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ABSTRACT: The massive use of antibiotics in healthcare and
agriculture has led to their artificial accumulation in natural
habitats, which risks the structure and function of the microbial
communities in ecosystems, threatens food and water security, and
accelerates the development of resistome. Ideally, antibiotics
should remain fully active in clinical services while becoming
deactivated rapidly once released into the environment, but none
of the current antibiotics meet this criterion. Here, we show a
nanoantibiotic design that epitomizes the concept of carrying a
built-in “OFF” switch responsive to natural stimuli. The environ-
mentally benign nanoantibiotics consist of cellulose backbones covalently grafted with hydrophilic polymer brushes that by
themselves are antimicrobially inactive. In their nanostructured forms in services, these cellulose-based polymer molecular brushes
are potent killers for both Gram-positive and Gram-negative bacteria, including clinical multidrug-resistant strains; after services and
being discharged into the environment, they are shredded into antimicrobially inactive pieces by cellulases that do not exist in the
human body but are abundant in natural habitats. This study illuminates a new concept of mitigating the environmental footprints of
antibiotics with rationally designed nanoantibiotics that can be dismantled and disabled by bioorthogonal chemistry occurring
exclusively in natural habitats.

In service

In environment

B INTRODUCTION the antibiotic wastes include innovative sewage management
aimed to reduce, capture, or degrade the released antibiotic
residues,”* ">’ but it is practically challenging to cover the
diverse release pathways and match the massive scale of
discharged antibiotics. Ideally, antibiotics should remain fully
active in clinical services while becoming deactivated rapidly
once released into the environment, but none of the current
antibiotics possess this desirable feature.

Our recent discovery of phage-mimicking antibiotics
revealed an interesting role of nanostructures on defining the
antimicrobial activity and selectivity.”” On one hand, hydro-
philic molecules that by themselves are nontoxic but
antimicrobially inactive can be transformed into efficacious
antibiotics once assembled into distinct nanostructures,
because nanostructures give rise to multivalent interactions
that induce pore formation exclusively on microbial mem-
branes; on the other hand, nanostructures with well-defined
sizes and shapes can recognize the nanoporous cell wall

In the battles against bacterial infections in healthcare and
agriculture, antibiotics have been used at a massive scale for
many decades. It was estimated that the annual antibiotics
consumption reached 100 000—200 000 tons in 2010 world-
wide, and up to 90% of the administered antibiotics were
discharged directly into the environment in various active
forms."” Since the natural degradation of most antibiotics is an
extremely slow process,' > unusually high concentrations of
artificial antibiotics were detected in soils and waterways in
many parts of the world."**™'® Emerging evidence has
suggested the dire consequences caused by the increasing
accumulation of antibiotic wastes in ecosystems, including
short- and long-term adverse effects on the structure and
function of microbial communities involved in biogeochemical
cycling and organic matter degradation, contamination of
water, plants, stockbreeding, and aquaculture products in the
food chains, and promoting the development of resistome, i.e.,
the environmental reservoir of resistance genes shared among

pathogenic and nonpathogenic bacteria.””'°™*" Although the Received:  February 3, 2020 M
concept of biodegradable antibiotics that can break down in Revised:  March 20, 2020 " =¥
vivo has been reported,n_25 caution should be taken on the Published: March 23, 2020 : L=

e

potential risks of in vivo degradation, as it may encourage the
development of bacterial resistance due to the continuous loss
of antimicrobial activity while in use. Other options to mitigate
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difference of bacteria to act with different selectivity. This
discovery suggests that nanostructured antibiotics, i.e., nano-
antibiotics, have the potential to serve as a generic platform for
the design of “smart” antibiotics with in-demand activity and
selectivity in response to external stimuli by assembly or
disassembly of their nanostructures. Here, we exploit this
“plug-to-activate” and “unplug-to-deactivate” concept toward
mitigating the environmental footprints of antibiotics with a
prototypical design of nanoantibiotics that can be dismantled
and disabled by bioorthogonal chemistry occurring exclusively
in natural habitats.

B MATERIALS AND METHODS

Materials. Cellulose (M, ~ 40 kDa), N-phenyl-1-naphthylamine
(NPN), and N,N-dimethylamino-2-ethyl methacrylate (DMAEMA;
98%) were purchased from Acros Organics (Thermo Fisher Scientific,
NJ). Thiazolyl Blue Tetrazolium Bromide (MTT) was purchased
from Sigma-Aldrich (St. Louis, MO) and used as received. All other
chemicals, unless otherwise specified, were also purchased from
Sigma-Aldrich and used as received. DMAEMA was purified by
passing through a column packed with base aluminum oxide before
use. Coper(I) bromide (CuBr, 99%) was purified by stirring in acetic
acid at room temperature overnight and washed with ethanol to a
neutral pH. Tonic liquid I-allyl-3-methylimidazolium chloride
(AMIMCI) was synthesized as reported.’*

Cellulase from Trichoderma reesei (ATCC26921) (S units/mg) was
purchased from Sigma-Aldrich. 1,2-Dioleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (sodium salt) (DOPG), 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (ammonium salt) (18:1 Liss
Rhod PE) were purchased from Avanti Lipid (Alabaster, AL) and
used as received. E. coli (ATCC 25922) and S. aureus (ATCC 25923)
were purchased from American Type Culture Collection (ATCC)
(Manassas, VA) and reactivated according to the instructions. Mueller
Hinton (MH) broth was purchased from Becton, Dickinson, and Co.
(BD) (Franklin Lakes, NJ) and used as received. The clinical
multidrug-resistant bacteria strains PAI4 and MUSO were kindly
provided by Professor Kendra Rumbaugh at TTUHSC. Fresh human
red blood cells (HRBCs) were purchased from Innovative Research
Inc. (Novi, MI), stored at 4 °C, and used within 2 weeks. The HEK-
293 (human embryonic kidney) cells were kindly provided by
Professor Min Kang at TTUHSC. Dulbecco’s modified Eagle’s
medium (DMEM, containing 4.5 g/L glucose, L-glutamine, and
sodium pyruvate) was purchased from Mediatech, Inc. (Manassas,
VA). Trypsin—EDTA (0.25%, phenol red) solution was purchased
from Thermo Fisher Scientific (Grand Island, NY).

Enzymatic Degradation of Polymer Molecular Brushes
(PMBs). The degradation of cellulose-based PMBs was conducted
following a previously reported protocol.>®> As an example, PMBs (50
mg) and cellulase (20 mg) were dissolved in S mL of 0.05 M citrate
buffer (pH 4.8). The mixture was incubated in an orbital shaker (250
rpm) at 30 °C. After different incubation times, 1.0 mL of sample was
taken from the mixture and heated at 100 °C for 15 min to deactivate
the enzymes. After cooling down to room temperature, the solution
was centrifuged at 10000 rpm for S min using an Eppendorf
microcentrifuge to remove the precipitated enzyme. The supernatant
was dialyzed against Millipore water to remove residual buffer salt
using a dialysis tube (MWCO 500—1000 Da) from Spectrum
(Gardena, CA). The resulting solution was lyophilized to obtain the
degradation products. We used gel permeation chromatography
(GPC) to track the enzymatic degradation at different times and
found no difference after 3 h of cellulolysis.

Intrinsic Viscosity. The intrinsic viscosity of the linear-chain
brush polymer control, PMBs, and degraded PMBs in water at 25 °C
was measured using a Cannon—Fenske routine viscometer (Cannon
Instrument Co., PA). For each polymer, five solutions in filtered
Millipore water with concentrations (c) ranging from 0.2 to 1.0 mg/
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mL were prepared. The average flow time for filtered Millipore water
was measured in triplicate and used as the reference (t,). The average
flow times of each polymer solution at different concentrations were
also measured in triplicate (). The reduced (7,.q) and inherent (#;,,)
viscosity of the polymer solutions were calculated as eqs 1 and 2,
respectively.

e T (1)

T = )

The intrinsic viscosity of each polymer was determined by
extrapolating the linear regressions of its reduced and inherent
viscosity plotted against its concentrations (i.e., x axis). The
intersections on the viscosity axis (i.e., y axis) of both linear
regressions are very close to each other, and the intrinsic viscosity was
taken as the average of the two.

Bacterial Membrane Permeabilization and Cytoplasmic
Release Assays. The bacteria were incubated overnight at 37 °C
and diluted into fresh MH broth (100X) to regrow. Bacterial growth
was monitored by optical density at A = 600 nm (ODygy,) using a
UV—vis spectrometer (IMPLEN OD600, Munich, Germany). After
the mid log phase (ODggy = 0.5—0.6) was reached, the bacteria were
washed twice with sterile PBS buffer and harvested by centrifugation
at 10 000 rpm for S min using an Eppendorf microcentrifuge. Finally,
the bacterial cells were resuspended in PBS buffer and adjusted to
obtain an ODgy of 1.0. The bacterial suspension (400 uL) was
pipetted into the 1.5 mL Eppendorf tube, and 200 yL of either PMBs,
degraded PMBs, linear-chain brush polymer control PTMAEMA;,
(10 mg/mL) was added to each tube. Bacterial suspension mixed with
PBS buffer without any polymers was used as a negative control, while
bacterial suspension mixed with Triton (1.0%) solution was used as a
positive control. For the membrane permeabilization assay, NPN (10
uM final concentration) was added into bacterial suspensions kept in
the dark prior to adding each polymer (or mixed with the Triton
solution in the positive control). The NPN fluorescence change (Ex/
Em = 350/420 nm) was recorded continuously using a F-7000 FL
Spectrophotometer (Hitachi, Tokyo, Japan), and time zero was set at
the time when individual polymer (or Triton) solution was added into
the bacterial suspension.

For the cytoplasmic release assay, all of the bacterial suspensions
mixed with individual polymer (or control) solutions were incubated
in an orbital shaker at 37 °C for 3 h first, followed by centrifugation at
10 000 rpm for 5 min to remove bacterial cells and/or cell debris. The
supernatant was collected for UV—vis measurement, and the final
UV—vis spectrum of each sample was obtained by subtracting its
blank control. In order to generate the blank control for each sample,
its negative control was centrifuged at 10000 rpm for S min to
remove the bacterial cells, and the supernatant (400 pL) was added
with 200 uL of the respective polymer (10 mg/mL) solution for that
sample.

Cytotoxicity Assays against Mammalian Cells. Besides
hemolysis and hemagglutination assays against HRBCs, we also
performed both MTT and live/dead cell staining assays against HEK-
293 cells by treating the model mammalian cell with PMBs, degraded
PMBs, and linear-chain brush polymer control, respectively. For the
MTT assay, the HEK-293 cells were grown to ~70% confluence at 37
°C in a 5% CO, incubator using a tissue culture dish and DMEM
supplemented with 5% fetal calf serum and 0.5% Pen/Strep. After
being detached by Trypsin and splitting, the HEK-293 cells were
seeded into a 96-well plate at a concentration of ~5 X 10% cells/well
in fresh DMEM (100 uL/well). Seeded cells were incubated at 37 °C
in a 5% CO, incubator for about 2—3 days until the confluence reach
~70%. A graded concentration series of polymer solutions in PBS
buffer (10 mM, pH = 7.4) was prepared and added to appropriate
wells in quadruplicate (10 uL/well). PBS buffer and 3% Triton (10
uL/well) were added as negative and positive controls, respectively.

https://dx.doi.org/10.1021/acs.biomac.0c00163
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Figure 1. Nanoantibiotics with a built-in “OFF” switch responsive to natural stimuli. In service in their nanostructured forms, those cellulose-based
PMBs kill both Gram-positive and Gram-negative bacteria including the multidrug-resistant strains with a high potency. After service and being
discharged into the environment, they are quickly deactivated by shredding into antimicrobially inactive pieces in the presence of cellulases that do

not exist in the human body but are abundant in natural habitats.

After the cells were incubated at 37 °C overnight, the old media with
added polymers were replaced by fresh DMEM (100 yL/well). MTT
in PBS buffer (S mg/mL, 10 uL/well) was added in each well and
incubated for another 4 h. After the old medium was removed, 100 uL
of sterile DMSO was added to dissolve formazan crystals produced by
living cells. The optical density was detected at 570 nm using a
BioTek Synergy 4 microplate reader (Winooski, VT, USA). Cell
viability was determined by normalizing the measured absorbance in
polymer-containing wells with the positive and negative controls.

For the live/dead cell staining assay, the HEK-293 cells were
seeded into a 24-well plate at a concentration of ~5 X 10% cells/well
in 100 yL of DMEM. The cells were incubated at 37 °C in a 5% CO,
incubator for about 2 days until the confluence reached 70%. A
graded concentration series of polymer solutions in culture medium
was prepared and added to the wells in duplicate (10 uL/well). PBS
buffer (pH = 7.4) and 3% Triton (10 uL/well) were added as
negative and positive controls, respectively. After 24 h of incubation,
the cell viability was assessed using the Live/Dead Cell Staining Kit
(PromoKine PK-CA707-30002) according to the manufacturer’s
instruction. In brief, adherent cells were rinsed twice with PBS buffer
(pH = 7.4), and a sufficient volume (200 uL) of calcein-AM (2 uM)/
EthD-III (4 pM) staining solution was added to cover the cell
monolayer. The cells were stained for 45 min at room temperature,
rinsed with PBS buffer twice, and observed under a fluorescence
microscope (Zeiss Axiovert 200 M Microscope). While the cell-
permeant, nonfluorescent calcein-AM is well retained within live cells
and converted to calcein by intracellular esterase to produce an
intense uniform green fluorescence (Ex/Em ~ 495/515 nm), EthD-
III enters dead cells with damaged plasma membranes to produce a
bright red fluorescence (Ex/Em 520/635 nm) upon binding to
nucleic acids.

Other Characterization Methods. The bacterial killing and
inhibitory assays, hemolysis and hemagglutination assays, fluorescent
dye leakage assay, nuclear magnetic resonance (NMR) and Fourier
transform infrared (FTIR) spectroscopy, GPC, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and
synchrotron small-angle X-ray scattering (SAXS) studies are as
described previously.”® We also performed SAXS using a custom-
designed in-house setup built by Xenocs (Amherst, MA). The in-
house setup is an integrated Xeuss/BioXolver system that consists of
an Eiger R 1M hybrid photon-counting detector from Dectris (Baden,
Switzerland), a Xenocs GeniX 3D Cu ultralow divergence X-ray
source (30 W/40 pm) coupled with the FOX3D single-reflection
collimating optics, scatterless slits, BioCube, BioXolver, capillary flow
cell, and other accessories to operate at (GI)SAXS/USAXS/WAXS
modes for both materials science and protein samples.

~
~

B RESULTS AND DISCUSSION

Synthesis and Characterization of Environmentally
Degradable Nanoantibiotics. Our prototypical nanoanti-
biotic design is represented by PMBs consisting of cellulose
backbones covalently grafted with hydrophilic and antimicro-
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bially inactive linear-chain polymer brushes (Figure 1).
Cellulose is the most abundant biopolymer in nature. Although
cellulases, the enzymes that break down cellulose, do not exist
in the human body, they are produced in large quantities in
natural habitats by various fungi, bacteria, and protozoans that
are nonpathological to humans. In fact, cellulolysis is one of
the most executed bioorthogonal chemistry in nature and plays
a critical role for the carbon cycle in the biosphere.**™°

To prepare the PMBs, we first converted cellulose fibers into
macroinitiators for atom transfer radical polymerization
(ATRP) of polymer brushes. Due to the extensive H-bonding
network among the glucose repeating units joined sequentially
via the 1,4-p-glycosidic linkages along its chains, cellulose is
insoluble in nearly all solvents except for ionic liquids, such as
AMIMCL>"*® We synthesized the macroinitiator (i.e.,
cellulose-Br) by reacting cellulose dissolved in AMIMCI with
a-bromoisobutyryl bromide. The resultant cellulose-Br was
easily soluble in many polar solvents and was used as a
macroinitiator to graft well-defined poly(NN,N-dimethylamino-
2-ethyl methacrylate) (PDMAEMA) brushes via ATRP. The
PDMAEMA brushes were subsequently converted to hydro-
philic and cationic poly(IN,N,N-trimethylamino-2-ethyl meth-
acrylate) (PTMAEMA) via quaternization.39 We chose
PDMAEMA as a model brush because it is widely used in
drug and gene delivery."”~* Although PDMAEMA itself
showed antimicrobial and hemolytic activities,"”** probably
due to its amphiphilic and cationic properties reminiscent of
the well-recognized antibiotic traits of antimicrobial pep-
tides,*>™* these activities diminished at increasing degree of
quaternization when PDMAEMA was converted to hydrophilic
PTMAEMA."*** Details of our synthesis and character-
ization are discussed in the Supporting Information (SI). We
used NMR and FTIR spectroscopy, GPC, together with brush
cleavage experiments to determine the brush size, graft density,
and degree of quaternization and confirmed the successful
synthesis of cellulose-g-PTAMEMA;,, where 31 represents the
average degree of polymerization (DP) of the PTMAEMA
brushes (Figures S1—S3, Supporting Information). We also
synthesized a linear-chain PTMAEMA;, that has a similar size
as the PTMAEMA brushes on the PMBs as a control (Figures
S4 and SS, Supporting Information).

The GPC studies of cellulose-Br showed that the
commercially available cellulose has a broad range of molecular
weight distribution, and this broad size distribution profile
carries on after grafting with PDMAEMA brushes (Figure 2a).
In contrast to the polydisperse cellulose backbones of PMBs,
well-defined PDMAEMA brushes (i.e., DP 31) were

~
~
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Figure 2. Structural evolution of model PMBs from synthesis to
degradation as monitored by GPC. (a) Both cellulose-Br (black) and
cellulose-g-PDMAEMA;, (red) are characterized by similarly profiled
broad-size distributions indicative of the polydisperse nature of
cellulose (column, Agilent PLgel S ym MIXED-D; eluent, DMF with
0.02 M ammonium acetate). (b) After cellulase degradation for 3 h,
the hydrophilic PMBs are broken into small pieces (dashed green
trace), one of which has an elution volume similar to that of the
PTMAEMA;, control (black trace) (column, Agilent PL aquagel-OH
50; eluent, pH 7.0 buffer with 0.01 M NaH,PO, and 0.1 M NaNj).

obtained on individual PMBs via ATRP (Figures S1—S3,
Supporting Information). After quaternization, the hydrophilic
PMBs remained stable by themselves but were quickly
degraded (i.e, in 3 h) into small pieces in the presence of
cellulase, as shown by the GPC of the degraded products in
comparison to that of the PTMAEMA;, control (Figure 2b).
This rapid degradation was further confirmed by viscosity
measurements. The intrinsic viscosity of PMBs was measured

as 68.6 mL/g. It dropped to 452 mL/g after cellulase
degradation for 3 h, approaching that of the PTMAEMA;,
control (i.e, 43.0 mL/g). It should be noted that the
cellulolysis assay in the lab mimics the cellulolysis process in
nature but differs in both the enzyme and the substrate
concentrations. The cellulase concentrations in natural habitats
change greatly depending on the types of cellulase-producing
microorganisms in a local ecosystem, their number densities
and growth cycles, seasonal shifts, and other environmental
variables. Although quantitative measurements are difficult,
previous studies have indicated that cellulase represents ~20%
of the cell mass in some of the cellulase-producing micro-
organisms such as Clostridium thermocellum,>® and cellulase
activity in soil samples collected during different seasons in the
Negev Desert fluctuated between 0 and 16 ug of cellulase per
gram of soil per hour.”' The cellulase concentration in rich
soils populated with cellulase-producing microorganisms is
expected to be higher but likely still ~100X lower than the 4
mg/g concentration used in the lab assay. However, the
expected concentrations of antibiotic wastes in the environ-
ment would also be hundreds of times lower than that tested in
the lab assay (i.e, 10 mg/g of the PMBs). As such, the
cellulolysis assay in the lab is still relevant and suggests that the
PMBs, if used as antibiotics clinically, will be degraded rapidly
in natural habitats once released into the environment.
Biological Activities of the Nanoantibiotics before
and after Degradation by Cellulolysis. Both the GPC and
the viscosity studies confirmed that while the nanostructured
PMBs maintain their structural integrity in the absence of
cellulases, they are shredded into small pieces in the presence
of the enzymes. Since cellulases do not exist in the human
body but are ubiquitous in natural habitats, our data illustrate a
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Figure 3. Comparison of the biological activities of PMBs, degraded PMBs, and linear-chain PTMAEMA,;, control. Bacterial killing assays against
(a) Gram-negative E. coli (empty circle) and Gram-positive S. aureus (solid circle) as well as (b) clinical drug-resistant strains, i.e., Gram-negative
PA14 (empty square) and Gram-positive MUSO (solid square) show that while the nanostructured PMBs are potent killers for all bacteria, the
degraded PMBs and linear-chain brush polymer control are ineffective bactericides. (c) Bacterial inhibitory assays also corroborate the same trend,
i.e., while nanostructure gives rise to the bacterial inhibitory potency of PMBs, cellulase degradation annihilates this acquired potency and reduces it
to the same level as that of the linear-chain brush polymer control. (d) Hemolysis assays against HRBCs show that all of the hydrophilic polymers

are nonhemolytic.

2190

https://dx.doi.org/10.1021/acs.biomac.0c00163
Biomacromolecules 2020, 21, 2187-2198


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00163/suppl_file/bm0c00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00163/suppl_file/bm0c00163_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00163?fig=fig3&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c00163?ref=pdf

Biomacromolecules

pubs.acs.org/Biomac

Table 1. Summary of the Biological Activities PMBs, Degraded PMBs, and PTMAEMA,,

MBC (ug/mL) MIC (pug/mL) HC,,

EC* PA14 SA MUSO E.C. PA14 S.A. MUSO HRBC
PMBs 32 4 24 32 64 38 10 18 no*
degraded PMBs no no no no no no 24 512 no
PTMAEMA;, no no no no no no 16 S12 no

“E. coli. ”S. aureus. “Not obtained up to 512 ug/mL.

unique environmental degradability of PMBs that differs from
the in vivo biodegradability reported before”~>* and suggest a
new concept of mitigating the environmental footprints of
antibiotics with rationally designed nanoantibiotics that can be
dismantled and disabled by bioorthogonal chemistry occurring
exclusively in natural habitats.

To illustrate this concept, we measured the biological
activities of model PMBs before and after cellulase degradation
and compared that with the linear-chain PTMAEMA;, control
(Figure 3). We used standard bacteria killing and inhibitory

30,5253 against two representative strains from each
bacterial family, i.e, Gram-negative E. coli and PAI4 and
Gram-positive S. aureus and MUSO, respectively, in which the
PA14 (i.e., tobramycin- and gentamycin-resistant P. aeruginosa)
and MUSO (ie., methicillin-, oxacillin-, and vancomycin-
resistant S. aureus) are clinical multidrug-resistant bacterial
strains. We also tested the toxicity of all polymers by standard
hemolysis and hemagglutination assays against HRBCs to
obtain their respective HCs, (i.e., the antibiotic concentration
at which 50% of the HRBCs are lysed).’>*>** A list of HCy,,
minimum bactericidal concentration (MBC) and bacterial
inhibitory concentration (MIC) of the PMBs, degraded PMBs,
and linear-chain brush polymer control are compared in Table
1.

Consistent with previous reports, the hydrophilic
linear-chain PTMAEMA brush by itself is nonhemolytic
(Figure 3d) but antimicrobially inactive (Figure 3a—c).
Cytotoxicity assays showed that it displays no cytotoxicity to
HEK-293 cells (Figures S9 and S10, Supporting Information),
but like many other cationic polymers,”>*° it induces severe
hemagglutination of HRBCs (Figure S8, Supporting Informa-
tion). Surprisingly, while covalent assembly of the hydrophilic
and antimicrobially inactive PTMAEMA brushes into nano-
structured PMBs does not change their nonhemolytic nature
(Figure 3d) or noncytotoxic property with HEK-293 cells
(Figures S9 and S10, Supporting Information), it evokes a
fundamental transition that completely eases their hemaggluti-
nation propensity (Figure S8, Supporting Information) and
turns the PMBs into potent antimicrobials (Figure 3a—c).
Bacterial killing assays against E. coli and S. aureus (Figure 3a)
or against the multidrug-resistant PA14 and MUSO (Figure 3b)
clearly showed that while the linear-chain brush polymer
control itself exhibits negligible bactericidal activity, the
nanostructured PMBs are turned into potent bacteria killers
with MBCs ranging from 4 to 32 ug/mL (Table 1). This
nanostructure-associated transformation of hemagglutination
behavior (Figure S8, Supporting Information) and antimicro-
bial activity (Figure 3a—c) resembles that reported before®
but has an important difference: unlike previously reported
PMBs with well-defined nanostructures that displayed a size-
dependent selectivity between Gram-negative and Gram-
positive bacteria,” the cellulose-based PMBs kill both Gram-
negative and Gram-positive bacteria with comparable potency
(Figure 3a and 3b; Table 1). We confirmed that this difference

43,48,49
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is due to the polydisperse nature of cellulose-based PMBs
rather than their different brush chemistry, because the same
size-dependent selectivity did show up nicely for PTMEAMA
brushes grown on well-defined polymer backbones instead of
the polydisperse cellulose (Figures S6 and S7, Supporting
Information).

The nanostructure-dependent transformation of hemaggluti-
nation behavior and antimicrobial activity is further demon-
strated by the observation that the acquired hemagglutination
deficiency and antimicrobial potency of PMBs were lost once
their nanostructure fell apart. Enzymatic degradation by
cellulases for 3 h dismantled PMBs (Figure 2b), which in
turn reactivated their hemagglutination propensity (Figure S8,
Supporting Information) and eradicated their bactericidal
activity, and no MBC was reached for the degraded PMBs
against all bacterial strains up to 512 ug/mL (Figure 3a and
3b; Table 1). The bacterial inhibitory assays followed the same
suit (Figure 3c; Table 1): while the nanostructured PMBs are
strongly bacteriostatic to all bacteria, cellulase degradation
decimated the acquired potency and returned it to a similar
level as that of the linear-chain brush polymer control. Notice
that the MICs of degraded PMBs and linear-chain brush
polymer against S. aureus is only slightly higher than that of the
PMBs, which is consistent with previous reports that cationic
compounds are in general strongly bacteriostatic against S.
aureus,””>" but a significant difference between the two camps
was observed against the multidrug-resistant MUS0, demon-
strating again the collective transformation of the antimicrobial
activity of hydrophilic polymers once assembled into distinct
nanostructures. Clearly, assembly and disassembly of the
hydrophilic nanostructure is a two-way switch that turns on
and off the acquired hemagglutination deficiency and
antimicrobial activity.

Nanostructure Is Key for Hydrophilic Polymers to
Disrupt Bacterial Membranes. Given that the primary
difference setting the PMBs apart from degraded PMBs and
linear-chain brush polymer control is the nanostructure of
PMBs, the observed transformation of hemagglutination and
bactericidal activities underscores their different modes of
interactions with HRBCs or bacteria that depend critically on
the nanostructure. In contrast to amphiphilic antimicrobial
peptides and their synthetic mimics that can disrupt both
bacterial and mammalian cell membranes impartially via
hydrophobic interactions,”” > the PMBs, degraded PMBs,
and linear-chain brush polymer are all hydrophilic and do not
intercalate into the hydrophobic cell membrane interior. While
the reason for the nanostructure-associated transformation of
hemagglutination propensity is unknown and still under
further investigation, our previous study showed that hydro-
philic spherical or rod-like PMBs with well-defined nanostruc-
tures induced a topological transition exclusively on bacterial
membranes to form pores while their linear-chain brush
polymers did not.*° This unique mode of membrane
disruption had nothing to do with hydrophobic interactions.
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Figure 4. Different modes of interactions between hydrophilic PMBs, degraded PMBs, and linear-chain brush polymer against bacterial membranes
hinge on the nanostructure. Membrane permeability (a) and cytoplasmic release assays (b) against E. coli show that only PMBs disrupt the bacterial
membrane. SEM pictures (scale bar S00 nm) of E. coli (c—f) and S. aureus (g—j) by themselves (c, g) or treated by PMBs (d, h), degraded PMBs
(e, i), and linear-chain PTMAEMAy, (£, j) reveal that for the Gram-negative E. coli, only PMBs rupture the bacterial membrane by inducing radical
topological changes (d). For the Gram-positive S. aureus, although no obvious morphological difference between untreated (g) and treated bacteria
(h—j) is observed under SEM, cross-sectional TEM (scale bar 100 nm) clearly shows that only PMBs disrupt the bacterial membrane: in contrast
to untreated S. aureus (k) and that treated by degraded PMBs (m) or linear-chain PTMAEMA;, (n), where intact bacterial plasma membrane
underneath the peptidoglycan encapsulation layer is discernible (stained by OsO, and marked by a white arrow in k), the plasma membrane of

PMB-treated S. aureus (1) is obliterated out of existence.

Rather, it was attributed to two synergistic actions: (1) the
strong multivalent interactions between hydrophilic PMBs and
bacterial membranes that favor membrane wrapping around
the nanostructured PMBs instead of linear-chain polymers and
(2) the negative intrinsic curvature lipids rich in microbial
membranes that further help offset the energy cost to bend the
bacterial instead of mammalian membranes collectively around
these nanostructures.’® Since this mode of action does not call
on specific nanostructures, we anticipate that the cellulose-
based PMBs, despite their polydisperse nanorod lengths, would
also disrupt bacterial membranes following the same
mechanism, while the degraded PMBs or linear-chain brush
polymer would not due to the lack of distinct nanostructures
and the nanostructure-associated multivalent interactions with
bacterial membranes.

To test the critical role of nanostructures on bacterial
membrane disruptions, we performed the membrane perme-
ability assay for E. coli treated by PMBs, degraded PMBs, and
linear-chain brush polymer control using fluorescent probe 1-
N-phenylnaphthylamine (NPN), as permeation of the hydro-
phobic NPN into disrupted outer membranes of Gram-
negative bacteria causes a prominent increase of its fluorescent
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emission.”> We also conducted the cytoplasmic release assay to
monitor the leach of nucleic acids when bacterial membrane is
compromised.”* Both the membrane permeability and the
cytoplasmic release assays showed that only nanostructured
PMBs disrupted the E. coli membrane. As an example,
increased NPN fluorescence emission at 420 nm and nucleic
acid absorbance at 260 nm show up only for PMB-treated E.
coli cells but not for those treated by degraded PMBs or linear-
chain brush polymer control (Figure 4a and 4b).

This nanostructure-dependent membrane disruption is also
on display under SEM: while untreated E. coli (Figure 4c) and
those treated by degraded PMBs ((Figure 4e) or linear-chain
brush polymer PTMAEMA;, (Figure 4f) show uncompro-
mised membrane morphology, those treated by PMBs (Figure
4d) are crumbled. For Gram-positive S. aureus cells that have a
thick peptidoglycan layer encapsulating their membranes, no
obvious difference is observed under SEM between untreated
bacteria (Figure 4g) and those treated by PMBs (Figure 4h),
degraded PMBs (Figure 4i), or linear-chain PTMAEMA,,
(Figure 4j). However, cross-sectional TEM clearly reveals
obliteration of the S. aureus membrane beneath its
peptidoglycan encapsulation layer after interaction with
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Figure S. Structural evolution of model liposomes treated by hydrophilic polymers with dismantling nanostructures from PMBs to degraded PMBs
and linear-chain brush polymer. Confocal microscopy of fluorescein-loaded GUVs that mimic mammalian cell and bacteria reveals that no dye
leakage occurs when the mammalian cell-mimicking GUVs are treated by any hydrophilic polymer (a), while the same is only true for bacteria-
mimicking GUVs treated by degraded PMBs or linear-chain brush polymer but not by PMBs (b). SAXS of (c) mammalian cell-mimicking and (d)
bacteria-mimicking liposomes incubated with individual polymers (color scheme is the same as that in a and b) reveals different patterns on
membrane remodeling that depend on both the membrane lipid composition and the polymer nanostructure: while the mammalian-mimicking
membrane simply adheres to hydrophilic polymers to form a loosely bound membrane—polymer multilamellar structure without compromising the
membrane integrity (c), the bacteria-mimicking membrane undergoes topological changes in response to different polymers to assume different
remodeled structures (d), from a 2D hexagonal phase for the nanostructured PMBs (f) to a 3D cubic phase for the degraded PMBs and linear-chain
brush polymer (e). (Inset in d) Blown-out view of the SAXS (0.29—0.43 A™") of bacteria-mimicking liposomes remodeled by PMBs.

PMBs (Figure 41), in sharp contrast to the intact membrane of
untreated S. aureus (Figure 4k) and those treated by degraded
PMBs (Figure 4m) or linear-chain PTMAEMA, (Figure 4n).

Mechanistic Insights on Nanostructure as a Two-Way
Switch to Turn ON/OFF the Membrane-Active Activities
of Hydrophilic Polymers against Bacteria Instead of
Mammalian Cells. Although none of the hydrophilic
polymers disrupt the HRBC membrane (Figure 3d) or kill
the HEK-293 cells (Figures S9 and S10, Supporting
Information), bacteria are subjected to membrane disruption
selectively by the nanostructured PMBs while spared by
degraded PMBs and linear-chain brush polymer control
(Figures 4 and 3a—c). The different disruptive actions of the
PMBs, degraded PMBs, and linear-chain brush polymer
control against bacterial and mammalian membranes underline
a cooperative membrane remodeling mechanism that depends
on both the membrane type and the polymer nanostructure.
An important difference between mammalian and microbial
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. e fi 65—68 11 1.
membranes is their lipid compositions. Unlike mamma-

lian membranes that predominantly consist of lipids with zero
intrinsic curvature, microbial membranes are laden with lipids
of negative intrinsic curvatures. To illustrate how membrane
intrinsic curvature helps define the cooperative remodeling of
biomembranes by the hydrophilic polymers, we monitored the
structural evolution of model liposomes consisting of lipids
with different intrinsic curvatures incubated with polymers of
dismantling nanostructures, from PMBs to degraded PMBs
and linear-chain brush polymer control, using confocal
microscopy and SAXS, respectively (Figure S). The model
liposomes consist of mixtures of anionic lipid DOPG with
zwitterionic DOPC and DOPE. Both DOPG and DOPC have
zero intrinsic curvature, whereas DOPE has a negative intrinsic
curvature. Following the pioneering works by Wong and
colleagues that demonstrated successfully the utility of model
membranes for understanding the action modes of membrane-
active antimicrobials,"”’° we used 20/80 (molar ratio)
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DOPG/DOPE and DOPG/DOPC to mimic the PE-rich
bacterial and PC-rich mammalian membranes, respectively, by
keeping the membrane charge density the same.

We first probed the membrane disruption of mammalian
cell- and bacteria-mimicking GUVs treated by each hydrophilic
polymer by loading the GUVs with a fluorescent dye (i.e.,
fluorescein) and using confocal microscopy to monitor the dye
leakage from individual GUVs. For the mammalian cell-
mimicking GUVs, no dye leakage was observed after
interacting with any polymer (Figure Sa), suggesting none of
the hydrophilic polymers disrupted the mammalian-mimicking
membrane, which is in line with what was observed in the
hemolysis (Figure 3d) and cytotoxicity assays (Figures S9 and
S10, Supporting Information). For the bacteria-mimicking
GUVs, although no membrane disruption was also observed
for the degraded PMBs and linear-chain PTMAEMA;, control,
dye leakage did occur shortly after incubation with nano-
structured PMBs, again resonating with earlier SEM observa-
tions that only the nanostructured PMBs were able to rupture
bacterial membranes (Figure 4). Despite its limitations,”" the
dye leakage experiment highlights the importance of both the
intrinsic curvature of membrane lipids and polymer nano-
structure on how hydrophilic polymers remodel biomem-
branes: while the mammalian-mimicking membranes rich in
lipids of zero intrinsic curvature resist disruptions against all
hydrophilic polymers, the bacteria-mimicking membranes rich
in lipids of negative intrinsic curvature only resist disruptions
against degraded PMBs or linear-chain brush polymer control
but are liable to rupture in the presence of nanostructured
PMBs. Dismantling the nanostructure effectively turns off the
membrane disruption activity of the PMBs.

To gain mechanistic insight about the structural evolution of
biomembranes that gives rise to the different dye leakage
behaviors, we used SAXS to identify the coassembled phases of
mammalian cell- and bacteria-mimicking liposomes incubated
with each hydrophilic polymer. The unilamellar liposomes by
themselves show a weak and broad SAXS peak characteristic of
the liposome form factor.”>”* After interacting with individual
hydrophilic polymers, three broad harmonics characteristic of a
loosely bound multilamellar structure showed up for the
mammalian cell-mimicking liposomes (Figure Sc, marked by
black arrows) with the first peak (qqo;) centered around 0.102
A™!, indicating a lamellar periodicity of ~62 A. We attributed
this coassembled phase as alternating lipid and polymer layers
loosely coupled to each other due to attractive electrostatic
interactions, confirming that the membrane rich in lipids of
zero intrinsic curvature maintains its structural integrity after
interacting with the hydrophilic polymers.

When the membrane charge density was kept the same (i.e.,
20% anionic DOPG) but the zero intrinsic curvature lipid
DOPC was replaced by the negative intrinsic curvature lipid
DOPE to mimic microbial membranes, we observed
completely different membrane remodeling behaviors before
and after the polymer nanostructures fell apart (Figure Sd).
For the membrane treated by nanostructured PMBs, a series of
scattering peaks (marked by red arrows) at 0.102, 0.179, 0.203,
0.274, 0.305, 0.359, 0.374, and 0.405 A™! showed up, which
can be best fit as the first 8 reflections, i.e., (1,0), (1,1), (2,0),
(2,1), (3,0), (2,2), (3,1), and (4,0), respectively, of a 2D
hexagonal phase (Figure 5f). For the membrane treated by
linear-chain brush polymer, a total of 11 reflections (marked by
black arrows) at 0.061, 0.087, 0.105, 0.173, 0.201, 0.209, 0.264,
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0.299, 0.313, 0.346, and 0.359 A~! showed up. Those peaks
have a relationship of

l:ﬁ:ﬁ:ﬁ:m:m:m:\/ﬁ:m:\/")—l:\/ﬁ

and fit nicely as the (1,0,0), (1,1,0), (1,1,1), (2,2,0), (3,1,1),
(2)2)2)) (3;3)1): (4;2':2); (4;3;1); (4;4;0); and (5;3;1)
reflections, respectively (Figure Se), of a 3D cubic phase
(e.g, Pm3m) with a lattice parameter of 103 A. In between the
two ends of the spectrum sits the membrane treated by
degraded PMBs (Figure Sd, green trace); its scattering peaks
are positioned at 0.102, 0.183, 0.205, 0.211, 0.279, 0.308,
0.317, 0.365, 0.382, and 0.409 A™', respectively. These peaks
are related to each other by the ratio of

V3:V10: V12 V130 V22 V27 V29 /38 42 V48

which again can be identified as the (1,1,1), (3,1,0), (2,2,2),
(3;2;0)) (3,3,2), (373)3)) (4;3)2)) (5;3;2)/ (514;1); and (4;4;4)
reflections, respectively, of a 3D cubic phase (e.g,, Pm3m or
P432) with a slightly different lattice parameter of 107 A. The
structural evolution revealed by SAXS clearly illustrates the
different modes of actions between the bacteria-mimicking
membrane and the hydrophilic polymers that hinge on the
polymer nanostructure. The rod-like PMBs, despite their
polydisperse nanorod lengths, are able to transform the
bacteria-mimicking membrane into a simple 2D hexagonal
structure. Enzymatic degradation of PMBs abolishes this
unique capability; both the dismantled PMBs and the linear-
chain brush polymer control interact with the membrane in a
different way that favors formation of a 3D cubic phase. Since
only the PMBs act as the membrane-active nanoantibiotics that
kill bacteria (Figures 3 and 4), we reason that the remodeling
of the bacterial membrane by the hydrophilic polymers into a
2D hexagonal phase rather than a 3D cubic phase sets the
irreversible process of membrane disruption.

To further understand the critical role of this 2D hexagonal
phase on bacterial membrane disruption, we performed
Fourier reconstruction of the PMB-remodeled bacteria-
mimicking membrane using the method reported before.*”%”?
On the basis of the phase criteria developed by Turner and
Gruner,”> our phase choices are (+——+++++). The
reconstructed electron density map along the membrane
plane clearly reveals the 2D hexagonally packed membrane
pores (Figure 6a).

Close examination of the 1D electron density profile along
the axis of the hexagonal lattice (Figure 6b) further helps
identify the molecular details on how the membrane pores are
formed. The region in between the pores has the lowest
electron density (p = 0.29 e/A%), which is attributed to the
hydrocarbon lipid tails. Approaching the rim of those pores,
the electron density rises to 0.55 e/A3. 1t then drops to 0.43 e/
A inside the pores before a rod-like feature appears at the
center of the pores with the highest electron density (p = 0.66
e/A®). This rod-like feature can be only assigned to PMB
because only the PMBs have high-electron-density iodide
counterions associated with their PTMAEMA brushes.
Accordingly, the second highest electron density at the rim
(p = 055 e/A%) can be only assigned to phospholipid
headgroups because they are the only candidates with the next
highest electron density after PMBs. The reconstructed
electron density at the rim is higher than that of a typical
phospholipid headgroup (0.41 e/A%), suggesting the presence
of residue iodide ions. The presence of residue iodide ions is
further confirmed by the increased electron density inside the
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Figure 6. Fourier reconstruction reveals that nanostructured PMBs
remodel bacteria-mimicking membrane by inducing a topological
transition to form membrane pores. (a) Reconstructed electron
density map of remodeled bacteria-mimicking membrane clearly
displays the 2D hexagonally packed membrane pores. Scale bar of
electron density (p) is shown at the top, and x/a and y/a represent
perpendicular axes along the membrane plane normalized by the
lattice parameter. (b) One-dimensional electron density profile along
the x axis of the remodeled membrane plane further identifies how the
PMBs induce topological transition of membranes to form pores:
individual rod-like PMBs (p = 0.66 e/A?) located at the center of each
pore are wrapped around by a wall of lipid headgroups (p = 0.55 e/
A%) with the hydrocarbon tails (p = 0.29 e/A%) of those lipids
distributed radially in between the pores to form a 2D inverted
hexagonal phase (Hy). (c) Schematic illustration of the reconstructed
nanoporous membranes remodeled by PMBs (blue and red,
PTMAEMA brushes and cellulose backbone of the rod-like PMBs,
respectively; gold, DOPG headgroup; magenta, DOPE headgroup;
green, lipid tails).
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aqueous pores (p = 0.43 e/A?), which is much higher than
water by itself (p = 0.33 ¢/A3).**7?

On the basis of the Fourier reconstruction, a schematic
illustration of the PMB-remodeled membrane is built (Figure
6¢). This honeycomb-like 2D inverted hexagonal phase (Hy) is
the hallmark of membrane pore formation and likely the root
cause of bacteria death because the loss of homeostasis would
set the irreversible process of membrane disruption. The
nanostructure of hydrophilic rod-like PMBs is instrumental to
their antimicrobial activities, because only the nanostructured
PMBs give rise to multivalent interactions that induce a
topological transition of bacterial membranes to wrap around
the nanostructures to form pores. The multivalent interactions
are lost when the same nanostructures fall apart due to
enzymatic degradation and so is the acquired antimicrobial
potency (Figure 3). In addition, this nanostructure-dependent
membrane disruption only applies to bacterial membranes rich
in lipids of negative intrinsic curvature, because the negative
intrinsic curvature helps offset the energy cost to bend the
bacterial membrane collectively around the nanostructures. No
topological transition or membrane disruption occurs when the
negative intrinsic curvature lipids are replaced with zero
intrinsic curvature lipids to mimic mammalian membranes
(Figures 4 and S), because the energy cost to bend those
membranes toward pore formation would be prohibitively

high.

B CONCLUSIONS

In summary, we demonstrated that assembly of the hydrophilic
and antimicrobially inactive linear-chain polymers into nano-
structured PMBs turns “ON” their antimicrobial activities
collectively, while disassembly of the nanostructured PMBs
turns the acquired activities “OFF”. The nanostructure itself is
the linchpin of this transformation, and cellulase degradation
epitomizes the bioorthogonal chemistry that acts as an
environment-specific switch to deactivate the antimicrobial
activities of nanoantibiotics. We elucidated that the root cause
of the antimicrobial activities of hydrophilic polymers is the
nanostructure-induced topological change of the bacterial
membrane that results in pore formation, and this two-way
switch of membrane disruption works exclusively on bacterial
membranes laden with lipids of negative intrinsic curvature,
because negative membrane curvature is needed to help offset
the energy cost to bend the membrane collectively around the
nanostructured PMBs. The hydrophilic nanostructures wreak
havoc to bacterial membranes yet remain inactive against
mammalian membranes rich in lipids of zero intrinsic
curvature. Our study illuminates a new concept of modular
nanoantibiotic design to mitigate the environmental footprints
of antibiotics: (1) “plug-to-activate”: hydrophilic, nontoxic, and
antimicrobially inactive molecules can be transformed into
potent antibiotics once assembled into supramolecular
nanostructures; (2) “unplug-to-deactivate”: with the built-in
disassembly switches responsive to bioorthogonal stimuli
occurring exclusively in natural habitats, these nanoantibiotics
will remain fully active while in clinical services but fall apart
and become antimicrobially inactive pieces once released into
the environment.
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