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Abstract

Self-defensive antimicrobial surfaces are of interest because they can inhibit bacterial colonization
while minimizing unnecessary antimicrobial release in the absence of a bacterial challenge. One
self-defensive approach uses self-assembly to first deposit a sub-monolayer coating of
polyelectrolyte microgels and subsequently load those microgels by complexation with small-
molecule antimicrobials. The microgel-antimicrobial complexation strength is a key parameter
that controls the ability of the antimicrobial both to remain sequestered within the microgels when
exposed to medium and to release in response to a bacterial challenge. Here we study the relative
complexation strengths of two FDA-approved cationic antibiotics - colistin (polymyxin E) and
polymyxin B - with microgels of poly(styrene sulfonate) (PSS). These polymyxins are similar
cyclic polypeptides with +5 charge at pH 7.4. However, polymyxin B substitutes an aromatic ring
for a dimethyl moiety in colistin, and this aromaticity can influence complexation via m and
hydrophobic interactions. Coarse-grained molecular dynamics shows that the free-energy change
associated with polymyxin B/PSS complexation is more negative than that of colistin/PSS
complexation. Experimentally, in situ optical microscopy of microgel deswelling shows that both
antibiotics load quickly from low-ionic-strength phosphate buffer. The enhanced polymyxin
B/PSS complexation strength is then manifested by subsequent exposure to flowing antibiotic-free
buffer with varying NaCl concentration. Microgels loaded with polymyxin B remain stably
deswollen to higher salt concentrations than do colistin/PSS microgels. Importantly, exposing
loaded microgels to E. coli in nutrient-free flowing phosphate buffer shows that bacteria are killed
by physical contact with the loaded microgels consistent with the contact-transfer mechanism of
self-defensiveness. /n vitro culture experiments show that these same surfaces nevertheless support
the adhesion, spreading and proliferation of human fetal osteoblasts. These findings suggest a
pathway to create a self-defensive antimicrobial surface effective under physiological conditions
based on the non-metabolic bacterial-triggered release of FDA-approved antibiotics.
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Introduction

Biomaterials-associated infection occurs when bacteria attach to the surface of a tissue-
contacting biomedical device and proliferate into a biofilm.!- 2 The treatment of such an infection
is challenging because bacteria in the biofilm state are very resistant to traditional antibiotic
treatments. There can be severe complications, and the infection can often only be resolved by
removing the device altogether.? 4 A key intervention point to prevent device-associated infection
is thus to create a surface able to avoid the initial colonization event.

One anti-colonization strategy involves self-defensive surfaces.’ These are able to locally
release an antimicrobial when and where planktonic bacteria challenge a surface. Three bacteria-
triggered release mechanisms have thus far been identified for such surfaces. Using a layer-by-
layer (LbL) approach, Sukhishvili et al. reported a polyanionic hydrogel thin film that releases
antibiotics in response to a local decrease in pH caused by bacterial metabolism.% 7 Boulmedais et
al. demonstrated an LbL film constructed by chitosan and hyaluronan able to locally release an
antimicrobial peptide (AMP) due to hyaluronidase secretion by metabolizing bacteria.® ® More
recently, we have shown that bacteria can trigger the release of cationic antimicrobials complexed
within polyanionic microgels simply by bacteria-microgel contact in the absence of bacterial
metabolic processes.!?

Among the advantages of using polyelectrolyte microgels is the fact that they can be
deposited on a complex 3-D surface to form a sub-monolayer coating by simple electrostatic self-
assembly. They can subsequently be loaded by a second simple, non-line-of sight, electrostatic
self-assembly step. Since the coating is sub-monolayer, a significant fraction of the underlying
substrate remains exposed to interact with tissues cells in much the same manner of an unmodified
substrate.

A successful self-defensive surface based on a sub-monolayer surface coating of
polyelectrolyte microgels must include a number of key attributes. Among them are: (i) loading
by microgel/antimicrobial complexation; (ii) sequestration (i.e., retention) of the complexed
antimicrobial within the microgels; (iii) bacteria-triggered release of the antimicrobial and
bacterial killing (i.e., antimicrobial behavior); and (iv) cyto/tissue-compatibility. Liang et al.!®
demonstrated these characteristics using microgels of poly(acrylic acid) (PAA) complexed with a
cationic antimicrobial peptide referred to as Sub5. Self-defensive behavior was attributed to
contact transfer, where complexation within the bacterial envelope is favored so antimicrobial is
transferred from the microgel to the bacterium when a bacterium comes in close proximity to the
modified surface. More recently, Zhao et al. have used an in vitro model of operating room (OR)
contamination to show similar behavior in PAA microgels complexed with a cationic antimicrobial
peptoid (TM1).!! Experiments using PAA microgels complexed with colistin, a cationic FDA-
approved antibiotic active against gram-negative bacteria, also successfully demonstrated E. coli
killing by bacteria/microgel contact in the absence of nutrients. However, these experiments were
done in low-ionic-strength buffer.'® In low-ionic-strength buffer and in the absence of a bacterial
challenge, colistin remained sequestered in PAA for many weeks. When exposed to phosphate
buffered saline (PBS) with a physiological pH of 7.4 and an ionic strength of [Na*] = 0.14 M,
however, colistin was very rapidly released because of the disruption of pairing between cationic
colistin amine groups and anionic microgel acid groups. In short, the colistin/PAA complexation
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is insufficiently strong. Self-defensive behavior by contact transfer has yet to be demonstrated
under physiological conditions using an FDA-approved antibiotic.

Understanding and controlling the antibiotic/microgel complexation strength is a central
element of self-defensive contact transfer. Polyelectrolyte complexation has been extensively
investigated by the LbL community,'?-!* and complexation strength can be tuned by modifying the
polyelectrolyte hydrophobicity,'> aromaticity,!® 7 and charge density.'® 1 We have recently
compared the relative complexation strengths of colistin with PAA microgels and with
poly(styrene sulfonate) (PSS) microgels,?® and both experiments and simulations show that
colistin/PSS complexation is stronger than that of colistin/PAA. PAA is a weak polyelectrolyte
with a pK, of about 4.5, and PSS is a strong polyelectrolyte with a pK, of about 1, so under
physiological conditions (pH 7.4) both are negatively charged. But, importantly, the aromaticity
in PSS introduces additional opportunities for hydrophobic and & interactions during complexation
and creates favorable steric conditions that maximize cation-anion pairing opportunities.

Just as the microgel composition can be varied to explore complexation strength, so too
can the nature of the cationic antimicrobial be varied. Here we study the relative complexation
strength and self-defensive properties of two FDA-approved cationic antibiotics (Fig. 1) -
polymyxin B and colistin - complexed within PSS microgels. Because their primary amines are
protonated, these polymyxins are positively charged at physiological pH. They are active against
gram-negative bacteria.?! Polymyxin B and polymyxin E (colistin) are used clinically and
increasingly for the treatment of infections involving multi-drug-resistant gram-negative
bacteria.?> 23 Relative to colistin (+5, 1155 Da), polymyxin B (+5, 1203 Da) substitutes an aromatic
D-phenylalanine for colistin's aliphatic D-leucine (red circles in Fig. 1).2426 There are cationic
FDA-approved antibiotics that are active against gram-positive bacteria (e.g. vancomycin), but
their complexation strength with anionic microgels made of PAA or PSS appears to be
insufficiently strong to remain complexed when

exposed to buffers at physiological pH and e

physiological ionic strength. _ oM o o S AT,
While colistin-loaded PAA microgels 0 .~ o/ v wl
demonstrate self-defensive antimicrobial  Colistin " i, WD ol
behavior against E. coli in low-ionic-strength  (Polymyxin E) ™ o W
nutrient-free buffer, the self-defensive properties NH'J
of colistin/PSS and polymyxin B/PSS have not HaN @
yet been studied. Here we show that both systems ) HON
meet all four of the key attributes for self- : ﬁ\j\’w%ﬁ 2 %fﬁ,}
defensive behavior. Based on the differences \M/If/f H/\O(;/\ﬁ/ OHNQ
between them, we further hypothesize that NH, NH, ;.N-qo 'ngNHZ
polymyxin B will complex more strongly and thus . T 8
enhance the long-term sequestration behavior Polymyxin B VN

under physiological conditions needed for
possible translation to in vivo biomedical
applications.

Fig. 1: The structures of colistin A (top)
and polymyxin B1 (bottom) are similar
except for the substitution of an aromatic
ring (red circle).
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Experimental Methods
Microgel Synthesis

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without
further purification. PSS microgels were prepared by thermal-initiated free-radical polymerization
using a water-in-oil suspension following methods described previously.?’ An aqueous precursor
solution was mixed from 750 mg sodium styrene sulfonate (NaSS), 75 mg N,N’-methylene-bis-
acrylamide (BIS), 135 pL 0.18 M ammonium persulfate (APS) solution, and 3 mL type I deionized
(DI) water. Under N, gas pressure, this precursor solution was dispersed in 120 mL paraffin oil
with 950 mg span 80 surfactant through a Shirasu Porous Glass (SPG) membrane with a nominal
mean pore size of 5 pum. The resulting emulsion was maintained at 65 °C under continuous N;
bubbling for deoxygenation. After 1 h, microgels were separated from the oil via centrifugation.
They were subsequently washed by repeated centrifugation and re-suspension (10x) in ethyl
alcohol and then (10x) in DI water.

Polymyxin Loading and Sequestration

The antibiotic loading and sequestration were studied as described previously?? by in situ
optical microscopy in a continuous flow chamber (Bioptech FCS2). A pre-cleaned 40 mm diameter
coverslip was treated with oxygen plasma for 3 min, exposed to 0.2 mg/mL poly(allylamine
hydrochloride) (PAH) for 1 h, and then washed 3% with DI water. Microgels were deposited onto
the primed coverslip by exposing the PAH-primed surface to a colloidal aqueous solution of
microgels in 0.01 M phosphate buffer for 30 min and then washing with microgel-free 0.01 M
phosphate buffer. This process produced a sub-monolayer coating of microgels on the transparent
glass substrate. The modified coverslip was inserted into the flow chamber. A Fluigent pressure-
based controller coupled with a bidirectional flow sensor was used to control the flow of buffer
across the surface-bound microgels. Unless otherwise indicated, a flow rate of 100 pL/min was
used. The microgels were imaged in sifu using an inverted microscope (Nikon, Eclipse Ti-E)
equipped with a high-sensitivity CCD Camera (pco.pixelfly series by PCO AG Kelheim,
Germany) and a CFI S Fluor ELWD 20x objective lens (NA=0.45, WD = 8.2 - 6.9 mm). Bright-
field images were analyzed using FIJI.27> 22 The microgel diameters were measured from 2D
images in a direction parallel to the underlying substrate, and these diameters were normalized to
the diameter of the same microgel measured in pH 7.4 low-ionic-strength (0.01 M) phosphate
buffer (4 mM NaH,PO,, 6 mM Na,HPO,) whose [Na*"] = 0.016 M. The zeta potential of the
unloaded and loaded microgels suspended in phosphate buffer with [Na*] = 0.016 M and [Na*] =
0.136 M was measured with a Zetasizer (Nano ZS, Malvern, UK).

The amount of loaded antibiotic was determined using calibrated UV absorption
measurements. First, 100 pL of PSS microgel suspension in DI water was placed in a 1 mL
centrifuge tube and allowed to dry overnight. The weight corresponding to the dried microgels was
determined by subtracting the weight of the empty tube. We assumed that the dry sulfonate
monomers each included a neutralizing Na* ion. The dried microgels were then exposed to 1 mL
of 0.01 M phosphate buffer containing either 1 mg/mL of colistin or polymyxin B. After 24 h the
tube was centrifuged and 100 pL aliquots of the supernatant were extracted and used for UV
absorbance measurements. The absorption values were converted to antibiotic concentrations

ACS Paragon Plus Environment



coONOOULDS WNR

U uUuUuuuunuuunbdbbdDbP,DBEDEDEERERDWWWWWWWWWWNNNNNNNNNNRREPRRRRRPRRRRO
CLVWoONOOCTULPAPWNRPOOOONOOTUPWNRPRPROOONOUPRWNREPROOONOUPRWNPRPOOONOULE WNPELO

ACS Biomaterials Science & Engineering

using a calibration curve determined from a series of solutions with known concentrations of either
colistin sulfate or polymyxin B sulfate. This experiment was repeated 8 times.

Bacteria culturing

E. coli (New England BioLabs, C2987) were incubated in Tryptic Soy Broth (TSB) at 37
"C overnight. Prior to use, samples of E. coli were vortexed, centrifuged, and resuspended in

sterilized 0.01 M phosphate buffer 3 times and then diluted to a final concentration of 103 CFU/mL.
To measure their zeta potential, E. coli were suspended in phosphate buffer with [Na™] = 0.016 M
or [Na*]=0.136 M.

Bacteria-Triggered Antibiotic Release

Bacteria-triggered antibiotic release was studied under continuous flow of nutrient-free
buffer through a PDMS reactor (Fig S1). The reactor was divided into upper and lower chambers,
each with a volume of approximately 300 uL, by a membrane filter (Isopore; Millipore) with a 0.4
um mesh size. Microgels were electrostatically deposited onto the PAH-primed glass surface and
imaged in situ using a Nikon Eclipse inverted optical microscope. The microgels were
subsequently loaded with either colistin or polymyxin B following the protocol described above.
The as-loaded microgel diameters were measured by bright-field imaging. The microgels were
then exposed to E. coli using two different experimental formats. In one (Fig. S1A), 300 uL of a
bacterial suspension (108 CFU/mL) in 0.01 M phosphate buffer was injected into the lower
chamber. Nutrient-free phosphate buffer with [Na*] =0.016 M or 0.136 M was then flowed through
the chamber (20 pL/min). The bacteria were isolated in the lower chamber by the 0.4 pm
membrane, and there they had direct contact with the loaded microgels. After 8 h of flow, the top
chamber, the membrane, and excess buffer from the lower chamber were removed. Live/dead stain
(SYTO 9/Propidium iodide (PI); Invitrogen) prepared in phosphate buffer with [Na*] = 0.016 M
or [Na*] = 0.136 M was introduced into the lower chamber to stain the E. coli there. Confocal
immunofluorescence images were collected using a Nikon Eclipse Ti-E inverted microscope with
a C1 confocal system and a 60x water-immersion (NA = 1.2, WD = 0.27 mm) objective lens. The
bacteria were then removed, and the medium was replaced with 0.01 M phosphate buffer to enable
measurement of the final microgel diameters by bright-field imaging. The second set of
experiments followed an identical procedure except that the loaded microgels were deposited on
the glass cover slip at the top of the upper chamber (Fig S1B). In this format, the bacteria were
prevented from directly contacting the microgels by the membrane separating the two chambers.

Coarse-Grained Molecular Dynamics Simulations

Coarse-grained molecular dynamics (CG MD) was used to simulate the complexation
system of antibiotic (polymyxin B) and PSS. The generation of MARTINI CG models of colistin
and PSS was illustrated in our previous studies.?? Similarly, PyCGTOOL?® was used to generate
the MARTINI coarse-grained model3%-33 parameters of polymyxin B. The initial configuration
was created by placing one PSS chain and one polymyxin B into a cubic simulation box (side
length = 16 nm). The insane.py>* script was used to add polarizable water (PW) and Na* for charge
neutrality. The polymyxin B/PSS system was allowed to equilibrate for 2 ps, and then steering
MD simulation was performed. The simulation details closely followed our previous studies of

6
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assessing colistin complexation with PSS and PAA.2° All CG MD simulations were performed
using GROMACS version 2019.3> The PMF, or relative free energy AG, value for each system
was determined using umbrella sampling (US)3¢-38 along a reaction coordinate, & The US used a
3-step process: (1) a series of evenly distributed configurations or windows was generated along
&; (2) biased simulations were run at different values of &; and (3) the mean force F; at each & value
was calculated. The maximum binding energy of a particular antibiotic molecule to a PSS molecule
was then taken as the difference between the maximum and the minimum energy points in the
PMF curve (AG vs. the distance between the center of mass of the antibiotic and PSS molecule).

Cell Culture

The cytocompatibility of surfaces modified by antibiotic-loaded PSS microgels was
studied using human fetal osteoblasts (hWFOB, ATCC, Virginia). hFOB cells were cultured in a 1:1
mixture of DMEM and Ham’s F12 medium containing 2.5 mL L-glutamine and 10% FBS
(Atlantic Biologicals) at 34 °C with 5% CO; and 95% humidity until 70-80% confluence. Glass
coverslips were used as substrates either in the PAH-primed condition (control) or modified by
polymyxin B-loaded microgels. Prior to cell culture, the samples were sterilized using 70 vol% of
ethanol and autoclaved DI-water followed by UV irradiation for 20 min. Each sample was seeded
with hFOB cells at a density of 5,000 cells/cm? for 15 min and subsequently incubated in 6-well
plates with 2 mL medium in each well.

Cell viability, morphology, proliferation, and differentiation

Cell proliferation on various substrates (PAH-primed glass slides and polymyxin B-loaded
PSS microgel-modified glass slides) was assessed by the MTS assay. Upon culture for 1, 4 and 7
days at 34°C, 20 uL of MTS solution containing phenazine ethosulfate (PES) was added to each
well and further cultured for 2 h at 34°C. Absorbance at 490 nm was recorded. A one-way ANOVA
t-test was performed to test the statistical difference between different substrates.

After culture for 1, 4 and 7 days, cell viability was further evaluated by staining with the
Live/Dead kit (calcein-AM and ethidium homodimer-1) following the manufacturer's protocol. In
parallel, the time-resolved cell morphology was also characterized. Briefly, the culture at different
time points was fixed with 4% (w/v) paraformaldehyde for 15 min and then washed three times
with PBS. The fixed cells were permeabilized with 0.5% (w/v) Triton X-100 and blocked with 3%
(w/v) BSA. The cell nuclei were stained with 4’, 6-diamidino-2- phenylindole (DAPI, Sigma,
USA), and the cell skeletal filament actin (F-actin) was stained with Alexa Fluor 488-conjugated
phalloidin. The stained cells were examined with a Nikon 801 upright epifluorescence microscope,
and images were recorded using NIS-ElementsBR 3.10 Software (Nikon).

The expression of selected osteogenic marker genes - specifically, type I collagen (COL-
1), Runt-related transcription factor (RUNX2) and osteopontin (OPN)- in 7-day cultured cells on
different substrates under the osteogenic differentiation conditions (cultured at 39.4°C with
osteoinductive supplements, i.e., 100 ug/mL of ascorbic acid and 10 mM of B-glycerophosphate)
was studied using the reverse transcriptase polymerase chain reaction (RT-PCR) similar to a
previous study.?® The housekeeping gene (B-actin) was used as a control. Primers for the selected
genes are listed in Table S1.
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Results and Discussion
Antibiotic loading

Both colistin and polymyxin B can be loaded by
complexation with PSS microgels. After deposition on
glass and equilibration in 0.01 M phosphate buffer, the
microgels have an average diameter of 13.7 = 4.9 pm
(n=50 measurements). Images of the as-deposited
microgels (Fig. 2A left, t=0 min) show relatively little
image contrast since they are highly hydrated.
Subsequent exposure to 0.01 M phosphate buffer
containing 1 mg/ml of either antibiotic causes the
microgels to deswell due to complexation with the
antibiotic to an average normalized loaded diameter, Dy,
which is some percentage of the initial unloaded
diameter in 0.01 M buffer. The colistin-loaded diameter,
Dg"l, is 52.0% and the polymyxin B-loaded diameter,
D{B , 18 53.6%. In both cases, the loading process occurs

over a period of about 10 min with little diameter change
thereafter (Fig. 2B).

Deswelling occurs in part because the release of
Na* counterions (5 Na* for each fully complexed
antibiotic molecule) reduces the osmotic pressure and in
part because the polyvalent nature of the antibiotics
creates new non-covalent crosslinks within the
microgels. Deswelling increases the polymer fraction
within the microgels and leads to greater image contrast
(Fig 2A top right, t = 30 min). During this process the
zeta potential of the microgels changes from -40.5 mV
in the unloaded state to almost neutral in the fully loaded
state (Table 1).
calibrated UV

We  used absorption

Page 8 of 23

t =30 min

-.

Colistin

Polymyxin B

— A —=— Colistin

100 _

Qo —=— Polymyxin B

3}

S

T 80p

o

o

8

.(__U 60

g B e lnntFElials vl

o

Z 40 i i & 1
0 10 20 30

Time (min)

Fig. 2: Colistin and polymyxin B
both load by complexation within
PSS microgels. (A) in situ images of
unloaded (top left) and loaded (top
right, t=30 min) PSS microgels in
0.01 M phosphate buffer. (B)
microgel diameter change during

loading. Each data point/error bar
correspond to the average/standard

deviation of n=5 measurements.
measurements.

measurements to quantify the amount of loaded antibiotic. These measurements show that 0.35 +
0.01 mg of (dry) PSS microgels loads 0.44 + 0.05 mg of colistin or 0.47 + 0.00 (0.0018) mg of
polymyxin B. These values correspond to a molar ratio of PSS (monomer) to colistin of 4.9 and to
polymyxin B of 4.7. Since each antibiotic molecule brings +5 charges, these measurements
indicate almost full compensation of amine/sulfonic acid pairings due to loading of either

antibiotic.
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i Sequestration: Polymyxin B has a higher complexation strength

Z By assessing the stability of

7 antibiotic/microgel complexation against buffer t =0 min t = 1030 min

8 with varying ionic strength we find that polymyxin

9 B complexes more strongly with the PSS microgels ¢

10 than does colistin. Fig. 3 follows the normalized &

11 microgel diameter as each type of loaded microgel g

g is exposed to flowing phosphate buffer with [Na*] =

14 0.136 M. The initial diameter at t=0 min does not

15 change when the ionic strength is increased att=30 m

16 min to 0.136 M. Over time, however, the diameter .S

17 of the colistin-loaded microgels slowly increases g

18 before leveling at 57.3%. This swelling indicates =

19 colistin release, which can be attributed to Na' &

20 . . .. . -

51 shielding of pairings between amine groups within

22 the colistin and sulfonate groups within the PSS. As

23 we have reported previously,?® the increased [Na'] < s8of N 2

24 in the buffer by itself can affect the diameter of an < 75| | B e Polysrr'li;xin 8 % N
25 unloaded PSS microgel [20], so at t=1000 min the = § 7o +oooomoeeeeoeeeeen, =
26 buffer was switched to 0.01 M phosphate buffer ~ § | i 7 £
;; ([Na*] =0.016 M) to enable a comparison to the o ol | : 1015
59 initial unloaded diameter. The solid red triangular N ﬁ
30 point at t=1030 min corresponds to a final diameter, g oy hh o <
31 Dng, of 75.8 + 3.9% when equilibrated in 0.01 M~ S S0[ %5 | =
32 buffer. This indicates that some, but not all, of the 200 400 600 800 1o0p 0

33 loaded colistin is released when exposed to a Na* Time (min)

34 concentration typical of a physiological medium. In = Fig. 3: (A) Images illustrating the

;Z contrast, when exposed to an identical environment, = diameter change of microgels loaded

37 no diameter change is observed in microgels loaded = with either colistin of polymyxin B after
38 with polymyxin B. Their final normalized diameter = exposure to flowing buffer with [Na*] =
39 0.136 M. (B) Normalized diameter

40 _ change for loaded microgels exposed to
41 Table 1 - Zeta potentials flowing polymyxin-free phosphate buffer
i; zeta (dashed black line) with [Na®] =0.01 M
a2 Sample [Na+] (M)  potential (t=0 min); 0.136 M (t=30 min); and 0.01
45 (mV) Md(tZIOOI? min). Tll}e Zogd triangles

46 i indicate the normalized diameter at

47 unrlssjjselss g?;g _:Z z i i: t=1030 min. Each data point/error bar

48 : e corresponds to the average/standard

49 Colistin-loaded 0.016 04x04 deviation from n = 5 microgels.

gg microgels 0.136 -1.7x03

g; Polymyxin B- 0016 165+023 in 0.01 M buffer remains at 53.8 + 0.4%,
w2 loaded microgels (136 38406 indicating no release of complexed polymyxin B.
55 In other words, polymyxin B/PSS complexation
56 E coli 0016  -333+10 | is more resistant to decomplexation than
57 0.136 -105+£15

58 9
59
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colistin/PSS complexation when exposed to buffer with a physiological level of salt.

Experiments such as those described by Fig. 3 were repeated using flowing buffer
containing various concentrations of NaCl. In each experiment the average (n=5) as-loaded
diameter, Dy, was first measured in 0.01 M phosphate buffer (e.g., t=0 in Fig. 3). These
measurements give values of DSt = 52.0 + 1.2% and Df°»™*nB =536 + 1.1%. After
flowing buffer with a particular [Na*] for 1000 min, the microgels were equilibrated in 0.01 M
phosphate buffer for 30 min. and the average normalized final (NF) diameter, Dng, was measured
(e.g., t = 1030 min in Fig. 3). The results are tabulated in Table S2. No antibiotic release is
indicated when Dng = Dy, and full antibiotic release is indicated when Dy = 100%.

We converted the values of Dy and Dxr from Table S2 into a measure of doping in the
microgels. Doping quantifies the extent to which charged polyelectrolyte acid groups are
electrostatically compensated by salt cations.** 4! Here a doping event corresponds to the
disruption of the pairing between an amine group on a guest antibiotic molecule and a sulfonic
acid group within a host microgel. We assume that the doping level, y, scales with the microgel
volume:

D¥r— D}

y= #_D% 1]

1.0t P R ?
Figure 4 shows the [Na*]-dependent doping level « Colistin ’
for antibiotic-loaded microgels after soaking in 0.51 i
flowing buffer for 1000 min. While the 06} iy 4
concentration of complexed antibiotic is not > f .
necessarily linearly related to microgel volume 0.4¢ P
(eq. [1]), changing that functional dependence has 02} o :
little effect on the general position and shape of the Polymyxin B
curves in Fig. 4. The colistin data were reported 0.0 =

previously?® and are included here to illustrate 0.1 0.2 0.3 0.4
differences between the colistin/PSS and [Na*] (M)

polymyxin B/PSS systems. Fig. 4: Doping level (y) in colistin/PSS
(red) and polymyxin B/PSS (blue) as a
function of [Na*] in the surrounding
flowing phosphate buffer. The dashed
lines are added as guides to delineate
different regions of doping behavior.

Despite the fact that colistin and
polymyxin B both stably complex with PSS for
extended periods under conditions of low ionic
strength, the doping behavior at higher salt
concentrations is different. Importantly, doping
(antibiotic release) in the colistin/PSS system is
evident at [Na'] > 0.096 M while polymyxin B/PSS remains entirely undoped (antibiotic
sequestered) for the important condition of [Na*] = 0.136 M. For all ionic strengths studied,
Ypolymyxin B < Yeolistin- At the high-concentration extreme where y=1, the colistin/PSS system is fully
doped for [Na*] =0.226 M whereas [Na"] = 0.466 M is required to fully dope the polymyxin B/PSS
system. Both systems undergo roughly linear doping with increasing [Na*], but the different slopes
likely reflect the additional non-electrostatic contribution of the aromatic moiety in polymyxin B.
Interestingly, both systems reflect a clear discontinuity in slope at higher [Na*], which may indicate
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a transition where non-electrostatic interactions play a controlling role in the antibiotic/microgel
complexation.

Coarse-grained molecular dynamics =~ _ Colistin
simulations also indicate that polymyxin B/PSS ©
complexation is stronger than  colistin/PSS é
complexation. Figure 5 shows the PMF profile g
calculated by separating a molecule of each of the 0]
two antibiotics from a PSS polymer molecule. <

Starting from an equilibrated antibiotic/PSS Polymyxin B
configuration, the antibiotic molecule was detached 80t

from the PSS molecule to compute the PMF profile. 0 1 > 3 4
The AG corresponds to the difference between the Distance (nm)

minimum energy point along the PMF curve and the Fig. 5: Binding energies of colistin/PSS
energy of the detached colistin when it reaches a (red) and polymyxin B/PSS (blue) from
separation > 4.0 nm. The same process was repeated .04 molecular dynamics and

for colistin/PSS. The calculated free-energy change umbrella-sampling simulations in a

for colistin/PSS is —63.8 kJ/mol, and polymyxin ({5 M NaCl solution. The x axis
B/PSS is —81.3 kJ/mol indicating that the polymyxin

4 represents the distance between the
B/PSS has the greater complexation strength.

center of mass between a PSS polymer
chain and the center of mass of the

Bacteria-triggered antibiotic release antibiotic.

Based on prior results where contact with E.

coli was able to trigger the release of colistin sequestered by complexation within poly(acrylic
acid) microgels,! here we expect that contact with E. coli should similarly trigger the release of
either colistin or polymyxin B from PSS microgels. To test this hypothesis, we used a simple flow
system that would either enable or prevent contact between loaded microgels and E. coli (Fig. S1).
In a so-called single chamber experiment (Fig. SIA), PSS microgels were electrostatically
deposited onto a PAH-primed glass coverslip that acted as the chamber bottom, and E. coli were
constrained to remain within that same chamber by a 0.4 um mesh membrane. The microgels were
either left unloaded or loaded with colistin or polymyxin B. Nutrient-free phosphate buffer with
[Na*] =0.016 M or 0.136 M was flowed (20 pL/min) through the chamber for 8 hrs. The bacteria
were then exposed to live/dead stain to assess their viability.

Fig. 6 summarizes the imaging assays from the single-chamber experiments. The top row
shows the control experiment where the bacteria interact with unloaded PSS microgels that were
electrostatically deposited onto PAH-primed glass. The propidium iodide from the live/dead stain
kit interacts with the PSS, presumably via electrostatic interaction with PSS sulfonate group and
further enhanced by & interactions with the aromatic ring (such staining does not occur in unloaded
PAA microgels!?), so the microgels appear red. Importantly, the bacteria are almost exclusively
green indicating that they survive in the nutrient-free buffer. These images correspond to
projections of the 3-D confocal imaging cube, so multiple layers of bacteria can be visualized.

In clear contrast to the unloaded control experiments, identical experiments involving
microgels loaded with either colistin or polymyxin B show that the majority of bacteria are dead.

11
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Qualitatively similar killing occurs for
experiments performed in both low-ionic-
strength buffer ([Na*] = 0.016 M) and in
physiological-strength buffer ([Na*] =
0.136 M).

The fact that some bacteria remain
green, and are thus alive, in the images of
Fig. 6 indicates that these bacteria did not
contact a loaded microgel or did so
insufficiently to drive antibiotic transfer.
This surface is not necessarily optimized
to have the highest killing efficiency.
Engineering such a surface would likely
involve smaller microgels spaced more
closely together in order to maximize the
probability of contact during a bacterial
challenge. We further note that, because
of the finite reservoir size of each
microgel, these surfaces are better suited
to clinically relevant applications
involving relatively small numbers of
bacteria. These conditions, for example,
are typical of contamination in the
operating room (OR), and we have
recently shown that titanium surfaces
modified by PAA microgels loaded with
an antimicrobial peptoid are highly
effective  at  preventing  bacterial
colonization using an in vitro model of OR
contamination.!!. 42

Additional information about the
bacteria-microgel interaction is given by
changes in the microgel diameters.

Bacteria-induced diameter changes were assessed by comparing to reference diameters where
loaded microgels were exposed to bacteria-free flowing buffer (either [Na*] = 0.016 M or 0.136
M) for 8 h. The final diameter measurement was then made in the standard low-ionic strength
([Na*] =0.016 M) buffer. These reference values are given in Fig. 7 as the solid red circles. In the
absence of bacteria, the fact that the microgel diameters after 8 h exposure to flowing buffer are
essentially the same as the as-loaded diameters indicates that colistin remains stably complexed
within the microgels (sequestered) in 0.016 M buffer and polymyxin B remains sequestered in
both 0.016 M and 0.136 M buffer. Consistent with Fig. 3, exposure to bacteria-free buffer with
[Na+] = 0.136 causes the release of some colistin (Fig. 7B) where the diameter (red filled circle)

[Na*]=0.016 M [Na*]=0.136 M

Unloaded

Polymyxin B loaded Colistin loaded

Fig. 6: Confocal fluorescence z-projection images
of E. coli after 8 h of contact with unloaded PSS
microgels (top), colistin-loaded microgels
(middle), and polymyxin B-loaded microgels
(bottom). The flowing medium was phosphate
buffer with [Na*] =0.016 M (left) or 0.136 M
(right). Live = green, and dead = red.

has increased from the as-loaded diameter of 52% to 64%.
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In all four cases, however, Fig. 7
indicates that contact with E. coli causes an
increase in microgel diameter. The blue
squares in Fig. 7 correspond to the diameters
after 8 h exposure to E. coli, removal of the
E. coli, and then re-equilibration in the
standard low-ionic-strength buffer. This
diameter increase is consistent with the
imaging results of Fig. 6, which indicate a
preponderance of dead bacteria that must be
driven by antibiotic release.

The fact that contact with the E. coli
triggers antibiotic release is further
substantiated by a control experiment that
used a double-chamber flow cell (Fig. SIB).
In this set of experiments, the flow cell
contained E. coli but the bacteria were
prevented from contacting the loaded
microgels by a 0.4 pm membrane that
separated the cell into an upper chamber
with loaded microgels on a glass surface and
a lower chamber with bacteria. The flow
conditions (rate, time, [Na']) were
otherwise identical to the single-chamber
experiments that allowed microgel-bacteria
contact. After exposure to flowing buffer for
8 h, the flow cell was opened and the
microgel-modified glass surface was re-
equilibrated in standard 0.01 M phosphate
buffer. The resulting microgel diameters are
given as the green triangles in Fig. 7. They
correspond closely to the control diameters
(red circles) which involve only buffer and
no bacteria. A one-way t-test with p = 0.05
indicates statistically significant differences
between the experiments that allow

[Na*]=0.016M  [Na*] =0.136M

2
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Fig. 7: Normalized microgel diameter changes
indicate colistin (A, B) and polymyxin B (C,
D) release triggered by E. coli contact (blue
squares) in phosphate buffer with [Na*] =
0.016 M (left) or 0.136 M (right). Each
point/error bar represents the average and
standard deviation from n=5 microgels. The
diameter measurements were all made in 0.01
M phosphate buffer. The asterisks indicate
statistically significant differences (p = 0.05)
when bacteria contact (blue) the loaded
microgels relative to the case where that
contact is prevented (green). The red circles
correspond to loaded microgels exposed to
bacteria-free buffer.

microgel-bacteria contact and those that do not.

We attribute the triggered release of antibiotic and the subsequent killing of bacteria to the
contact-transfer mechanism.> 1 We can confidently rule out release triggered by local pH changes,
because the flow experiments were performed using nutrient-free phosphate buffer. We can
consequently expect that bacterial metabolism and any resulting changes in local pH due to the
secretion of acidic metabolic products would be minimal. Similarly, we see release due to the
change in ionic strength only for the case of colistin-loaded PSS at the higher salt concentration
([Na*]=0.136 M). This released colistin would become quickly diluted and carried out of the flow

ACS Paragon Plus Environment



coONOOULDS WNR

U uUuUuuuunuuunbdbbdDbP,DBEDEDEERERDWWWWWWWWWWNNNNNNNNNNRREPRRRRRPRRRRO
CLVWoONOOCTULPAPWNRPOOOONOOTUPWNRPRPROOONOUPRWNREPROOONOUPRWNPRPOOONOULE WNPELO

ACS Biomaterials Science & Engineering

cell by the flowing buffer and would be very unlikely to exceed the MBC for E. coli that could
lead to the level of killing observed by imaging (Fig. 6). Instead, we see killing and a concomitant
increase in microgel diameter only when bacteria contact the loaded microgels.

Contact transfer is believed to be driven by the high concentration of negative charge and
hydrophobicity associated with the bacterial cell envelope. Particularly in a gram-negative
bacterium such as E. coli, the outer membrane contains a high concentration of lipopolysaccharides
and phospholipids both of which include negatively charged phosphate moieties in addition to a
high concentration of hydrophobic saturated linear acyl chains.*>-4¢ The anionic and hydrophobic
properties in this outer membrane are believed to play a key role in the uptake of cationic
antimicrobials where these multivalent oligocations are able to displace divalent calcium ions that
electrostatically bridge liposaccharides in the outer membrane.4’-39 The contact killing mechanism
first introduced by Klibanov,3! where cationic antimicrobials covalently attached to a solid surface
are able to kill bacteria, was attributed to this cationic exchange mechanism. Contact transfer is in
many respects similar to contact killing. The important distinction is that the cationic antimicrobial
is not covalently tethered to a substrate, so it can be transferred from host microgel to a challenging
bacterium.

Zeta potential measurements support the idea that there is a thermodynamic potential able
to drive transfer. Table 1 shows that the zeta potential characteristic of the loaded microgels is
close to zero, as can be expected if the charge of the polyanionic microgels is fully compensated
by the guest cations. In contrast, E. coli have a negative zeta potential: -33.3 mV and -10.5 mV in
phosphate buffer with [Na*] = 0.016 M and 0.136 M, respectively. Hence, if a bacterium comes
sufficiently close to a loaded microgel, there will be a potential gradient that can drive de-
complexation of the antibiotic from the microgel, its transfer from the microgel to the bacterium,
and its re-complexation within the bacterial outer membrane. As we have discussed previously,!?
we can place an optics-limited upper bound of several hundred nanometers to how close a
bacterium and a microgel must be for contact, but the distance is more likely to be on the order of
molecular dimensions (10's of nanometers). Our double-chamber flow experiments indicate that
preventing close proximity of the bacteria to the microgels prevents transfer, presumably because
the potential gradient is much less steep. We furthermore note that proximity is likely to be
essential for the transfer itself, because, once an antibiotic molecule decomplexes and diffuses out
of its host microgel, the probability of it being carried away by the flowing medium will increase
rapidly with the increasing microgel-bacterium separation. In that case, we would not observe the
killing indicated by the images in Fig. 6.

We note that bacterial contact does not fully deswell the loaded microgels. None of the
blue squares in Fig. 7 corresponds to 100%. We speculate that this is a consequence of the changing
concentration of antibiotic complexed within the microgels. As antibiotic is released, the gradient
in chemical potential between antibiotic complexed within the microgels and the same antibiotic
complexed within an adjacent bacterial cell envelope would grow less until at some threshold
concentration that gradient would be insufficient to drive transfer despite the proximity of the
bacterium. The fact that the final diameter of the polymyxin B/PSS microgels is much less than
that of the colistin/PSS microgels (blue squares in Fig. 7) is furthermore consistent with our finding
that polymyxin B/PSS complexation is stronger than colistin/PSS complexation. The initial
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potential gradient would be less in the polymyxin B case, and less polymyxin B would have to be
released to before reaching the threshold where no further transfer could occur.

Cytocompatibility of microgel-modified surfaces

Because of its higher complexation PAH-primed Microgel-modified
strength and more stable sequestration ' ‘
within PSS microgels under physiological
conditions, our cytocompatibility
evaluation focused on surfaces modified by
polymyxin B-loaded microgels. The
modified surfaces were compared to PAH-
primed glass surfaces as the control. We
note that exposed PAH (polycationic) will
become rapidly coated by serum proteins
having a net negative charge atpH 7.4 (e.g.,
albumin). This will occur both on the PAH
-primed control surfaces and on the PAH-
primer exposed between microgels on the
microgel-modified surfaces. As shown in
Fig. 8, the microgel-modified surfaces
support the attachment and spreading of
hFOB cells in a manner similar to that of
the PAH-primed glass control surface for
multiple time points (1, 4 and 7 days). In
addition to the cell staining, we note that
the microgels were also stained blue. We
attribute this to DAPI interactions with
polymyxin B. Live/dead staining of the
culture shows essentially no dead cells
(data not shown). Clearly, both the
modified and control surfaces supported
cell growth based on the phalloidin
staining.

An MTS assay was also performed to quantify the cell proliferation on these surfaces (Fig.
9A). This assay indicates no statistically significant difference between the control and modified
surfaces in terms of their metabolic activities, and both surfaces supported continuous cell growth.
Since hFOB cells are transfected with a temperature-sensitive plasmid for better maintenance of
their pluripotency, elevated temperature can induce the osteogenic differentiation.?® Thus, the
influence of surfaces modified by polymyxin B-loaded microgels on the osteogenesis of hFOB
cells (cultured at 39.4 °C) was also studied by following the expression of representative
osteogenic marker genes (COL-1, RUNX2 and OPN) via RT-PCR. Again, no significant
differences were seen between PAH-primed glass and the microgel-modified surfaces (Fig. 9B).
Collectively, these results indicate that surfaces modified by polymyxin B-loaded PSS microgels
behave comparably to the control surfaces in terms of supporting the attachment, proliferation and
differentiation of hFOB cells.

Fig. 8: hFOB cell morphology after 1, 4, 7 days
of culture on PAH-primed glass (left) and
polymyxin B-loaded microgel-modified glass
(right). The hFOB cells were stained by DAPI
(nuclei) and phalloidin (actin). Staining indicates
complexation interactions between PSS
microgels and DAPI (blue).
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We have previously shown that
hFOB cells do not trigger the release of
colistin from PAA microgels.!® We see no
evidence here that these cells trigger the
release of polymyxin B from PSS
microgels. We attribute this to the fact that
the charge density associated with
osteoblasts and many other eukaryotic cells
is less than that associated with the bacterial
envelope. Thus, the gradient in chemical
potential induced by proximity to an
osteoblast would be less than that induced
by proximity to a bacterium. The fact that
polymyxin B/PSS complexation is stronger
than that of colistin/PA A complexation also
implies that hFOB cells should not be able
to trigger the release of polymyxin B. We
furthermore note that, while polymyxin B
is known to cause DNA damage to
mammalian cells,’>» 33 sequestering it
within PSS microgels effectively cloaks it
from the tissue cells and, as supported by
our hFOB studies, minimizes the

cytotoxicity. For the same reason, we did
not  pursue  traditional = hemolysis

measurements to access cytocompatibility,
because the antibiotics are being delivered

locally in response to specific triggers
(bacterial contact) rather than systemically

through the blood stream.
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Fig. 9: (A) An MTS assay indicates no
statistically significant (NS) difference in hFOB

cell proliferation between cells grown on

surfaces modified by polymyxin B loaded
microgel-modified glass and PAH-primed glass.

(B) Gene expression of osteogenic markers

against B-actin (housekeeping gene) (n > 3) in
hFOBs again shows no statistically significant

. difference between the two surfaces.
Conclusions

We have explored the relative

strength of complexation between polyanionic microgels made from poly(styrene sulfonate) PSS
and two polymyxins - colistin (polymyxin E) and polymyxin B. In sifu measurements of microgel
swelling and deswelling during complexation loading and subsequent release indicate that PSS
complexation with polymyxin B is stronger than that with colistin. We attribute the difference to
the aromaticity in polymyxin B, which provides for additional n-m and hydrophobic interactions.
This experimental finding is corroborated by calculations of complexation strength by coarse-
grained molecular dynamics.

Challenging glass surfaces modified by antibiotic-loaded PSS microgels with E. coli leads
to bacterial killing in a manner consistent with the concept of contact transfer. Our experiments
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used flowing nutrient-free buffer that both minimizes the influence of possible bacterial
metabolism and removes any antimicrobial eluted into the flowing medium. Live/dead staining
indicates bacterial killing accompanied by microgel deswelling (antibiotic release) when E. coli
are allowed to physically contact the loaded microgels. Short-term antimicrobial behavior is
observed using both colistin and polymyxin B, though surfaces modified using polymyxin B are
better suited to preserve longer-term antimicrobial behavior because of its stronger complexation
with the host poly(styrene sulfonate) microgels. Significantly, these experiments were done using
FDA-approved antibiotics under conditions of physiological pH and ionic strength, which
indicates that the PSS/polymyxin system is a good candidate for possible translation towards
clinical use.

Supporting Information Available
The following files are available free of charge:

Figure S1 schematically illustrates the flow chamber used to permit or prevent contact between E.
coli and antibiotic-loaded PSS microgels.

Table S1 summarizes the primers used for RT-PCR

Table S2 provides values of DNF for various salt concentrations used to calculate Fig. 4.
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Figure S1: Schematic illustrations of the flow systems to (A) enable or (B) prevent contact

between antibiotic-loaded microgels and E. coli.
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Calculation of 8 hours No E. coli

The diameter changes of colistin/polymyxin B loaded-microgel in E. coli-free

phosphate buffer were observed using the experimental setup illustrated in Fig S2a. The
antibiotic-loaded microgel-modified surfaces were exposed to flowing phosphate buffer

following the concentration change depicted by the dashed line in Fig S2b. Microgel
diameter was measured every 5 hours in 0.016 M [Na+] phosphate buffer. (Colistin-
loaded microgel = red, polymyxin B-loaded microgel = blue).

The 8 hours flowing data was estimated based on the linear relationship of
microgel diameter change after 5 hours, 10 hours, and 15 hours flowing in phosphate
buffer with 0.136 M [Na+]. The standard deviation was calculated based on 95%
confidence interval (red/blue dash line in Fig 2Sc, d).
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Figure S2: a) Schematic illustration of the flow system to follow microgel-buffer

interactions, b) Antibiotic-loaded PSS microgel respond to phosphate buffer with varying

[Na+], c,d) Colistin (polymyxin B) -loaded PSS microgel respond to 0.136 M [Na+],
dash lines represent calculated error bar based on 95% confidence interval.
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Table S1: Primer sequences used for gene expression analysis via reverse transcription

polymerase chain reaction (RT-PCR).

Gene 5-3 Primer sequence

B-Actin Sense 5'-AACCCTAAGGCCAACCGTG-3'
Antisense 5'-CAGGATTCCATACCCAAGAAG-3'

COL-1 Sense 5'-TCTCCACTCTTCTAGTTCCT-3'
Antisense 5S'-TTGGGTCATTTCCACATGC-3'

RUNX2 Sense 5'-CGTGGCCTTCAAGGTGGTAG-3'
Antisense 5'-GAGGCATTCCGGAGCTCAG-3'

OPN Sense 5'-ACATCCAGTACCCTGATGCTACAG-3'
Antisense 5'-TGGCCTTGTATGCACCATTC-3'
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Calculation of doping level

The doping level is calculated using equation 1:

_ Di. —D§

Y =100 - Df

Where the normalized diameter (Dnr) of antibiotics-loaded PSS microgel after flowing with a
phosphate buffer with varying [Na+] are listed in Table S1. the diameter of PSS microgel after

-&'./.0(+1

loading with colistin is D@¥ 0" = 52,0 + 1.1, after polymyxin B loading is Dy =53.7+

1.1

Table S2 - Average and standard deviation (n=5) of the microgel diameter after exposure
to flowing phosphate buffer with varying [Na+] for 1000 min and then equilibrated in

0.01 M phosphate buffer (DnF).

[Na*] (M) !#§%&'(&) DI*§%+,+-&) /
0.096 519+ 1.7 No data
0.136 75.9+£3.9 525+1.8
0.166 81.7+ 1.8 No data
0.196 86.2£2.5 No data
0.216 87.2+2.2 702 +1.2
0.218 95.0+1.7 No data
0.226 99.9 £0.7 No data
0.266 99.1+£2.3 79.5+1.7
0.316 99.3+£2.6 80.8 +1.3
0.416 No data 86.8 £0.3
0.516 No data 100.5+0.9
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