
measuring the viability of the osteoblast precursor cells after 18
hours of treatment with CdTe-2.4 eV under light activation
(Fig. 2A). Osteoblast precursor cells were allowed to adhere for
24 hours prior to addition of QD nanoparticles at an initial
seeding density of 10000 cells per well in a 96-well plate.
Viability was measured using a resazurin metabolic assay which
is converted to the fluorescent molecule resorufin by the
metabolism of viable cells. Percent viability was determined by
normalizing fluorescence to no treatment. No toxicity was seen
up to 1 uM of CdTe-2.4 eV under light activation (Fig. 2B, ESI
Fig. S3 & S4t two sample t-test, P > 0.05).

Prior to testing the therapeutic efficacy of superoxide
producing nanoparticles as a Salmonella intracellular infection
treatment, we established and characterized the intracellular
infection of Salmonella in preosteoblast cells. The preosteoblast
cells were seeded at 10 000 cells per well in a 96 well plate and
allowed to adhere for 24 hours prior to infection (Fig. 3A).
Before infection, Salmonella was grown overnight, diluted 1: 10,
regrown for 3 hours, and added to the preosteoblast cells at the
desired multiplicity of infection (MOI). The CFU per mL of
Salmonella was determined using optical density at 600 nm and
a previously determined linear calibration (ESI Fig. S5t). After
allowing 45 minutes for the Salmonelia to infect, the media was
replaced with preosteoblast growth media containing genta-
micin for 75 minutes. Gentamicin is an antibiotic that cannot
enter eukaryotic cells and thereby kills the extracellular bacteria
while maintaining an intracellular infection.*® The media was
then replaced to remove any dead extracellular bacteria and
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Fig. 1 Superoxide specific bacterial toxicity. (A) CdTe nanoparticles synthesized at different bandgap sizes, 2.4 eV and 2.2 eV, where the green
emitting CdTe produces superoxide and the red emitting CdTe does not. (B) EPR showing significant reduction in superoxide generation
between green and red CdTe. (C) Bacterial growth assay scheme with nanoparticle and light activation treatment. (D) Growth curve (20 hours) of
Salmonella treated with 600 nM CdTe-2.4 eV in dark (left) and light activation (right). (E) Growth curve (20 hours) of Salmonella treated with
600 nM CdTe 2.2 eV in dark (left) and light activation (right). (F) Optical density, 600 nm, at 18 hours of treatment condition normalized to no
treatment condition for CdTe-2.4 eV. Significant reduction (t-test, unpaired, equal variance, « = 0.05) was seen in all CdTe-2.4 eV light activation
conditions and not in dark. (G) Optical density, 600 nm, at 18 hours of treatment condition normalized to no treatment condition for CdTe 2.2 eV.
Significant reduction (unpaired t-test, equal variance, « = 0.05) was seen in all CdTe 2.2 eV light activation conditions and not in dark at 16 hours
of growth. The reduction due to light activation with CdTe 2.2 eV is much less than was CdTe-2.4 eV.

incubated for 18 hours in gentamicin containing media to
retain the intracellular infection.

First, the infection was characterized by varying the MOI and
enumerating the colony forming units (CFU) within the pre-
osteoblast cells at the end of 18 hours of incubation by lysing
the host mammalian cells (Fig. 3A). The infected MOI varied

from 12 (48.5) to 155 (£7.1) (1.2 x 10° & 8.5 x 10° to 1.55 x 107
+ 7.1 x 10° CFU per mL) and showed a linear trend in the lysed
CFU per mL compared to the infected CFU per mL up to an MOI
of 79 (+11.3) where the linear trend no longer seemed to hold
(R*> = 0.875). At 155 MOI the associated lysed CFU per mL
decreased and did not follow the linear trend (R*> = 0.832),
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Fig.2 Nanoparticle toxicity threshold in preosteoblast. (A) Schematic of toxicity testing protocol of CdTe-2.4 eV in preosteoblast cells with light
activation. (B) Resazurin assay results of preosteoblast cell viability after 18 hours of CdTe-2.4 exposure with light activation. Statistically
significant toxicity seen at 1 uM CdTe-2.4 eV (unpaired t-test, equal variance, a = 0.05).
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Fig. 3 Characterization of Salmonella intracellular infection of preosteoblast cells. (A) Schematic of Salmonella intracellular infection of pre-
osteoblasts protocol. (B) Characterized linear trend of increasing infected CFU per mL compared to lysed intracellular load in CFU per mL. (C)
Preosteoblast viability characterization with increasing CFU per mL using a lactase dehydrogenase (LDH) assay showing no statistical toxicity at
10 MOI (unpaired t-test, equal variance, a = 0.05). (D) Brightfield images of preosteoblast cells infected with Salmonella expressing GFP (green)
showing an increasing in GFP containing cells with an increase in infected MOI.

potentially reaching a saturation point (Fig. 3B). Microscopy
also showed an increase in fluorescent intracellular GFP from
SL1344 with increasing MOI (ESI Fig. S61). Additionally, we
determined the maximum MOI before affecting host cell
viability by varying the MOI and measuring the amount of
lactase dehydrogenase (LDH) released from damaged host cells.
The LDH toxicity assay determined that an MOI of 10 does not
affect host cell viability (P = 0.78, Fig. 3C). Finally, the intra-
cellular infection was also visualized by microscopy aided by the
fact that the Salmonella SL1344 expresses GFP from the chro-
mosome. Increasing MOI also showed an increased number of
infected preosteoblast cells, seen by increased GFP containing
cells (Fig. 3D).

Following QD toxicity testing of Salmonella and the host cells
individually, we measured the efficacy of intracellular infection
treatment. The same protocol as for infection was followed
except that CdTe-2.4 eV was added to the final media change
before the 18 hour incubation and incubation was done under
light activation (Fig. 4A). At all QD concentrations tested there
was significant reductions of total intracellular bacteria load

© 2023 The Author(s). Published by the Royal Society of Chemistry

while under light activation, shown through microscopy and
intracellular CFU load. Visualization using microscopy also
showed a dramatic decrease in intracellular GFP fluorescence,
indicating a reduction of intracellular bacteria (Fig. 4B). The
total intracellular load or percent infection, total bacteria in
lysate normalized to no treatment, decreased with treatment to
40.3% (+13.9), 18.1% (£3.0), and 16.5% (+5.2) for 100, 400, and
600 nM respectively (Fig. 4C and ESI Fig. S7,} two sample t-test,
P > 0.05). Additionally, we varied the MOI to see if a decreased
burden of infection would be easier to treat. Treating with
100 nM CdTe-2.4 showed a decrease in intracellular infection
loads across all MOIs but maintained a similarly proportioned
intracellular load to no treatment. However, at 600 nM CdTe-
2.4 eV while all MOIs show a drop in intracellular load
compared to no treatment at the lower MOIs, 1 and 5 MOI, there
is no longer a statistical difference in the intracellular load
indicating that treatment is more effective at lower MOIs
(Fig. 4D).

Light activated nanoparticles are advantageous in that they
can be spatially and temporally modulated based on the

Nanoscale Adv., 2023, 5, 1910-1918 | 1913


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00378c

Open Access Article. Published on 07 March 2023. Downloaded on 3/30/2026 11:06:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

View Article Online

Communication

A Infection QD Addition  Light Activation
Preosteoblasts
= = - = CFU
Salmonella “\ & 7 %r(;e_?: ‘0.8 |2
o (o0 ® |s|g]e o shee
yﬁ \ \ ‘\ ; LE : /T Imaging

A NN | QNN 3

45 minutes 18 hours
B No Infection No Treatment

[ Actin |

400 pm

(@)

5 100%1 1E+05
-‘6 &
2 E
E * ~
- * * S 5E+04
S 50%- £ )
[&]
o I
S .
i
0%
0 | 10 [ 50 [ 100 ] 400 | 600 |

150% - Low Light Intensity

;mg: [ INormal Light Intensity
Bl oMol
S *
‘gmo%-
"OE .
s
S 50%- 2
—
w *
D- *
0%
o [ 10 [ 100

QD Concentration (nM)

QD Concentration (nM)

QD Concentration (nM)

Fig. 4 Treatment of intracellular infection of Salmonella by light activated CdTe-2.4 eV nanoparticles. (A) Infection and treatment schematic of
Salmonella intracellular infection of preosteoblasts treated with light activated CdTe-2.4 eV. (B) Confocal microscopy images of preosteoblasts
stained with Dapi (blue, nuceli) and phalloidin 647 (magenta, actin) and Salmonella expressing GFP (green). No infection shows no GFP fluo-
rescence and no treatment compared to 100 nM CdTe-2.4 eV treatment shows a significant reduction in GFP at 10 MOI. (C) Percent infection
(normalized lysed CFU per mL of each treatment condition to the lysed CFU per mL of the no treatment condition) at various treatment
conditions showing statistically significant reduction in percent infection at all treatment concentrations (unpaired t-test, equal variance, a =
0.05). (D) Lysed CFU per mL of CdTe-2.4 eV treatment of intracellular infection at varying MOls. The intracellular load of 1 MOI was statistically
different to 5 and 10 MO, as such the final intracellular load after 100 nM treatment for 1 MOl was also statistically different to 5 and 10 MOI. 5 and
10 MOI were not statistically different to each other at 0 nM or 100 nM treatment. At 600 nM the intracellular load of 1 and 5 MOl are no longer
statistically different but now 10 MOl is statistically different from 1 and 5 MOI. (E) Percent infection of 10 MOI Salmonella intracellular infection at
with CdTe 2.4 eV treatment at varying concentration and light intensity, low intensity at 67% of normal intensity. All statistics were done using an

unpaired t-test assuming equal variance (« = 0.05).

location and severity of infection. Light intensity directly
correlates with nanoparticle activation and superoxide
production creating further personalization.” With the same
visible white light (~450-550 nm) as was used for activation of
the CdTe-2.4 eV QDs, we tested the effect of light intensity
modulation to determine if there is a correlated effect on
treatment efficacy. With a decreased light intensity (67% of
previous light intensity, ESI Fig. S87) there is similar clearance
of an intracellular infection at 100 nM, but a statistically
insignificant decrease in clearance at 10 nM for low light
intensity as compared to normal light intensity (Fig. 4E and ESI

Fig. S97).

1914 | Nanoscale Adv, 2023, 5, 1910-1918

Here, we introduced foundational work for a new approach
to the treatment of intracellular bacterial infection. Our CdTe-
2.4 eV QDs effectively inhibited growth of Salmonella Typhi-
murium in broth culture due to specific production of super-
oxide ROS. QDs without photoactivation showed minimal effect
on bacterial growth (Fig. 1D and F, ESI Fig. S2) and QDs tuned
to a 2.2 eV bandgap, which do not specifically produce super-
oxide, were less effective in inhibiting growth compared to
2.4 eV QDs (Fig. 1E and G, ESI Fig. S2). Though some inhibi-
tion of Salmonella growth was observed in the presence of these
2.2 eV QDs, this may be attributed to the larger spread of QDs
present in the 2.2 eV QD samples (ESI Fig. S11). As the 2.2 eV
QDs were synthesized by increasing thermal reaction time, the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spread in QD diameter was larger, resulting in a range of QD
sizes averaging a bandgap of 2.2 eV. Thus, a fraction of the QDs
would still be able to produce superoxide when activated by
light (Fig. 1B), leading to the less pronounced but statistically
significant decrease in Salmonella growth. Note that the 2.4 eV
QDs require a shorter thermal reaction time, therefore the
spread in size and bandgap of these QDs is considerably
narrower.

While both 400 nM and 600 nM concentrations of CdTe-
2.4 eV QDs was sufficient to inhibit Salmonella growth by more
than 50% of control, no toxicity was observed at these concen-
trations in preosteoblast cells (Fig. 2B, ESI Fig. S4t) measured
by a Resazurin Viability Assay. A QD concentration of 1 uM
caused toxicity, though it did not completely kill all preosteo-
blast cells. As such, we proceeded with testing ranges of QD
concentrations up to 600 nM against intracellular infections.
Note that while resazurin showed a convincing lack of toxicity at
600 nM and below (Fig. 2B), LDH assays did not give conclusive
results. This may be due to the nature of the positive control in
the LDH assay, which is lysing of cells with Triton-X, compared
to that in the resazurin assay, which is addition of no cells. This
results in larger variability of the positive control in the LDH
assay where potentially not all cells are dead.

A low MOI was chosen for infection of preosteoblast cells
with Salmonella Typhimurium to ensure linearity between
infection CFU per mL and CFU per mL post-lysis (Fig. 3B).
Additionally, 10 MOI did not cause toxicity to the preosteoblast
cells, while higher MOI led to decreased viability of preosteo-
blast cells (Fig. 3C). Higher MOI was directly correlated to
higher number of infected cells (Fig. 3B and D, ESI Fig. S67),
rather than just increasing severity of infection in a small
population of cells, therefore we could reliably expect that MOI
used at the start of the infection would predict final count of
infected cells after incubation.

Intracellular infection of Salmonella Typhimurium in pre-
osteoblast cells were successfully treated using CdTe-2.4 eV QDs
(Fig. 4C and ESI Fig. S71). Increased QD concentration resulted
in decreased final CFU of intracellular bacteria, with significant
decrease in infection observed at QD concentrations of 10 nM
and above. Degree of infection was visually confirmed by
imaging the GFP-expressing Salmonella. Treatment with QDs
led to fewer infected cells (Fig. 4B). The CdTe-2.4 eV QDs were
also tested against lower MOI infections, showing that the
clearance of infection was not decreased when MOI was
increased from 1 to 5 or 10. At 600 nM, though lower MOIs have
little remaining bacteria and there is no difference between 1
and 5 MOI, there is still a difference between low MOIs (1 and 5)
and a high MOI (10), showing that it is easier to clear a lower
MOI infection. Higher MOI conditions were not tested, as
higher than 10 MOI resulted in decreased viability of host cells
(Fig. 3B) which could confound results.

The effect of varying light intensity on QD efficacy was also
explored. While 100 nM QD showed no difference regardless of
low or high light intensity (ESI Fig. S8 and S91) we observed
a decrease in the effect of lower QD concentrations on infection
when light was kept at low intensity. Higher light intensity was
not tested due to the negative effects of heating on mammalian

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

cells. This confirms the dependence of this treatment on
photoactivation.

While intracellular bacterial infections are traditionally hard
to treat due to the multiple barriers that antibiotics must cross
to reach the invading pathogens, our CdTe-2.4 €V QDs are able
to effectively mitigate intracellular infections even at low dosage
concentrations. The decrease in bacterial load because of CdTe-
2.4 eV QD treatment may be sufficient to enable host immune
response to clear osteomyelitis infection. Additionally, previous
work shows that QDs synergize with conventional antibiotics,
suggesting combination therapy as an option for particularly
infections or immunocompromised patients.”> In
cultured mammalian cells, the upper limit before seeing
significant toxicity was seen to be about 1 uM, but in an in vivo
setting, localized higher doses may be possible. Higher light
intensities would also be possible in an in vivo setting as slight
heating from the LEDs would not be as detrimental as they are
for mammalian cells in vitro. Further exploration into the effi-
cacy of the QDs against a variety of intracellularly infecting
strains of bacteria and infected mammalian cell types would
better characterize the full capabilities of this treatment.

This treatment displays how superoxide producing nano-
particles can effectively treat an intracellular infection. The
spatial and temporal tunability of this therapeutic means it can
be adapted to treat various infections and the small size of the
nanoparticles allow it to transport into hard-to-reach areas.
While a treatment that is dependent upon visible light activa-
tion does not translate well to a therapeutic for deep bone
infection, the work presented here lays a foundation for treat-
ment of superficial intracellular infections in which QDs can be
activated with visible light. Furthermore, we have recently
developed superoxide producing nanoparticles that are acti-
vated by near infrared light which penetrates tissues better.>
Future work will be done on developing superoxide producing
nanoparticles activated by further penetrating stimuli such as
ultrasound.

Here we have established and characterized an intracellular
infection of Salmonella in preosteoblast cells as well as validated
the effective treatment of Salmonella extracellularly and intra-
cellularly using superoxide producing, light activated nano-
particles. We've shown how light modulation directly correlates
to infection clearance and can be tuned based on infection
severity. We have also shown an increased therapeutic efficacy
at lower MOIs.

severe

Materials and methods

QD synthesis and filtration

CdTe-2.4 eV and CdTe 2.2 eV QDs were synthesized as described
previously in Courtney et al. 2016. Briefly, the cadmium
precursor was made by combining CdCl, (0.4 mg mL™"; Sigma)
and 3-mercaptopropionic acid (1 mg mL™'; Fischer) in
degassed, double distilled water (DDW). An equal volume of
cadmium precursor and degassed DDW were added to 0.5 M
NaOH (0.2% total volume) and NaHTe (40 mg mL ", 0.2% total
volume) to make the unreacted CdTe precursor solution. The
precursor solution was stored at 4 °C, sealed and protected from
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light for up to a month. CdTe was reacted on the same day as it
was used by splitting into 500 pL aliquots and reacting at 98 °C
until the desired size, 2.4 eV or 2.2 eV, was achieved. Sterile
supplies and procedure was used throughout. The QDs were
then filtered and washed in 200 pL batches to remove any
unreacted starting material using 100 pL sterile pH 11 for rinses
in a sterilized 4 K Nanosep filter (Pall) and centrifuging at
10k rpm for 7 minutes for each filter and wash step. QD were
washed thrice and redispersed in 100 pL pH 11 water. QD
concentration was determined by acquiring ultraviolet-visible
spectra using a VWR UV1600-PC spectrophotometer at 1 nm
resolution and calculating the concentration with optical
concentration correlations.>®

EPR superoxide characterization

Nanoparticles were synthesized, filtered, and washed as
described above except final redispersion was done in DDW and
supplemented with DMPO (1 vol%; Dojindo). Samples were
kept in dark conditions as much as possible before testing. EPR
spectra was acquired using a Bruker Elexsys E 500 spectrometer
with an SHQE cavity at 7 mW microwave intensity. Samples
were loaded into four quartz capillaries and first measured in
dark for a baseline and then measured with 365 nm light for
30 s for each scan. Ten scans were done and the normalized
superoxide was calculated by taking the average of the ten scans
and normalizing to the average of the CdTe-2.4 eV ten scans.
Normalized superoxide production for CdTe-2.2 eV was deter-
mined by first calculating the relative superoxide production of
CdTe-2.2 eV compared to CdTe-2.4 eV while accounting for
difference in concentrations, using eqn (1) where EPR is the
average over 10 scans and A is the area under the absorbance
curve from UV-vis from 400 nm to 800 nm, and then normal-
izing to the average of the CdTe-2.4 eV ten scans.

EPRcdre22ev X Acdrendev

Relative superoxide production =
Acdrer2ev

1)

Bacterial cell culture

Bacterial cultures where maintained long-term in Lysogeny
Broth (LB, Sigma-Aldrich) media with 40% glycerol at —80 °C.
SL1344 was cultured in LB supplemented with streptomycin (30
pug mL™" liquid culture, 40 pg mL™' solid media, Sigma-
Aldrich). From a freezer stock, bacteria were streaked onto
solid media and overnight cultures inoculated from individual
colonies off of solid media and grown for 16 hours at 37 °C with
shaking.

Osteoblast cell culture

MC3T3-E1 pre-osteoblast cells (ATCC, CRL 2593) were seeded at
passage 8 from long-term storage, 10% DMSO and full growth
media in liquid nitrogen. MC3T3-E1 cells were maintained at
sub-confluent density in full growth media, Minimum Essential
Media (MEM) Alpha (Gibco) supplemented with 10% Fetal
Bovine Serum (Atlanta Biologics) and 1% antibiotics (5000 units

1916 | Nanoscale Adv, 2023, 5, 1910-1918

View Article Online

Communication

per mL penicillin, 500 pg mL ™" streptomycin, hyclone), at 37 °C,
5% CO,, and humidity. Once recovered from a freezer stock,
cells were passaged into three separate flasks, maintained and
subcultured as separate biological replicates for all experi-
ments. In all 96 well plate experiments, unless otherwise indi-
cated, MC3T3-E1 cells were seeded into 96 well plates at 10 000
cells per well in 100 pL of full growth media and allowed to
adhere for 24 hours prior to experiment.

QD toxicity in osteoblasts

QDs were serially diluted into full growth media and allowed to
adhere for 24 hours. After 24 hours media was replaced with QD
containing media and incubated in light or dark conditions for
18 hours. For the Lactate Dehydrogenase (LDH) cytotoxicity
assay (CytoSelect™ LDH Cytotoxicity Assay Kit, Cell Biolabs)
manufacturer protocol was followed, briefly 50 uL of sterile
double distilled water was added to the supernatant and 100 pL
of the supernatant solution was transferred to a new 96 well
plate. The supernatant was reacted with the LDH cytotoxicity
assay reagent for 30 minutes at 37 °C and 5% CO,. Absorbance
was read at 450 nm and background subtracted. Percent toxicity
was calculated using eqn (2). For the resazurin viability assay
cell seeding, culture, and treatment were done in the same way
as the LDH assay. Following 18 hours of treatment media was
exchanged with full growth media containing 44 uM resazurin
sodium salt (Sigma-Aldrich) and incubated at growth condi-
tions for 3—4 hours then fluorescence measured using excitation
at 560 nm and emission at 590 nm. Percent viability was
calculated using eqn (3) where FI is fluorescence intensity at
590 nm emission (560 nm excitation) and percent toxicity was
calculated as the inverse.

Percent toxicity — absorbance;r;g;"‘;f“‘ — absorbancejg, eament
absorbancefgy v ™! _ absorbancejg, <™
(2)
Itreatment _ Flposilive control
Percent Vlablhty = Flnfrxeszi(r)r:el:l _ Ff::)ssi?i(\)/:(?:)mml (3)
Em 590 nm Em 590 nm

Salmonella infection characterization & QD treatment

SL1344 was grown overnight (16 hours) in LB containing
streptomycin, diluted 1:10 in 5 mL of LB, and grown for 3
hours. Following regrowth, bacteria was rinsed in PBS twice, to
remove remaining antibiotic, and a final rinse and resus-
pension performed in DPBS. ODgoonm Was measured, with
media subtracted, to determine the CFU per mL and bacteria
was diluted into DPBS to the desired MOI based on 10 000
osteoblast cells per well. Prior to infection, osteoblast cells were
rinsed twice in DPBS then infected with 100 pL of DPBS con-
taining bacteria per well. Osteoblasts were infected for 45
minutes then media was replaced with MEM-o. containing 10%
FBS and 100 pg mL~' gentamycin to remove any remaining
extracellular bacteria and incubated for 75 minutes. A final
media replacement was done with the same growth media but

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with 10 ug mL~" gentamycin and treatment when appropriate
and incubated for 18 hours, with light illumination using LED
sheet when appropriate. Toxicity was measured using by LDH
assay using the protocol as described above for QD toxicity
testing.

Additionally, preosteoblast cells were infected at varying
MO], infection protocol followed as above, and incubated for 18
hours. Following incubation the preosteoblast cells were
washed thrice with DPBS to remove gentamicin in the media
and lysed with 30 pL of 0.1% Triton-X100 (Sigma-Aldrich) for 15
minutes at room temperature. Triton was diluted 10-fold by 270
uL addition of DPBS and full lysis was ensured by additional
pipetting. Lysate was then serially diluted and 10 pL plated to
enumerate CFU. Further, intracellular infection was visualized
by microscopy using brightfield for the preosteoblast cells and
GFP for the bacteria.

Staining and visualization

Post treatment osteoblast cells were washed thrice with DPBS
and fixed in 3.7% methanol free formaldehyde (Sigma-Aldrich)
for 20 minutes at room temperature and subsequently rinsed
thrice with DPBS. DAPI was diluted to 2.5 ng mL~ " in DPBS, 100
pL added to each well, and incubated at room temperature for 5
minutes. Prior to staining with Phalloidin 647 cells were rinsed
twice with DPBS then stained with 100 pL of 165 nM Phalloidin
647 solution containing 0.25% Tritionx-100 for 20 minutes at
room temperature. Cells were rinsed with DPBS twice and
imaged in PBS. DAPI, Phalloidin 647, and GFP were imaged
using Ex: 375/28 nm and Em: 460/60 nm, Ex: 620/50 nm and
Em: 690/50 nm, and Ex: 480/30 nm and Em: 535/45 nm
respectively.

Statistical analysis

Statistical analysis was done in Excel by performing an un-
paired, two-sided ¢-test with an o of 0.05 unless otherwise
stated. Biological replicates of 3 were always done unless
otherwise noted and sample standard deviation is shown in
figures. Regression analysis for linear fits was done in Minitab.
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