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ABSTRACT: In this study, synthetic mimics of antimicrobial E. coli RBCs .
peptides based on poly(oxanorbornene) molecules (or PONs) were The therapeutic
used to coat CdTe quantum dots (QDs). These PONs-CdTe e index of PONs-

QDs were investigated for their activity against Escherichia coli, a
bacterium with antibiotic resistant strains. At the same time, the
antibacterial activity of the PONs-CdTe QDs was compared to the

QDs (bottom) is
greater than the

antibacterial activity of free PONs and free CdTe QDs. The therapeutic
observed antibacterial activity of the PONs-CdTe QDs was additive $ g e g

and concentration dependent. The conjugates had a significantly - indices of free
lower minimum inhibitory concentration (MIC) than the free | f),\;,.~.xo~"* QDs (top) and free

PONs and QDs, particularly for PONs-CdTe QDs which contained
PONSs of high amine density. The maximum activity of PONs-
CdTe QDs was not realized by conjugating PONs with the highest
intrinsic antibacterial activity (i.e., the lowest MIC in solution as
free PONs), indicating that the mechanism of action for free PONs and PONs-CdTe QDs is different. Equally important,
conjugating PONs to CdTe QDs decreased their hemolytic activity against red blood cells compared to free PONs, lending to higher
therapeutic indices against E. coli. This could potentially enable the use of higher, and therefore more effective, PONs-QDs
concentrations when addressing bacterial contamination, without concerns of adverse impacts on mammalian cells and organisms.

PONs (middle).
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B INTRODUCTION

The increasing prevalence of drug-resistant bacteria has become
a global public health challenge.' ™ In the U.S. alone, more than
2.8 million people are infected with drug-resistant bacteria each
year; lending to about 35000 deaths.”” The overwhelming
problem of drug-resistant bacterial infections intensifies the
need for the development of new antibacterial agents, such as
antibacterial polymers and nanoparticles. As with molecular
antibiotics, these alternative candidates have the greatest
outcomes if they are multitargeting, inhibit bacteria from
mounting self-defense mechanisms, and are not readily
recognized by efflux pumps.'” Antibacterial polymer and
nanoparticle conjugates with the aforementioned properties
have been investigated for potential use in hospital and dentistry
settings where antibacterial surface and wound treatments are
essential to preventing the spread of drug-resistant bacteria
between immune compromised patients.”' ">

In general, the conjugation of antibacterial entities to
nanoparticles has had mixed results. The conjugates range
between being synergistic, effective treatments toward a specific
bacterial target, and being completely antagonistic with the
properties of the surface bound antibacterial being disrupted by
the conjugation.g’lo’m_20 Broad-spectrum synergistic activity
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has been realized by conjugating cationic peptides,” the
photosynthesizer toluidine blue O,'* functionalized thiol
molecules,'® small molecule antibiotics (ceftriaxone," poly-
myxin-B,16 vancomycin,9 indolicidin,"” and penicillinlg), and
other antibacterial entities to different nanomaterials. When
synergism was observed, nanoparticles enhanced the activity of
the conjugated antibacterial due to (a) the combination of the
nanoparticles’ inherent activity with the activity of their
antibacterial coating, (b) the high localized delivery of the
conjugated antibacterial molecules to the bacterial targets, and
(c) the reorganization of the antibacterial agent into
conformations with increased antibacterial activity after
conjugation to the nanoparticles’ surface. In contrast, there are
other examples where conjugating antibacterial agents to
nanoparticles has diminished their antibacterial activity. For
example, zinc oxide nanoparticles have been shown to decrease
the activity of amoxicillin, penicillin, nitrofurantoin, vancomy-
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cin, and carbenicillin against Staphylococcus aureus and the
activity of erythromycin against Escherichia coli'”*° Other
potential problems with the conjugation of antibacterial
molecules to nanoparticles include a decreased uptake rate
and the emergence of off-target toxicity which is introduced by
the nanoparticles.*’

This study combines the antibacterial mechanisms of an
amine-rich cationic polymer, which is based on its electrostatic
and hydrophobic interactions with bacterial cell membranes,
with the antibacterial activity of CdTe semiconductor QDs,
which is due to reactive oxygen species (ROS) generation. The
poly(oxanorbornene)-based synthetic mimics of antimicrobial
peptides, or PONSs, are facially amphiphilic polymers with
tunable hydrophobicity due to varying combinations of a
charged ammonium-terminated side chain and a hydrophobic
alkyl side chain in each repeat unit.”' (See Supporting
Information (SI) for synthesis and amine content details).
The polymer’s mechanism of antibacterial activity involves the
positive side chains of the molecule attracting it to the negatively
charged bacterial outer envelope, and then the alkyl side chains
potentially partitioning into the membrane’s hydrophobic
interior.”* PONs of appropriate amphiphilicity have shown
selective, broad-spectrum activity against bacteria as free
molecules and surface-attached polymer networks.”'"**72¢
Further, a recent study in our lab with PONs-conjugated gold
nanoparticles has shown that their conjugation to nanoparticles
enhances their membrane penetration activity.”’ In the current
study, we conjugated the antibacterial PONs to CdTe QDs with
a bandgap of 2.4 eV. These QDs were previously shown to have
antibacterial activity in the dark which can be enhanced by
irradiation with UV light due to increased ROS generation.”* We
hypothesized that the cationic side chains of the PONSs surface
coating will facilitate the attachment of PONs-CdTe QDs to the
bacterial cells, the hydrophobic side chains will enable
membrane penetration and disruption, and the CdTe QDs
will generate ROS in close proximity to cell membranes and
organelles to induce bacterial cell death. This paper focuses on
the impact of varying the amine content of PONs on the
antibacterial and hemolytic activity of PONs-CdTe QDs, with
and without light irradiation, and compares the activity of the
PONs-CdTe QDs to the antibacterial activity of free PONs and

QDs.

B MATERIALS AND METHODS

Materials and Reagents. Cadmium chloride (CdCl,), 3-
mercaptoundecanoic acid (MPA), sodium citrate dihydrate sodium
borohydride (Na,BH,), 1-ethyl-3-(3-(dimethylamino)propyl) carbo-
diimide (EDC), Triton X-100, 2’,7’-dichlorofluorescein (H,DCF),
sodium phosphate monohydrate, AlamarBlue and melittin were
obtained from Sigma-Aldrich. Sodium hydroxide (NaOH) was
obtained from Acros Organic. Sodium tellurite was obtained from
Alfa Aeser. Tris buffer was obtained from AppliChem. Aqua (sterile
water) was obtained from BBraun. Mueller Hinton Broth (MHB) was
obtained from BD Difco. EDTA-blood was either drawn fresh every day
of assay from an approved volunteer or purchased from Innovative
Research, Inc. (Michigan, U.S.). E. coli (Strain ATCC25922) cells were
purchased from the Leibniz-Institute DSMZ. Poly(oxanorbornenes)
(PON ) were synthesized and characterized as reported previously (see
SI for details).”"** An Ultrathin LED Light Panel (Neutral White) was
purchased from Environmental Lights, San Diego, CA.

Ethics Statement. Red blood cells that were drawn the day of some
hemolytic assays were obtained from human volunteers who had
previously given their written consent according to the Helsinki
declaration, which was approved by the Ethics Board of the Albert-
Ludwigs University, Freiburg, Germany.
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Synthesis and Characterization of MPA-CdTe Core Quantum
Dots.?® Into a 35 mL microwave vessel with a stir bar, 48.5 mg CdCl,,
100 mg sodium citrate dehydrate, 26 L of MPA, and 25 mL Millipore
water were combined. The pH of this mixture was brought to 10.5 using
1 M NaOH, and then 11 mg of sodium tellurite and 18.9 mg of sodium
borohydride were added. The vessel was capped and placed in a CEM
Discover SP microwave synthesizer. The mixture was microwaved in
Dynamic Mode at 100 °C, 250 psi, 300 W power, and high stirring for
10 min. QDs were purified three times via centrifugation through a 30K
MWCO centrifuge filter at 2000g for S min, and finally redispersed in
pH 10.5 Millipore water. Absorbance properties were detected with a
Thermo Scientific Evolution 201 UV—Vis spectrophotometer. The
absorbance was used to determine QDs’ molar concentration and size
according to the literature.*® Fluorescence spectroscopy measurements
were collected using a PTI-Horiba QuantaMaster 400 fluorimeter.
High-resolution transmission electron microscopy (HRTEM) images
of QDs, that were drop-coated onto mesh copper grids with ultrathin
carbon film on holey carbon support film (Ted Pella, Inc.), were
obtained using a Titan 80—300 S/TEM, operating at 300 kV with a
Gatan OneView imaging camera. Dynamic Light Scattering (DLS)
measurements of MPA—QDs were performed using a Malvern
Zetasizer Nano ZS instrument.

Coupling PONs to the CdTe Core QDs. PONs were conjugated
to the QDs’ surface via EDC methods, similar to coupling reported for
gold nanoparticles.”” 10 nmoles of purified CdTe cores were added to a
20 mL vial with a stir bar with 3 mL 0.1 M MES buffer (pH S), and S mg
of PONs. While stirring, S0 4L of 0.2 M EDC was added to the QD
solution. The reaction was allowed to go overnight and then ran
through a prerinsed 30k MWCO centrifugal filter to rid of excess
reactants. Cleaned PONs-QDs conjugates were suspended in fresh 0.1
M MES buffer.

&-Potential Measurements of MPA-QDs and PONs—QDs. (-
potential measurements were performed using a Malvern Zetasizer
Nano ZS instrument. Samples were measured in triplicate using
disposable Malvern Zetasizer Nano Series folded capillary cells
(DTS1070).

Thermogravimetric Analysis (TGA) of MPA-QDs and PONs-
QDs. Prior to TGA, MPA-QDs, and PONs—QDs were pelleted via
centrifugation at 2000g for S min and the supernatant was removed.
The pellets were suspended in minimal Millipore water for transfer to a
TGA heating pan, which was placed into a PerkinElmer Pyris 1
thermogravimetric analysis instrument. The pan was heated for 15 min
at 100 °C to evaporate the water. Then the temperature was ramped
from 100 to 900 °C at 25 °C/min. The mass loss between 100 and 700
°C was used to determine the total amount of MPA and PONs
originally on the nanoparticle surface.

H,DCF Fluorescence Detection of ROS Assay. H,DCF was used
to detect the inherent ROS generation of MPA-QDs and PONs-QDs
following the procedures of a previously reported cell-free assay.”' A 50
uMH,DCEF in Millipore water solution was prepared under inert gas. In
96 well plates, duplicate samples consisted of 100 L of the 50 uM
H,DCEF, 90 uL Millipore water, and 10 uL of the respective MPA-QDs
and PONs-QDs samples. Concentrations for the PONs-QDs ranged
from 6.25 to 400 1g/mL PONs equivalents, and MPA-QDs equivalents
in both the PONs- and MPA- QDs samples ranged from 12.5 to 800 nM
in these wells. ROS generated from MPA-QDs and PONs-QDs, with
and without irradiation with a neutral white LED plate, was detected in
a Molecular Devices SpectraMax MSMicroplate reader with A.: 495
nm, A.,,: 500—600 nm in relative fluorescence units. An initial reading
was read, and followed by a reading every hour for 6 h in the plate
reader. These readings were also measured with a PTI-Horiba
QuantaMaster 400 fluorimeter under the same conditions for MPA-
QDs and H,DCEF control samples.

Minimum Inhibitory Concentration (MIC) Assay with E. coli.
MIC assays were performed, as previously reported,®” in a MHB system
(pH 7.3). In short, bacteria culture was inoculated overnight in S mL of
MHB at 37 °C. After shaking overnight at 70 rpm, 500 uL of the
bacteria suspension was transferred to an Eppendorf tube and
centrifuged at 8000 rpm for 1.5 min. The supernatant was removed,
and the bacterial pellet was resuspended in fresh MHB. These washed
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cells were diluted to a final OD 45 of 0.001 -corresponding to a bacterial
concentration of about 10° cells/mL- and then 190 1L was transferred
to each appropriate well in 96 well plates. Next, 10 uL of polymer, QDs,
polymer-QDs, and controls of stock concentrations were pipetted into
well plates in duplicates (one duplicate = one biological replicate). The
final well concentrations of free PONs and PONs-QDs samples ranged
from 6.25 to 400 pg/mL PONs equivalents. The final well
concentrations of MPA-QDs and PONs-QDs samples ranged from
0.001 to 1 uM QD equivalents. Plates were mixed well before placing in
a 37 °C incubator. After incubating overnight, the OD; o was evaluated
to quantify bacteria cell viability. For exposures with irradiation, plates
were rested directly on top of the neutral white light LED plate for 2 h at
the beginning of the incubation in the 37 °C incubator. The 50% amine
propyl PONs was used as a positive control in this assay. MES buffer
and DMSO were tested with bacteria to ensure the solvents alone did
not influence bacteria growth. MHB alone, and with DMSO and MES
buffer addition were tested as a negative controls. Further details can be
found in the SI.

Hemolysis Assay. Hemolysis assays were performed, as previously
reported,” in a Tris buffer system (pH 7.0). In short, 30 uL of EDTA-
blood with 10 mL of Tris buffer, per 96 well plate, was centrifuged at
3000 rpm for S min. The supernatant was removed from the red blood
cell (RBC) pellet. Ten mL of Tris buffer was added to resuspend the
pellet, and this washing was repeated for three total wash and
resuspension cycles. The number of RBCs was counted using a
Neubauer chamber to check for blood quality. 160 uL of the RBCs in
Tris buffer solution was added to each sample well in duplicates (one
duplicate = one biological replicate). 40 uL of the sample or control was
added to each well; for a total well volume of 200 xL. The final well
concentrations of free PONs and PONs-QDs samples ranged from 0.1
to 8000 pg/mL PONs equivalents. The final well concentrations of
MPA-QDs and PONs-QDs samples ranged from 0.001 to 10 uM QD
equivalents. Plates were incubated at 30 °C for 30 min, and then
centrifuged at 3000 rpm for 5 min. 100 uL of the supernatant was
transferred via multichannel pipet to new plates and then analyzed for
ODy,4. A 10% Triton-X solution was used as positive control in this
assay. Aqua, MES buffer and DMSO were used as negative controls.
Tris buffer was tested as a solution blank. Further details can be found in
the SL

B RESULTS AND DISCUSSION

Synthesis and Physical Characterization. Free Poly-
(oxanorbornene)(PONs) and Mercaptopropionic Acid-
coated CdTe Quantum Dots (MPA-CdTe QDs). For this
study, a series of four PONs molecules with 10 repeat units each,
but varying amine content (55—100%), were synthesized from
two different comonomers by adjusting the comonomer ratios
during polymerization (SI Figures S1—S3). The different PONs
obtained were each conjugated to microwave synthesized MPA-
CdTe QDs. Prior to conjugation, the MPA-CdTe QDs were
characterized using UV—vis spectroscopy, fluorescence spec-
troscopy, DLS, and HRTEM measurements. Figure 1 and SI
Figure S4 show the results these optical characterizations. Figure
1A shows the normalized absorbance and emission spectra of
the microwave synthesized CdTe QDs. The QDs have a first
excitonic peak at 510 nm and an emission maximum at 578 nm.
Using published calculations for absorbance data, the 510 nm
first exciton was found to correspond to 2.6 nm diameter CdTe
crystals, with 2.4 eV bandgaps.” Figure 1B shows the DLS-
determined number size distribution of the MPA-QDs in pH 11
Millipore water. The hydrodynamic diameter of these MPA-
QDs was determined to be 5.0 + 1.5 nm. The supplementary
graphs of SI Figure S4 show complementary size character-
izations of these MPA-QDs obtained through DLS measure-
ments at pH 7 and HRTEM imaging. As reactive oxygen species
(ROS) generation is the predominant antibacterial mechanism
of action for semiconductor nanomaterials like CdTe QDs,® it
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Figure 1. Optical properties of MPA-CdTe QDs. (A)Normalized
absorbance and emission (4., = 375 nm) spectra of the microwave
synthesized CdTe QDs used in this study show that the QDs have a first
excitonic peak at 510 nm and an emission maximum at 578 nm.
(B)DLS-measured number size distribution of MPA-QDs determined
their hydrodynamic diameter to be 5.0 + 1.5 nm; N = 3.
(C)Fluorescence emission profile of H,DCF (¢ = 0, black) compared
to the air-oxidation derived DCF (¢ = 6 h, red) (4,;= 495 nm). (D) The
rate of the oxidative ROS generation by varying concentrations of
MPA-QDs is faster than air oxidation of H,DCF samples (1, = 495 nm,
Aem = 525 nm, N = 3).

was investigated using fluorescence spectroscopy (Figure 1C
and D). For this, oxidation-dependent changes of the
fluorescence spectra of the minimally fluorescent 2',7’-
dichlorodihydrofluorescein (H,DCF) molecule into the highly
fluorescent 2’,7’-dichlorofluorescein (DCF) molecule were
evaluated. Figure 1C shows a fluorescence emission spectrum
of H,DCF at t & 0 (4., =495 nm, black) compared to a spectrum
att = 6 h (A= 495 nm, red) after the dye has been oxidized to
DCF by air exposure. The emission increase of this control
sample at the emission peak wavelength of 525 nm indicates a
slow oxidation of H,DCF to DCF under these experimental
conditions. Figure 1D shows the rate of H,DCF oxidation by air
alone as a control (purple) and with increasing concentrations of
the free MPA-QDs. MPA-QDs increase the rate of H,DCF
oxidation, with the greatest change happening between 0 and 15
min. There are also minimal increases in the rate of QD ROS-
induced oxidation with increasing QD concentration within this
time frame. After 30 min, the oxidation of the available H,DCF
by the MPA-QDs is complete, as indicated by the fluorescence
of DCF reaching its maximum intensity.

Synthesis of PONs-QDs. Scheme 1 illustrates the covalent
conjugation of the above-described PONs to MPA-QDs
through 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC) coupling of the acid groups on the MPA-QDs to the
amine groups of the PONs. PONs molecules of the same chain
length have been successfully coupled to ~30 nm diameter gold
nanoparticles (AuNPs) via similar methods.”” In this study,
conjugation was achieved at a 1:2000:1000 molar ratio of
purified MPA-CdTe cores to PONs to EDC molecules. The
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Scheme 1. Synthesis of Poly(oxanorbornene)-Coated CdTe Quantum Dots (PONs-QDs).

MPA= 3-mercaptopropionic acid

(0]

HS/\)J\OH

1. EDC
2. POHNs

PONs= Poly(oxanorbornenes)

PONs-MPA-

0.1M MES Buffer (pH )

P ONs-MPA-

reagents were stirred overnight in 0.1 M MES buffer. Before
characterization and use, the conjugates were purified using a
prerinsed 30k MWCO centrifugal filter to remove excess
reactants, and then suspended in fresh 0.1 M MES buffer.
Characterization of PONs-QDs. {-potential measurements,
thermogravimetric analysis (TGA), and fluorescence spectros-
copy were used to characterize the QDs before and after PONs
conjugation (Figure 2). Figure 2A shows that prior to
conjugation, the MPA-QDs were negatively charged with a {-
potential of —38 mV. Following conjugation, the {-potential
values of PONs-QDs ranged between +15 and +30 mV, which
confirms the conjugation of the positively charged PONs to the
negatively charged MPA-QDs. Figure 2B shows TGA traces of
MPA-QDs (purple) and PONs-QDs with PONs of varying
amine/alkyl ratio (red, black, green, and blue; in order of
increasing amine content). MPA-QDs showed a mass loss of 29
+ 2% between 100 and 700 °C due to the desorption of MPA
molecules from the QDs’ surfaces. When correcting for the 29 +
2% mass loss due to the loss of MPA from the QDs, the mass
losses due to the desorption of PONSs from the PONs-QDs were
54 + 8% for the 55% amine PONs (red), 50 + 8% for the 75%
amine PONs (black), S1 + 5% for the 95% amine PONs
(green), and S1 + 2% for the 100% amine PONs (blue). These
values indicate that the surface coverage of PONs on the QDs
does not vary significantly even though the PONs have varying
amine/alkyl side chain ratios. This contrasts with the previously
observed significant dependence of the PONS’ surface coverage
on their amine/alkyl ratio when conjugated to 30 nm diameter
gold nanoparticles.”” These findings suggest that the ratio
between the polymer length and the diameter of the nano-
particles also affects the polymer surface coverage of nano-
particles. Since the PONSs surface coverage on our CdTe QDs
does not significantly depend on the PONs molecular structure,
any changes in the activity of PONs-QDs coinciding with
varying amine content is due to changes in PONs structure, and
not due to differences in surface coverage. Interestingly, with the

1100

similar number of varying amine content PONs per QD we
would expect to observe a greater difference in the {-potential
values between PONs-QDs of varying amine content, but we do
not. The fact that we observe very similar charges between the
varying amine content PONs-QDs indicates there is a likely a
difference in orientation of the PONs on the QDs, as was
observed in the PONs-AuNPs study.”” The hydrophilic amine
side chains are oriented toward the surrounding solution,
whereas the hydrophobic butyl side chains are packed against
the QD surface. This would primarily leave only the amine side
chains available for detection via {-potential measurements, and
could explain why there is minimal difference between the
varying PONs-QDs {-potential values. Figure 2C shows the
effect of PONs conjugation on ROS generation from PONs-
QDs in the absence (black) and presence (red) of broad white
light irradiation from a neutral white LED light panel during
incubation. The panel’s emission spectrum is shown in SI Figure
S5.In agreement with previous studies,” irradiation of free MPA-
QDs increases the ROS generation level by about 25% under our
experimental conditions. However, coating CdTe QDs with
PON:Ss polymeric ligands prevented the same magnitude of ROS
generation that was observed with free MPA-QDs. These
observations might be attributed to the restricted access of water
molecules, which are required for ROS generation, to the surface
of QDs once they are coated with PONs. Further, without
irradiation the ROS generation from the PONs-QDs depends
on the molecular structure of the PONs. This may be attributed
to the access of water molecules to the PONs-QDs’ surface being
lower with increasing hydrophobicity (decreasing amine
content) of the coating PONs. As previously discussed, the
lower amine content PONs likely have a tighter packing around
the QD surface than the higher amine content PONS, since the
lower amine content PONs would have more hydrophobic side
chains packed against the QD surface, whereas the higher amine
content PONs have more hydrophilic side chains free in the
solution. With irradiation, the ROS generation of the higher
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Figure 2. Characterization of MPA-QDs and PONs-QDs with varying
amine/alkyl ratio in the conjugated PONs. (A) Zeta potential
measurements show MPA-QDs to be negatively charged and PONs-
QDs to be positively charged. This confirms the EDC coupling of
PONSs to MPA-QDs. (B)TGA analysis show similar mass losses due to
desorption of 55% (red), 75% (black), 95% (green), and 100% (blue)
amine PONSs from the surface of MPA-CdTe QDs (purple) with weak
dependence (within the error of TGA measurements) on the amine/
alkyl ratio in the conjugated PONs. All mass values were normalized to
the mass at 700 °C, a temperature where all organic content is desorbed
from the QD surface, for analysis. (C)Cell-free H,DCF ROS
measurements with 6.25 pug/mL PONs/12.5 nM QDs equivalents
and 2 h of incubation demonstrate higher ROS generation levels for free
MPA-QDs upon irradiation, but not for PONs-QDs. Further, the ROS
levels of PONs-QDs depend on the PONs molecular structure. (N =3
for panels A and B; N = 2 for panel C.).

amine content (75—100%) PONs-QDs increases to similar
levels observed for nonirradiated MPA-QDs.
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Biological Characterization. Antibacterial Activity of
Free PONs. The antibacterial activity (minimum inhibitory
concentration, MIC) of the PONs used in this study can be
found in the literature. However, for consistent results with our
additional data, we repeated these experiments under our
experimental conditions, with and without broad white light
irradiation from the aforementioned LED panel during
incubation. Briefly, SI Figure S6 is 96 well plate schematic for
one biological replicate of the MIC assay that was conducted,
with samples of varying treatment concentrations and respective
controls in duplicates. The antibacterial activity of all treatments
(free PONS, free QDs, and PONs-QDs) was quantified in this
well plate MIC assay by reading the optical density at 595 nm
(ODyys) of the cellular suspensions after overnight incubation
with the varying treatments. Figure 3A shows the normalized
bacterial growth (in %) of E. coli when incubated with free PONs
of varying amine content and increasing PONSs’ concentration
(6.25—100 pug/mL) without LED panel irradiation. We did not
observe significant changes in the free PONs activity with
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Figure 3. Anti-E. coli activity of PONs, MPA-QDs, and PONs-QDs.
Relative E. coli viability (normalized to E. coli grown with solvent
controls) represented as percent cell growth versus the concentration of
free PONSs, free MPA-QDs, or PONs equivalents on the PONs-QDs.
(A) Growth of E. coli after incubation with 6.25—100 pug/mL of free
55% (red triangle), 75% (black diamond), 95% (green square), and
100% (blue circle) amine content PONs show that lower amine content
PONs are more active than the higher amine content PONs. (B) E. coli
cells show a concentration dependent decrease in growth when exposed
to increasing concentrations of free MPA-QDs without irradiation
(black circle). Two-hour irradiation (red square) at the beginning of
incubation increases the activity of MPA-QDs against E. coli. (C and D)
Growth of E. coli when incubated with 6.25—100 pg/mL PONs
equivalents (corresponding to 12.5-160 nM QD equivalents, as
determined by TGA) of 55% (red triangle), 75% (black diamond), 95%
(green square), and 100% (blue circle) amine PONs-QDs without (C)
and with 2 h irradiation (D) show that higher amine PONs-QDs have
increased antibacterial activity compared to their respective free PONs.
Lower amine content PONs have decreased activity once conjugated to

QDs. (N > 3 biological replicates.).
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irradiation (data not shown). Figure 3A curves can be
summarized by extrapolating the free PONs’ concentration
that inhibited at least 90% of bacterial cell growth (MIC,). The
MIC,, values of the free PONs were 12.5 ptg/mL for 55% amine
PON:Ss, 100 pg/mL for 75% amine PONSs, and higher than 400
ug/mL for the 95% and 100% amine PONSs. This data shows
that the free PONs maintain the literature established trend of
the lower amine content PONs having greater activity against
bacterial cell growth than the higher amine content PONSs.” This
trend has been attributed to the dependence of PONs’ activity
on the balance between the prevalence of cationic moieties
which are necessary for electrostatic attraction of the PONs
molecules to the anionic bacterial membrane, and the
hydrophobic moieties which are needed to penetrate the
membrane and lead to cell breakdown and death.””

Antibacterial Activity of MPA-CdTe QDs. Figure 3B
describes the anti-E. coli activity of the MPA-QDs. Per our
calculations of PON’s coverage, the maximum QD concentration
used in the PONs conjugate exposures to bacterial cells was 0.16
uM, which is below the concentration where there was any
significant QD activity against bacterial cells without LED
irradiation. Irradiating these QDs with an LED panel in order to
light-enhance their generation of ROS showed a modest
concentration dependent increase in activity against E. coli
growth. This may be explained by the increase in ROS
generation with increased QD concentration (Figure 1D).
This light-activated antigrowth activity of the QDs is what we
aim to combine with the membrane-penetration activity of the
PONs molecules in the PONs-QDs conjugates.

Antibacterial Activity of PONs-QDs. The anti-E. coli activity
of PONs-QDs with varying PONs molecular structure (amine/
alkyl ratio) were characterized parallel to the MIC assays for free
PONs and MPA-QDs described above. Figure 3C and D show
dose—response curves of E. coli growth when exposed to 6.25—
100 pug/mL PONs equivalents on the PONs-QDs. Without
irradiation (Figure 3C), the PONs equivalent MICy, values for
the conjugates against E. coli were 100, 200, 200, and 100 pg/mL
in order of increasing amine content PONs. With irradiation
(Figure 3D), the PONs equivalent MIC,, values of 100, 100,
200, and 50 pg/mL for PONs-QDs, in order of increasing
amine/alkyl ratio, demonstrate an irradiation-induced increase
in activity against bacterial growth only for PONs-QDs with 75%
and 100% amine/alkyl ratios. Regardless of irradiation, the lesser
activity of the 55% and 75% amine content PONs as QD
conjugates compared to their activity as free PONs coincides
with their decreased ROS generation efficiency compared to the
free MPA-QDs (Figure 2C). On the contrary, the higher amine
content PONs-QDs do not have a significant difference in their
ROS generation compared to the MPA-QDs; so their increase in
anti-E. coli growth activity, compared to the respective free
PONs, can be attributed to the preservation of the ROS
generation-based activity of the QDs being combined with the
antimembrane activity of the PONSs surface coating. Regardless
of the use of irradiation, conjugating the higher amine content
PON' s to QDs increases their activity against E. coli cell growth
compared to the same mass used as free PONs.

Hemolytic Activity of Free PONs, MPA-QDs, and PONs-
CdTe QDs. The hemolytic activity for all samples was tested in
parallel using the hemolytic assay illustrated by SI Figure S7.
This figure shows a 96 well plate schematic for one biological
replicate of the hemolysis assay, with samples of varying
concentration and the hemolytic controls in duplicate.
Hemolysis was quantified in this assay by reading the OD,,,
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of the red blood cell supernatant. Unconjugated MPA-QDs had
negligible hemolytic activity up to 10 uM (SI Figure S8C).
Figure 4 compares the concentration of free PONs and PONs
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Figure 4. HC;, values of PONs-QDs compared to free PONs
molecules. After red blood cell exposures to 0.1—-8000 xg/mL PONs
equivalents of free PONs and PONs-QDs, the PONs-QDs (red) were
found to have lower hemolytic activity than free PONs molecules
(black). (N = 3 biological replicates.). Note*: HCg, values for 95% and
100% Amine PONs-CdTe QDs were not found within the tested
concentration range, and are thus represented as bars to the highest
tested concentration.

equivalents of PONs-QDs that led to 50% hemolysis (HCx).
The corresponding hemolytic curves with PONs concentrations
between 0.1 to 8000 yg/mL, from which the HC;, values were
extrapolated, can be found in SI Figure S8. PONs-QDs (Figure
4, red) with PONs of high amine/alkyl ratio show negligible
hemolytic activity at all tested concentrations, while 55% amine
PONs-QDs had an HCy of 31.25 pig/mL PONSs equivalents and
75% amine PONs-QDs had an HCy, of 3000 pg/mL PONs
equivalents. The hemolytic activity of the MPA-QDs and PONs-
QDs samples were not statistically affected by LED irradiation
during incubation with red blood cells (data not shown). The
hemolytic activity of all PONs-QDs is at least 2 orders of
magnitude lower than that of the free PONs (Figure 4, black)
which had measured HC;y's of 1, 15.6, 31.25, and 41 ug/mL in
order of increasing amine content. This major reduction in
hemolytic activity upon conjugation is likely observed as the
nanoparticle-bound PONSs are less able to insert their hydro-
phobic moieties into the zwitterionic, mammalian membranes.
This will be discussed in more detail in the Summary and
Conclusions section.

Therapeutic Indices of free PONs vs PONs-CdTe QDs.
Taking into consideration the change in antibacterial and
hemolytic activities once PONs were conjugated to the MPA-
QDs, we calculated the therapeutic indices of the PONs-QDs
and compared them to the therapeutic indices of free PONs. We
defined the therapeutic index as a sample’s HC, divided by its
MICy,. We calculated the indices for free PONs against E. coli to
be 0.08 for 55% amine PONSs, 0.12 for 75% amine PONs, and
inconclusive for 95% and 100% amine PONs due to the lack of
antibacterial activity for these two free PONs at tested
concentrations. The free PONs tested in this study had a
smaller therapeutic window than found in the literature,® but the
trend of higher amine content PONSs having a larger therapeutic
index than the smaller amine content PONs remained due to the
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higher amine content PONs having a lower hemolytic activity
the smaller amine content PONs. With irradiation, the
therapeutic indices for PONs-QDs were 0.63, 40, > 40, and
>160, in order of increasing amine content. The indices for the
PONs-QDs are significantly larger in magnitude than the free
PONs therapeutic indices calculated in this study and the
literature, especially for the 95% and 100% amine PONs-QDs
for which minimal hemolytic activity was detected even though
there was antibacterial activity. The lower hemolytic activity of
the PONs-QDs compared to free PONs against E. coli and the
resulting therapeutic index improvement demonstrates the
potential for a higher PONs concentration to be used when in
conjugate form (rather than free polymer form).

B SUMMARY AND CONCLUSIONS

A series of PONs with varying amine/alkyl ratios was conjugated
to the surface of CdTe QDs in order to study the PONs-QDs
conjugates’ antibacterial and hemolytic activity. Prior to
conjugation, the free PONSs’ antibacterial and hemolytic activity
decreased with the amine content increasing from 55% to 100%,
in agreement with previous studies.’ Prior to conjugation, the
free MPA-QDs at a concentration range of 1—160 nM only
exhibited significant antibacterial activity when they were
irradiated. MPA-QDs at this concentration range had no
significant hemolytic activity with or without irradiation.
While PONs conjugation to the surface of the CdTe QDs
resulted in a general loss of the trend of amine-content
dependent antibacterial activity, we did observe comparable
antibacterial activity of the conjugates to that of the free PONs of
similar PONs mass which could be enhanced with irradiation.
Alongside this result of conjugation was the outcome that the
levels of hemolytic activity of the PONs-QDs toward
mammalian cells were dramatically reduced, especially for the
higher amine content PONs-containing conjugates. The
decrease in hemolytic activity is most likely due to the restricted
motility of the PON’s and the QD surface-hugging orientation of
the hydrophobic butyl side chains once the PONSs are surface-
attached, resulting in a lower effective concentration of
hydrophobic groups interacting with the mammalian cell
membrane. Numerous studies have shown that synthetic mimics
of antimicrobial peptides become toxic (at the same cationic
charge density) when they are too hydrophobic, for example,
when the length of the alkyl side chain is increased by one repeat
unit.® This is because an increased hydrophobicity results in an
increased partitioning of these surface-active molecules into the
hydrophobic part of the mammalian cell membrane. Thus, a
decrease in toxicity of the nanoparticle-bound PONs can be
interpreted as a reduced effective hydrophobicity compared to
free PONs. On the other hand, the antibacterial activity of the
amine-rich and more hydrophilic PONs on the QDs is enhanced
when surface-attached. This could be because there are more
hydrophilic amine/ammonium groups directed toward the
aqueous medium (not buried inside the interface like the
hydrophobic groups), and because the interaction between
PONs-QDs with the negatively charged bacterial membranes is
charge driven. While a free PONs molecule has only a few
charges under physiological conditions, the surface-bound
PONSs behave like polyelectrolytes, which strongly enhances
their interaction with the bacterial cells. The reduced hemolytic
activity hasled to an increase in the therapeutic indices of PONs-
QDs conjugates against E. coli, especially for higher amine
content PONs-QDs. The larger therapeutic indices may enable
the use of PONs-QDs at greater and more effective

1103

concentrations against antibiotic-resistant gram-negative bac-
teria, such as E. coli, with reduced concerns about hemolytic and
toxic activity against mammalian cells. Additional studies should
be conducted, first with other E. coli strains and then with other
gram-negative bacterial strains, to find out how general the
impact of PONs conjugation to QDs is on their antibacterial
activity.
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