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within and in/out of the room itself.[1] 
These airborne bacteria can accumulate 
on the surface of an implantable bio-
medical device once it is removed from 
its sterile package. Early measurements[2] 
reported a bacterial surface-accumulation 
rate of ≈3 × 106 CFU m−2 h−1. Increased 
and improved practices of infection con-
trol have steadily reduced that rate. More 
recent studies report rates ranging from 
103 to 104 CFU m−2 h−1.[3] These rates sug-
gest that devices are being implanted after 
they have been contaminated by hundreds 
or thousands of bacteria. Once implanted 
and exposed to favorable growth condi-
tions within the body, a subset of these 
bacteria can develop into biofilms and lead 
to chronic device-associated infection.

Devices such as hip/knee prostheses,[4] 
heart valves,[5] pacemakers,[6] cochlear 
implants,[7] shunts,[8] surgical mesh,[9] 
sutures,[10] tissue-engineering con-
structs,[11] among many others, are sus-
ceptible to device-associated infection. 
The fact that the incidence of surgical site 

infection increases linearly with time in the OR is well estab-
lished,[12] and there is strong consensus that intraoperative con-
tamination is responsible for at least some device-associated 
infections.[13]

Self-defensive surfaces[14] represent an emerging and 
compelling strategy that may be able to inhibit bacterial 
colonization due to OR contamination. The term self-defensive 
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1. Introduction

Despite the fact that the surgical operating room (OR) is com-
monly referred to as sterile or aseptic, the OR atmosphere in 
reality contains microbes from many sources. Among them 
are ventilation systems, shedding from clothing, sneezing or 
coughing by OR personnel, as well as pedestrian traffic both 
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was introduced by Boulmedais and co-workers[15] for the case 
of bacteria-triggered antimicrobial release. The mechanism is 
very different from a traditional method of elutive drug delivery. 
In contrast to elutive methods which continuously release anti-
microbials whether they are needed or not, a self-defensive 
mechanism releases antimicrobial only when needed, releases 
it in very small amounts locally only where needed, and does 
not release it at all if there is no microbial challenge. Such sur-
faces have been developed by Sukhishvili and co-workers[16] 
who designed polyelectrolyte thin-film coatings to release 
antimicrobial in response to local pH changes. Cado et  al.[15a] 
exploited microbial enzyme secretion and designed coatings 
that incorporate substrates for those particular enzymes so that 
local coating degradation would release an antimicrobial. Both 
approaches require bacterial metabolism to become active. 
However, prior to implantation, a contaminated device surface 
has no source of nutrients, and significant bacterial metabolism 
is unlikely. A self-defensive approach that relies on metabolism 
may thus not be appropriate for addressing OR contamination.

An alternate self-defensive mechanism referred to as con-
tact transfer[14c] is well suited to the problem of OR contami-
nation. We have shown[17] that bacterial contact alone, without 
metabolism, can drive responsive antimicrobial release from a 
polyelectrolyte microgel coating and transfer that antimicrobial 
to a challenging bacterium. This mechanism has been demon-
strated using both gram-positive (Staphylococci) and gram-neg-
ative (Escherichia coli) bacteria. It has furthermore been demon-
strated both in low (0.016 m) and higher (0.14 m) ionic-strength 
phosphate buffer at pH 7.4.[17] This transfer has been attributed 
to the fact that the bacterial envelope contains a high concentra-
tion of negative charge and hydrophobicity so that the complex-
ation strength between the bacterium and the antimicrobial can 
be greater than that between the microgel and the antimicro-
bial. Bacterial proximity to the loaded microgel then creates a 
steep chemical-potential gradient to drive antimicrobial decom-
plexation from the microgel and its transfer to the bacterium. 
The magnitude of that gradient can be further influenced by 
ionic strength.[18]

Here we tested the hypothesis that a self-defensive synthetic 
surface can in the absence of nutrients for metabolism signif-
icantly inhibit bacterial colonization in an in vitro model of 
OR contamination. We electrostatically deposited microgels of 
poly(acrylic acid) (PAA) to form a sub-monolayer coating on 
either glass cover slips or titanium rods (as a model of ortho-
pedic pins or screws) and, in a second self-assembly step, we 
loaded these with a cationic antimicrobial peptoid referred to 
as TM1 (also known as peptoid 1).[19] Peptoids are like pep-
tides except that the side-groups are located on the amide 
nitrogen rather than on the α-carbon. In general, they are 
not proteolyzed,[20] thus improving biostability and reducing 
immunogenicity.[20a] In particular, TM1 is a helical and amphi-
pathic 12 mer peptoid consisting of a trimer (NLys–Nspe–Nspe) 
repeated four times and terminated with a secondary amine 
group (Figure 1). Each of the four NLys moieties brings a pri-
mary amine group. These five amine groups are all proto-
nated under physiological conditions, and TM1 thus has a 
net electrostatic charge of +5. In addition, each Nspe brings 
an aromatic moiety, which can contribute to complexation 
interactions.[21]

In situ optical microscopy was used to follow the loading 
process by imaging the microgel deswelling during complexa-
tion with the TM1. Such imaging also assessed the ability of 
the TM1 to remain sequestered within the PAA microgels when 
exposed to physiologically relevant media. A digitally controlled 
aerosolizing system was used to spray well-defined quantities 
of staphylococci (either Staphylococcus aureus or Staphylococcus 
epidermidis) onto Ti rods. Subsequent in vitro assays of bacterial 
viability and osteoblast response showed that the TM1-loaded 
microgel-modified surfaces very effectively inhibit bacterial col-
onization while still preserving cytocompatability comparable 
to unmodified controls.

2. Experimental Section

2.1. Overview of the Surface Modification

The modification of the Ti rods by PAA microgels and the sub-
sequent loading of these microgels required only a few self-
assembly steps. The general procedure has been described 
previously.[22] In short, anionic PAA microgels were synthe-
sized and electrostatically deposited onto titanium (Ti) rods. 
This deposition process produced a Ti surface modified by a 
sub-monolayer of PAA microgels. Small cationic antimicro-
bial molecules—the TM1 peptoid—were then loaded into these 
microgels by a second self-assembly step where the microgel-
modified rod was immersed in an aqueous solution containing 
the TM1 peptoid. Because of electrostatic interactions, the pep-
toid diffused from the solution into the microgel and electrostat-
ically complexed with the oppositely charged microgel network. 
This complexation process caused the microgels to deswell, a 
process that can be followed by in situ optical microscopy.

2.2. Microgel Synthesis, Loading, and Sequestration

PAA microgels were synthesized by thermally initiated, mem-
brane emulsification. A precursor solution was mixed using 
1.0  mL acrylic acid (Sigma), 0.47  g sodium hydroxide (NaOH, 
Sigma), 4  mL deionized (DI) water (Millipore type 1), 100  mg 
ammonium persulfate (Sigma), and 100  µL poly(ethylene 
glycol) diacrylate (Mn  = 575  Da). This aqueous solution was 
forced via N2 pressure (40  kPa) through a ceramic mem-
brane (1.5  µm pore size (Shirasu Porous Glass) into a stirred 
(400  rpm) oil phase consisting of 2.56 g Span 80 and 160 mL 
paraffin oil. The resulting emulsion was then deoxygenated for 
30 min by N2 bubbling followed by heating to 70 °C and held 

Figure 1. TM1 is a 12-mer antimicrobial peptoid with five positive charges 
at physiological pH (red circles).
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there for 4 h under continuous stirring (500 rpm). After cooling 
to room temperature, the paraffin oil was removed by centrifu-
gation and the emulsion was resuspended first in cyclohexane 
two times, then in ethanol ten times, and finally in DI water ten 
times. The resulting PAA microgels were suspended in steri-
lized DI water and stored at 4 °C.

For in situ studies of microgel/antimicrobial interactions, a 
polydimethylsiloxane (PDMS) gasket was used to define 12 indi-
vidual reaction chambers above a glass microscope slide. 6 mm 
diameter holes were punched from a cast sheet of cured PDMS 
(≈4 mm thickness). The punched gasket was then pressed onto 
a precleaned (3  min oxygen plasma) glass slide and annealed 
at 70 °C for 20  min. The volume of each glass-bottomed 
chamber was ≈100 µL. The glass surface within each chamber 
was primed with positively charged poly(allylamine hydrochlo-
ride) (PAH, Sigma, Mw = 17.5 kDa) using an aqueous solution 
of 0.2 mg PAH mL−1 for 1 h followed by gentle washing using 
DI water and then drying by flowing N2 gas. A sub-monolayer 
of PAA microgels was then electrostatically deposited onto the 
primed glass surface by filling each chamber with a colloidal 
aqueous microgel suspension at room temperature and leaving 
it to soak for 30  min. These chambers were then rinsed with 
DI water and filled with 0.01 m phosphate buffer (pH 7.4, 4 mm 
NaH2PO4 and 6 mm Na2HPO4), [Na+] = 0.016 m) prior to subse-
quent antimicrobial loading.

TM1 (Mw  = 1819  Da) was synthesized as previously 
described.[23] It was loaded by complexation within the micro-
gels by replacing the buffer within a particular reaction chamber 
with a solution of 1 mg TM1 mL−1 in 0.01 m phosphate buffer. 
The loading process was followed by in situ time-resolved 
optical microscopy using an inverted microscope (Nikon, 
Eclipse Ti-E) equipped with a 14 bit CCD Camera (pco.pixelfly) 
and a CFI S Fluor ELWD 20 × objective lens (NA = 0.45, WD = 
8.2–6.9 mm). During the first 10 min of loading, images were 
collected at 1-min intervals and then at 5-min intervals there-
after. After data acquisition, the time-resolved diameters of at 
least five different microgels were measured using ImageJ.[24] 
Each diameter was normalized using the initial diameter meas-
ured in TM1-free 0.01 m phosphate buffer.

The sequestration of the TM1 complexed within the micro-
gels was again followed by in situ imaging. After loading, the 
TM1 solution was removed by gentle washing using DI water 
(three times). Each reaction chamber was then filled with either 
autoclaved 0.01  m phosphate buffer or autoclaved phosphate 
buffered saline (PBS, pH 7.4, ionic strength = 0.138  m). The 
buffer was replaced with fresh buffer daily for 28 days. Optical 
images of the same set of microgels were collected daily, and 
digital image analysis was used to measure the microgel diam-
eter as a function of soaking time from at least five different 
microgels.

The amount of TM1 loaded into the microgels was quanti-
fied by UV absorption. Two aliquots of 10 µL of aqueous PAA 
microgel suspensions were prepared. One was allowed to fully 
dehydrate to measure the dry microgel weight. The other was 
added to 1 mL 0.01 m phosphate buffer containing 0.25 mg of 
TM1. After 60 min the loaded microgels were pelletized by cen-
trifugation, and the UV adsorption (230  nm) of the superna-
tant was measured using a Synergy HT BioTek Spectrometer. 
The amount of loaded TM1 was then quantified by comparison 

with a calibration curve created using solutions of known TM1 
concentrations in 0.01  m phosphate buffer. The microgel zeta 
potential was measured using a Malvern ZETA SIZER Nano 
series from aliqouts of microgels suspended in pure 0.01  m 
phosphate buffer and before/after TM1 loading.

2.3. OR Contamination Model

Commercially pure, surgical grade 1, titanium rods (1  cm 
length) were cut from wire (Temco RW0469) with an average 
diameter of 1.29 mm. These rods were used in anticipation of 
future in vivo experiments in a femoral infection model in a 
rat. The rods were rinsed twice with 70% ethanol, sonicated in 
ethanol (15 min), washed and sonicated in autoclaved DI water, 
and finally dried using flowing N2 gas. The dried rods were 
then exposed to an oxygen plasma for 10  min. Further modi-
fications were made to create four surfaces (Table 1). The PAH 
priming, electrostatic PAA microgel deposition, and the TM1 
loading all followed the procedures described above for the 
glass substrates. The surfaces of each condition were imaged by 
scanning electron microcopy (SEM; Zeiss Auriga). TM1 loading 
for condition D was confirmed by exposing the modified pins 
to an aqueous solution of fluorescein isothiocyanate (FITC, 
Sigma) for 30  min in sterile DI water followed by repeated 
washing with DI water. The FITC-stained Ti-D rods were then 
imaged while hydrated using the Nikon Eclipse Ti-E inverted 
microscope with a C3 confocal attachment.

A digitally controlled aerosolizing system was used to con-
taminate the surfaces of rods in each of the four surface con-
ditions with well-controlled quantities of bacteria. Details of 
the system configuration, operation, and properties have been 
described elsewhere.[25] The system is able to reproducibly 
spray well-defined bursts of aerosolized bacteria suspended in 
nutrient-free buffer onto test surfaces. Depending on the spray 
conditions, the density of sprayed bacteria is on the order of 
102–103 cm−2 and can thus mimic the contamination conditions 
of a surgical theater. The experiments here used methicillin-
sensitive S. aureus (MSSA, ATCC 29213) and S. epidermidis 
(ATCC 35984) obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA). For each set of experiments, 
a single bacterial colony was inoculated into 10  mL of Tryptic 
Soy Broth (TSB) and grown to stationary phase at 37 °C under 
gentle shaking for 18 h. The bacteria were pelleted by centrifu-
gation and resuspended in sterile PBS twice to remove the TSB. 
After final pelleting, the bacteria were suspended in sterile PBS 
to an optical density (OD600) of 0.0005A for MSSA and 0.0004A 
for S. epidermidis. These densities have been shown to produce 
contamination levels of ≈102 CFU cm−2.[25] The solutions were 
kept at room temperature and used within 3 h of preparation. It 

Table 1. Designations for four surface treatments.

Designation Sample

Ti-A Unmodified titanium rod

Ti-B PAH-treated titanium rod (primed)

Ti-C PAA-microgel-modified titanium rod (unloaded)

Ti-D TM1-loaded PAA microgel-modified titanium rod
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has been shown[25] that over 90% of the bacteria remain cultur-
able under these preparation conditions.

Two sets of three Ti rods from each of the four surface-mod-
ification conditions were sprayed with 100 ms bursts of bacte-
rial aerosol. One set was sprayed with MSSA, and the other was 
sprayed with S. epidermidis. The three rods from each set were 
sprayed simultaneously. After spraying, the samples were left to 
dry in air within a laminar-flow biosafety hood for 30 min. The 
extent of contamination was then quantified in terms of the 
numbers of i) loosely bound culturable bacteria and ii) strongly 
adhered culturable bacteria. Loosely bound bacteria were recov-
ered by immersing each rod in 1.25 mL of sterile PBS followed 
by gentle vortexing. Three 250  µL aliquots of the buffer were 
then spread on separate tryptic soy agar (TSA) plates. Strongly 
adhered bacteria were assayed by gently washing each vortexed 
Ti rod using sterile PBS and then rolling each rod using flame-
sterilized forceps over the surface of a TSA plate. Both sets of 
TSA plates were then cultured at 37 °C for 18 h. The number of 
colony-forming units (CFUs) was counted manually. The sta-
tistical significance of differences in bacterial colonization of 
the different surface-modification treatments was determined 
using a two-sided student t-test assuming unequal variances for 
the treated and control rods.

2.4. Cytocompatibility

Human fetal osteoblasts (hFOB, ATCC, VA) were cultured in 
a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) 
and Ham’s F12 Medium, containing 10% fetal bovine serum 
(Atlantic Biologicals) and 2.5 mm l-glutamine (without phenol 
red). Prior to use, the culture was maintained at 34 °C with 5% 
CO2 and 95% humidity until 70–80% confluence. To achieve a 
homogeneous cell distribution on individual substrates (Ti rods 
or glass cover slips) and equally among multiple substrates, 
hFOB cells were seeded and cultured following a specific pro-
tocol. Briefly, the Ti rods and coverslips sampling each of the 
four surface-modification conditions (A-D) were sterilized using 
70% ethanol and then washed for 2 min with sterile DI water 
(3×). All samples were again sterilized under UV irradiation 
for 20 min before cell seeding. Each rod was first seeded with 
100  µL of hFOB cell suspension, and the cell-seeded rod was 
then incubated for 15 min (34 °C, 5% CO2, and 95% humidity) 
to promote cell attachment. The seeded rod was then flipped 
over and exposed again to 100 µL of hFOB cell suspension to 
achieve a final seeding density of 2 × 104 cells cm−2. Coverslips 
were seeded with 200 µL of hFOB cell suspension to a seeding 
density of 104 cells cm−2. After 30  min of total incubation, all 
cell-seeded samples were transferred into a new 6-well plate for 
further cultivation. The culture medium was refreshed every  
2 days.

The adhesion (1 day) and proliferation (4 day and 7 day) of 
hFOB cells on the rods were assessed using an MTS assay. 
Briefly, after 1, 4, and 7 days, the culture rods (n  = 3 for each 
condition) were harvested, placed in a 12-well plate, and gently 
rinsed with cold PBS twice. Then, 1.4  mL of a mixture con-
taining 400 µL MTS reagent (the assay kit was purchased from 
Promega, Madison, WI) and 1 mL culture medium was added 
each well. The plate was incubated for 2 h at 37 °C in 5% CO2. 

200 µL of supernatant from each sample was transferred to a 
96-well plate. The absorbance at 490  nm was recorded using 
the BioTek Synergy microplate reader (BioTek Instruments, 
Inc., Vermont, USA). Statistically significant differences were 
assessed using a one-way t-test for the case where the Ti-A sur-
face was used as the control and using an ANOVA test by Tuk-
ey’s mean comparison (p < 0.05) for the case where the Ti-A, B, 
and C surfaces were used as controls.

The cell morphologies on Ti wires and coverslips were char-
acterized after cultivation of 1, 4, and 7 days. The specimens 
were fixed with 4% (w/v) paraformaldehyde for 15  min and 
washed for 2  min with PBS (three times). Then, the samples 
were rinsed three times with 0.5% Triton X-100 and blocked 
with 3% (w/v) BSA to permeabilize the cell membranes. 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 phal-
loidin. After staining, the samples were immersed in PBS and 
imaged while hydrated using a Nikon eclipse 80i epifluores-
cence microscope (Japan) and Zeiss LSM 880 confocal laser 
scanning microscope (Germany).

3. Results and Discussion

When hydrated in 0.01  m phosphate buffer at pH 7.4 and  
[Na+] = 0.016  m, the as-synthesized PAA microgels have an 
average diameter of 6 ± 2 µm (Figure S1, Supporting Informa-
tion). We have shown previously[21] that the carboxyl groups in 
the PAA are fully deprotonated under these conditions. They 
can thus complex with oppositely charged macroions such as 
the TM1 peptoid studied here. The fact that TM1 can be loaded 
into the PAA microgels by complexation is shown by Figure 2A. 
This plot follows the average microgel diameter during expo-
sure to 0.01  m phosphate buffer with 1  mg mL−1 of TM1. The 
data are normalized to the average unloaded diameter (6.0 µm) 
at time t  = 0 measured in TM1-free 0.01  m phosphate buffer. 
After 10  min, the normalized diameter decreases to ≈55%. In 
a separate experiment, measuring the decrease in TM1 concen-
tration from the loading solution by UV absorption shows that 
39.6 µg of dry microgel loads 206 µg of TM1. These values indi-
cate a ratio of 4.8 acrylic acid groups for each molecule of TM1, 
which is very close to the stoichiometry of five −1 acid groups 
for each +5 TM1 molecule. The microgel zeta potential further-
more increased from a value of −33.5 ± 4.5 mV (n = 6) in the 
unloaded state (t = 0) to 3.6 ± 1.2 mV (n = 6) in the loaded state 
(both measurements made in 0.01  m phosphate buffer), again 
indicating charge neutralization due to TM1/PAA complexation.

Since device colonization is possible not only prior to 
implantation when the device is dry but also prior to surgical-
site closure, an important question centers on whether the TM1 
remains stably complexed within the PAA microgels when the 
device is in contact with physiological fluids. At a constant pH 
of 7.4, when the ionic strength is increased from [Na+] = 0.016 m 
in the 0.01 m phosphate loading buffer to [Na+] = 0.14 m typical 
of physiological conditions, the additional salt can shield the 
electrostatic pairing between amine groups on the TM1 and 
the acid groups within the PAA microgels. Such shielding, 
for example, leads to the burst release of colistin from PAA 
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microgels.[17,21] The fact that Figure  2B shows no microgel 
diameter change when the loaded microgels are exposed to 
TM1-free PBS indicates stable TM1/PAA complexation. Similar 
experiments using flowing buffer with increasing concentra-
tions of added NaCl indicate that a threshold [Na+] ≈ 0.35 m at 
pH 7.4 is needed to enable rapid release of the complexed TM1. 
This enhanced resistance to salting out in TM1/PAA relative 
to colistin/PAA is consistent with our recent observations that 
aromaticity enhances the complexation strength.[21] Exposure of 
TM1-loaded PAA microgels to serum-containing DMEM or to 
equine synovial fluid also does not induce changes in loaded 
microgel diameter and again indicates stable complexation 
in these more heterogeneous media (Figure S2, Supporting 
Information). The inset to Figure  2B furthermore indicates 
stable TM1/PAA complexation in PBS for periods as long as 
four weeks and, while not directly addressed here, may help 
enhance infection resistance post-operatively.

Having developed a means to create TM1-loaded PAA-
microgel modified surfaces by directed self-assembly, we 
studied the contamination resistance of Ti rods subjected to 
each of four different surface treatments. These are illustrated 
schematically in the top panel of Figure 3. The SEM images in 
Figure 3 bottom panel show the surface of rods modified with 
unloaded microgels (Ti-C) and with TM1-loaded microgels  
(Ti-D). The microgels form a sub-monolayer coating on the 
rough Ti surface with an inter-microgel spacing on the order 
of a few micrometers. The PAH-primed Ti surface is exposed 
between the microgels. The hydrated (unloaded) microgels 
comprise ≈97% water.[21] So, when dried for SEM imaging, they 
flatten and exhibit little topography. By contrast, the TM1-loaded 
microgels have substantially more mass and less hydration, and 
they exhibit very distinctive topography when dried.

To mimic intraoperative contamination by airborne bacteria, 
we sprayed three Ti rods sampling each of the four surface con-
ditions with aerosols of 0.0067 m phosphate buffer (1× PBS with 
0.0067 m PO4, pH 7.0 to 7.2) containing either MSSA or S. epider-
midis. After spraying, the rods were left to dry and then assayed 
to determine the number of culturable bacteria either loosely 
bound or strongly adhered to the Ti surface. We differentiate 
between these two cases mechanically by vortexing each rod in 
0.0067 m phosphate buffer. Loosely bound bacteria were recov-
ered in the buffer, and strongly adhered bacteria were recovered 
after vortexing by rolling the contaminated rod on an agar plate.
Figure 4 summarizes the results of these experiments. The 

images compare the TM1-loaded microgel-modified Ti-D to 
the unmodified control Ti-A for the case of MSSA contami-
nation. The results are strikingly different. MSSA colonies 

Figure 2. A) Time-resolved change in microgel diameter indicates TM1 
loading (1 mg mL−1 TM1 in 0.01 m phosphate buffer) by complexation 
within PAA microgels. The inset optical images show the same set of 
hydrated microgels before/after loading. B) The lack of a diameter change 
indicates that the complexed TM1 remains sequestered within the PAA 
microgels when exposed to TM1-free PBS. Sequestration is maintained 
for 4 weeks (inset) with daily changes of PBS. Each data point/error bar 
represent the average/standard deviation from n = 5 measurements.

Figure 3. (Top) Schematic illustrations of four surface treatments applied 
to Ti rods. (Bottom) SEM images of the surfaces of rods modified with 
unloaded PAA microgels (bottom left) and TM1-loaded PAA microgels 
(bottom right). Images of all four surfaces are presented in Figure S3 of 
the Supporting Information.
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(white dots) are evident in each of the four rolling paths for 
the Ti-A while none can be seen for the fully modified Ti-D. 
Recognizing that not all cultuarble bacteria are necessarily 
transferred from the rod (white arrows in the top images) to 
the agar, we imaged the rod surfaces via SEM. The lower left 
images of Figure 4 show extensive colonization of the unmodi-
fied Ti-A. However, no bacteria were found by SEM imaging of 
the Ti-D surface, though the microgels clearly remain present. 
The fact that the microgels remain loaded is reflected by their 
topography. The graph in Figure  4 quantifies the amount of 
loosely bound (solid blue) and strongly adhered (solid orange) 
MSSA for each of the four surface treatments. The cross-
hatched data show the results of similar experiments using 
S. epidermidis. The trends are very similar. The PAH-primed 
rods (Ti-B) exhibit the highest degree of contamination, which 
is consistent with the fact that the PAH is positively charged 
at pH 7.4[26] and should attract bacteria, such as staphylococci, 
whose surface is negatively charged. Relative to the unmodi-
fied Ti-A, the (unloaded) microgel-modified Ti-C shows 
slightly fewer viable bacteria. This finding can be attributed to 
the fact that the microgels are less susceptible to colonization 
than the PAH-primed Ti surface, and the microgels block a 
fraction of the Ti surface.

Importantly, the number of culturable bacteria found on the 
TM1-loaded microgel-modified Ti-D samples is very small. In 
three trials we find an average of only 2 CFUs of MSSA and 
only 1 CFU of S. epidermidis. These few CFUs were all recov-
ered from the buffer after vortexing the contaminated rod and 

thus correspond to loosely bound colonies. We found no CFUs 
from bacteria strongly adhered to the Ti-D rods.

Since the three control surfaces all became significantly colo-
nized, we can assume that the Ti-D rods got similarly exposed 
to culturable bacteria due to the spray-contamination process. 
The fact that only a very small number of culturable colonies 
were subsequently found on the Ti-D rods indicates that the 
majority of these bacteria were killed by interaction with the 
surface. We note, however, that finding these dead bacteria by, 
for example, fluorescence imaging using a live/dead staining 
approach is experimentally challenging since the average den-
sity of sprayed bacteria is less than 2 per mm2.

Neither the surface nor the medium (0.067  m phosphate 
buffer) in which the bacteria were suspended during the aero-
solizing process provide nutrients, so we expect that the bac-
teria would undergo little or no metabolism on the surface. 
Hence, triggering TM1 release from the loaded microgels via 
local pH reduction[27] is unlikely. Instead, these findings sup-
port the concept of contact transfer where the local chemical 
potential of the TM1 is lower in the bacterial envelope than 
it is within the microgels,[14c,17] so that, when a bacterium 
comes within close proximity, some TM1 decomplexes from 
the microgel and recomplexes within the staphylococcal cell 
envelope. Such complexation interactions with bacteria have 
been extensively studied for a number of host-defense pep-
tides and are attributed to the rich high concentration of ani-
onic, hydrophobic, and aromatic moieties in the outer bacterial 
membranes.[28]

Figure 4. Assay of colonization resistance. The top left image shows the TSA plate assaying the culturable colonies on a Ti-A (unmodified) rod. The 
white arrow indicates the rod after rolling four times across the agar surface. The SEM image of the Ti-A rod (bottom left) after culture shows substantial 
MSSA colonization. The corresponding images for the Ti-D rod (TM1-loaded microgel modified) indicate no culturable colonies. The Ti-D SEM image 
shows that the loaded microgels remain intact on the rod surface, but MSSA are absent. Images for both MSSA and S. epidermidis contamination for 
all four (A-D) surface modifications are presented as Figures S4 and S5 of the Supporting Information. The right panel quantifies the total number 
of loosely bound and strongly adhered MSSA and S. epidermidis CGUs for each of the four conditions. The averages are indicated, and the error bars 
represent the standard deviation for n = 3 samples. * indicates p < 0.05, ** indicates p < 0.005.
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The fact that microgels, even when loaded, remain hydro-
philic promotes opportunities for microgel-bacterium contact. 
If an aerosolized droplet impinges on a dry microgel-modified 
surface, water from that droplet will locally hydrate one or more 
microgels. As the overall droplet evaporates, the microgel(s) will 
be the most hydrophilic element of the surface and will be last 
to fully dry. We can anticipate that surface tension associated 
with the edge of the drying droplet will draw any bacteria it may 
contain to a microgel, and when droplet evaporation is com-
plete those bacteria will be concentrated on or near a microgel.

We furthermore note that the in vitro model of OR con-
tamination does not overwhelm the surface with bacteria as 
can be the case with in vivo infection models where a concen-
trated inoculum (e.g., 106–108 CFU mL−1) is typically required 
in order to provoke infection in control animals such as rats 
and mice. The OR contamination model sprays low numbers 
of bacteria onto a rod surface. The probability of any particular 
microgel interacting with a bacterium is low. For that (much 
larger) subset of microgels that are unchallenged, the antimi-
crobial remains sequestered within these microgels (see the 
SEM image of the Ti-D rod in Figure 4) and is available to face 
a subsequent bacterial challenge should one occur. That much 
smaller subset of microgels that do interact with a bacterium 
present a high local concentration of antimicrobial, which the 
assays of Figure  4 indicate is sufficient to prevent surface col-
onization. The overall low number of bacteria involved in the 
contamination model again creates a situation where the proba-
bility of a second droplet landing on a TM1-depleted or partially 
depleted microgel is very low. Hence, microgel reloading, while 
in principle possible, is unnecessary.

We used cell morphology (imaging) and metabolic activity 
(MTS) to evaluate the short-term cytocompatibility of the var-
ious surfaces. In the case of microgel-modified surfaces, only 
a fraction of the surface is covered by microgels. The under-
lying PAH-primed Ti surface is exposed between adjacent 
microgels and, because the PAH is cationic, we can expect that 
this exposed surface becomes covered by negatively charged 
serum proteins (e.g., albumin, fibronectin, etc.) when exposed 
to serum-containing medium. We have shown previously that 
such microgel-modified surfaces remain highly compatible 
with both osteoblasts and macrophages.[17,29] We note that the 
unmodified Ti surface has an intrinsic roughness over lateral 
length scales on the order of 2–10 µm, and that this roughness 
is further perturbed by the addition of TM1-loaded microgels 
with characteristic dimensions on the order of 7 µm. Such sur-
face topography has long been known to affect and, in many 
cases, enhance cell adhesion, spreading, and proliferation.[30]

Figure 5 shows the results of our cytocompatibility assays 
using human fetal osteoblasts. The cell metabolic activity was 
analyzed with MTS assay (Figure  5 top). The absorbance for 
each sample set was normalized to its value on day 1 in order 
to better assess the proliferation rate independent of the initial 
cell adhesion. The raw MTS absorption data are presented in 
Figure S6 of the Supporting Information. Importantly, the met-
abolic activity measured from the fully modified Ti-D samples 
was higher than that of the unmodified control samples (Ti-A). 
This indicates that the modified surface promotes the prolifera-
tion of hFOB cells. The imaging data in the bottom portion of 
Figure 5, while qualitative, indicate that the hFOB cells adhered 

to, spread, and proliferated on the various rods in a similar 
fashion. These results show that the TM1-loaded microgels 
are not only effective in inhibiting bacterial colononization but 
also do not cause noticeable cell incompatibilities, at least as 
observed with these short-term in vitro assays.

We avoided many of the imaging complications associated 
with the curved and rough surface of the Ti rods by using glass 

Figure 5. (Top) Metabolic activity of hFOB cells where the average for 
each surface treatment is normalized to its Day 1 value. The asterisk indi-
cates a statistically significant difference (t-test with p < 0.05) between the 
fully modified Ti-D and the Ti-A unmodified control. (Bottom) Confocal 
fluorescence images (DAPI/Phalloidin staining) of hFOB cells grown on 
Ti rods with each of the four surface treatments (the scale bar is 100 µm).
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substrates. The top images in Figure 6 show that the morpholo-
gies of hFOB cells cultured for 7 days on unmodified glass and 
on TM1-loaded microgel-modified glass are comparable. The 
top right image also shows significant green contrast (see white 
arrows) distributed across the surface. We observe this fluo-
rescence from TM1-loaded microgels only when the samples 
were dried after loading and later rehydrated for subsequent 
culturing experiments. We attribute this contrast to TM1 self-
assembly within the microgels because of hydrophobic interac-
tions, hydrogen bonds, and π–π stacking, which has recently 
been documented when TM1 self-assembles into helical bun-
dles.[31] Importantly, the modified Ti rods (Ti-D) were processed 
identically—loaded, dried, and later rehydrated—which indi-
cates that antimicrobial properties are preserved even if the 
TM1 forms such aggregated bundles. The autofluorescence not 
only indicates the location of the microgels but further indi-
cates that the TM1 remains loaded within the microgels despite 
the presence of the hFOB cells. This finding is consistent with 
our previous results showing that culturing hFOB cells on PAA 
microgels loaded with the Sub5 antimicrobial peptide does not 
trigger AMP release.[17] SEM imaging (Figure 6 bottom) shows 
that the hFOB cells are able to grow right over the TM1-loaded 
microgels.

4. Conclusion

Exposure to the OR atmosphere between the time when a 
medical device is removed from its sterile package and the time 
when the wound site is fully closed can lead to device contami-
nation by bacteria coming from the atmosphere. We have mod-
eled that process using an aerosolizing system able to spray 
small quantities of bacteria onto titanium rods. Despite the 
fact that relatively low numbers of bacteria contaminate each 
rod, when exposed to culture medium, bacteria sprayed onto 
unmodified Ti rods develop into proliferating colonies. Our 
experiments show that Ti surfaces modified with polyanionic 
microgels loaded by complexation with a cationic antimicro-
bial peptoid, TM1, are able to almost entirely inhibit bacterial 
colony formation. Nutrients are unavailable to enable bacte-
rial metabolism during the contamination process, indicating 
that the bacteria trigger local TM1 release by contact transfer 
rather than by local changes in pH. Because of the low num-
bers of contaminating bacteria, most of the loaded microgels 
are unchallenged during contamination, so their TM1 payload 
remains sequestered. However, neither the loaded peptoid nor 
the additional topography introduced by the microgels dimin-
ishes the cytocompatibility of the modified surfaces as assayed 
by in vitro experiments with human fetal osteoblasts. This sur-
face-modification strategy thus suggests a promising approach 
with which to inhibit the intraoperative bacterial colonization of 
exposed biomedical devices due to contamination in the oper-
ating theater.
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Figure 6. Confocal images of hFOB cells cultured on unmodified glass 
(top left) and TM1-loaded microgel-modified glass (top right) after 7 days 
of culture. The white arrows (top right) indicate autofluorescence from 
TM1-loaded microgels. Images of all four surfaces are presented in Figure 
S7 of the Supporting Information. The lower SEM images indicate that 
hFOB cells are able to spread over the TM1-loaded microgels.
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