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Abstract

Current post-operative standard of care for surgical procedures, including device implantations,
dictates prophylactic antimicrobial therapy, but a percentage of patients still develop infections.
Systemic antimicrobial therapy needed to treat such infections can lead to downstream tissue
toxicities and generate drug-resistant bacteria. To overcome issues associated with systemic drug
administration, a polymer incorporating specific drug affinity has been developed with the
potential to be filled or refilled with antimicrobials, post-implantation, even in the presence of
bacterial biofilm. This polymer can be used as an implant coating or stand-alone drug delivery
device, and can be translated to a variety of applications, such as implanted or indwelling medical
devices, and/or surgical site infections. The filling of empty affinity-based drug delivery polymer
was analyzed in an in vitrofilling/refilling model mimicking post-implantation tissue conditions.
Filling in the absence of bacteria was compared to filling in the presence of bacterial biofilms of
varying maturity to demonstrate proof-of-concept necessary prior to /77 vivo experiments.
Antibiotic filling into biofilm-coated affinity polymers was comparable to drug filling seen in
same affinity polymers without biofilm demonstrating that affinity polymers retain ability to fill
with antibiotic even in the presence of biofilm. Additionally, post-implantation filled antibiotics
showed sustained bactericidal activity in a zone of inhibition assay demonstrating post-
implantation capacity to deliver filled antibiotics in a timeframe necessary to eradicate bacteria in
biofilms. This work shows affinity polymers can fill high levels of antibiotics post-implantation
independent of biofilm presence potentially enabling device rescue, rather than removal, in case of
infection.
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1. Introduction

Infection is a major complication that can result following all surgical procedures including
implanted medical devices [1]. Orthopedic joint and soft tissue implants are of particular
concern because infection can often lead to removal of the implanted device and potentially
serious complications. Staphylococcus aureus (S. aureus) infections are one of the most
frequent types of infections that can develop following these procedures and in severe cases
can lead to osteomyelitis, abscesses or fistulas [2-5]. Staphylococcus epidermidis is less
pathogenic than S. aureus, but both can form biofilms on the surface of implanted materials
[6-11]. Biofilms are complex clusters of bacteria composed of live and dead bacteria,
proteins, polysaccharides, and an extracellular matrix formed by the bacteria [7,8]. A biofilm
begins developing when bacteria adhere to proteins that have adsorbed to the surface of the
material. Over time, several layers of bacteria cluster together on the surface of the material.
A dense polysaccharide layer surrounds a mature biofilm forming a diffusional barrier that
combined with a metabolic reduction in bacteria means traditional antibiotic treatments are
often unsuccessful and can lead to resistant bacterial populations [12-14]. The only
treatment for the biofilm-coated device and surrounding necrotic tissue is surgical removal
[14]. This current work demonstrates the ability of a drug delivery polymer to load drug /n
situ and potentially treat infected devices even when coated with a biofilm thereby rescuing
the device and possibly avoiding additional surgical procedures.

Prophylactic antimicrobial therapy before and after surgery has led to rates of infection that
are low compared to the total number of procedures: 1-4% of 1 million knee and hip joint
replacements completed in 2010 in the US [15,16] and ~10% of more than 1 million soft
tissue repair procedures performed annually in the US [17]; however, these infections still
add up to nearly 2 million total cases of hospital-acquired infections costing the US >$11
billion annually [1]. Systemic prophylactic antimicrobial therapy can also potentially drive
drug resistance in the bacteria [18].

For those patients who develop a chronic infection such as osteomyelitis, treatment is very
difficult often leading to osteolysis and significantly increasing treatment costs and tissue
morbidity [19]. To address these concerns, engineers have developed a variety of localized
delivery approaches ranging from antibiotic-filled bone cement [19] to soft tissue meshes
coated with chlorhexidine and silver [20]; however, all patients receiving these antimicrobial
devices still receive antimicrobials independent of whether they develop an infection.

Ideally only patients who develop infections would be exposed to post-operative
antimicrobials. Therefore, in this work, a customizable affinity polymer delivery system has
been developed that allows the physician to fill with antimicrobials only when an infection
presents. Briefly, the physician would perform the surgical procedure as normal and implant
a small amount of affinity polymer without any drug at the end of the procedure prior to
closing. Only if a patient develops an infection, the physician can then inject a small dosage
of antimicrobial into the tissue near the location of the implanted affinity polymer. Some of
the injected drug would immediately act on the planktonic bacteria while the remaining drug
would be able to fill into the affinity “pockets” of the polymerized cyclodextrin (pCD)
affinity polymer system. For patients at high risk of infection, the affinity polymer could be

Acta Biomater. Author manuscript; available in PMC 2018 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cyphert et al.

Page 3

filled with drug prior to implantation and then refilled with either additional drug or a
different drug if an infection presents. The insoluble pCD affinity polymer exploits the
affinity binding interaction between drug and CD resulting in high drug filling and
prolonged, controlled affinity-based drug release for a range of hydrophobic and hydrophilic
drugs and is capable of eradicating bacteria [21-24]. Specifically, the affinity interaction
between pCD and the antibiotics is driven by the structure of pCD that has hydrophobic
inner “pockets” that enable the drug to form a reversible inclusion complex. The strength of
the affinity interaction is governed both by the structure of the drug and the size of the
“pockets” in pCD. Previous /n vivowork has demonstrated that the unfilled pCD-based
affinity polymer system can fill with doxorubicin post-implantation and deliver therapeutic
levels of post-implantation filled drug sufficient to eradicate subcutaneous tumors following
resection [25]. Doxorubicin is poorly soluble in water (~2 mg/ml) compared to many
antibiotics that are readily soluble (>50 mg/ml). In addition, the presence of established
biofilm is believed to present a significant diffusional barrier that may prevent post-
implantation loading.

In this work, the ability to refill antibiotics into affinity-based polymers across the
diffusional barrier of mature biofilms is reported for the first time and builds upon the
previous work of refilling affinity-based polymers with the chemotherapeutic doxorubicin.
This work demonstrates the versatility of the affinity-based delivery system by refilling
rifampicin, which has similar water solubility to doxorubicin (~2 mg/ml) and minocycline,
which is significantly more water soluble (~50 mg/ml). Specifically, in this paper, empty
affinity polymer disks have been filled with antibiotics in an /n vitro post-implantation
“tissue-mimicking” agarose phantom. For the “non-affinity” control a linear glucose
polymer (polymerized dextran; pDEX) was selected since it represents a chemistry most
similar to pCD but lacks the affinity interaction of the drug with the CD pocket (Fig. 1).
Previous work with other polymers such as poly(L-lactic acid-co-glycolic acid) (PLGA)
shows that, as expected, these polymers do not refill with drug either /n vitro or in vivo (data
not shown). Post-implantation drug filling into both non-affinity and affinity polymers was
quantified, and the bioactivity of filled drug was shown via zone of inhibition assay. Since
many patients do not present with infection immediately following surgery, the effect of
bacteria and biofilm development on post-implantation filling of affinity polymer disks was
also investigated. Briefly, pCD affinity polymer disks were exposed to bacteria prior to
filling using a modified protocol for developing mature biofilm [26,27]. pCD affinity
polymer disks were also preconditioned with serum proteins prior to bacterial exposure to
evaluate the robustness of non-preconditioned biofilms and to validate the efficacy of non-
preconditioned biofilms in the filling model studies.

2. Experimental details

2.1. Materials

Lightly epichlorohydrin crosslinked B-cyclodextrin prepolymer was purchased from
CycloLab, Budapest, Hungary (previously characterized in cross-linked form [22]). Low
molecular weight dextran prepolymer was from Polysciences Inc., Warrington, PA.
Hexamethylene diisocyanate (HDI) was from Sigma-Aldrich (St. Louis, MO). Rifampicin
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(RMP) and Minocycline (MC) were purchased from Research Products International (Mt.
Prospect, IL). All other reagents, solvent, and chemicals were purchased from Fisher
Scientific in the highest grade available. Green fluorescent protein (GFP)-labeled
Staphylococcus aureus culture was kindly provided by Dr. Ed Greenfield (Case Western
Reserve University).

2.2. Synthesis of affinity and non-affinity polymer disks

Affinity polymer disks comprised of polymerized cyclodextrin (pCD) and non-affinity
polymer disks of polymerized dextran (pDEX) were synthesized according to a previously
published protocol and cross-linked with HDI in a molar ratio of 1:0.16 (glucose
residue:HDI) [21,22,28]. Briefly, 1 g of each p-cyclodextrin prepolymer (CD) and dextran
were dissolved in 4 mL dimethylformamide (DMF; CD) or dimethylsulfoxide (DMSO;
dextran). The affinity polymers were cured at 70 °C for 45 min and non-affinity polymers
for 120 min and punched into 5 mm disks. Disks were thoroughly washed over a period of
several days in 100% solvent, 50:50 solvent:water, and 100% water prior to use in order to
remove unreacted residual polymer and solvent from pCD and pDEX.

2.3. Preparation of agarose ‘tissue phantom’

An agarose gel was created by dissolving 0.075% weight agarose in phosphate buffered
saline (PBS) and bringing the solution to a boil. Briefly, 10 mL of the hot solution was
placed in each well of a Costar 6-well tissue culture plate and allowed to gel at room
temperature. Two 5 mm disks (affinity or non-affinity) were placed on top of the agarose and
an additional 5 mL of hot agarose solution was placed on top. Polymer disks were aligned in
the agarose to the center far left and right. The entire agarose solution was allowed to
solidify at room temperature and a 3 mm biopsy punch was used to form a well in the center
of each agarose gel to inject the drug solution (Fig. 1A). Agarose “tissue phantoms” are
most commonly used for imaging (i.e. ultrasound and MRI) applications to mimic soft tissue
properties (mechanical and acoustic) while providing good optical properties to enable easy
imaging and analysis [29-33]. In this application agarose was selected due to the diffusional
resistance that it provides, similar to that found in soft tissue, and its low background
absorbance signal.

2.4, Biofilm formation on polymer disks

A5 mm affinity or non-affinity polymer disk was placed in a 5 mL solution of 2x Trypticase
soy broth (BD, BBL Trypticase soy broth) and 50 uL of freshly cultured GFP-labeled S.
aureus was added. Each solution was incubated at 37 °C for 24 or 72 h to form an immature
or mature biofilm, respectively. The biofilm-coated polymer disks were then implanted into
agarose as above.

Additional preconditioned biofilms were formed on affinity polymer disks where 5 mm
affinity polymer disks were placed in 1 mL of fetal bovine serum (FBS) for 24 h at 37 °C.
Disks were then removed from the FBS, blotted on a Kimwipe, and placed in a solution of 5
mL 2x Trypticase soy broth and 50 uL of freshly cultured GFP-labeled S. aureus. Solutions
were incubated at 37 °C for 72 h to form a mature biofilm prior to implantation in agarose.
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2.5. In situ biofilm filling model

Biofilm coated disks were carefully removed from the Trypticase soy broth and blotted on a
Kimwipe to remove culture media and non-adherent bacteria. After the initial layer (10 mL)
of 0.075% agarose had solidified, a control affinity polymer disk without biofilm was placed
on one side of the agarose and the biofilm coated affinity polymer disk was placed opposite.
The final hot agarose layer (5 mL) was added and allowed to set at room temperature. A 3
mm well was punched in the center of each agarose gel for the drug filling solution (Fig.
1B).

2.6. In situ drug filling

A Biotek™ 96 well plate reader (H1; Winooski, VT) was used to record the absorbance of
each drug diffusing through the agarose at set time points using an area scan with 19 x 19
data points Background absorbance scans were collected for each polymer disk at
wavelengths of 485 nm (RMP) and 390 nm (MC) prior to injection of the drug and were
later subtracted from absorbance scans following the drug injection (See Supplementary Fig.
1). Drug solutions of RMP dissolved in methanol (1 mg/mL; 50 uL) and MC dissolved in
PBS (11 mg/uL; 100 pL) were injected into each agarose gel and the absorbance signal was
recorded after the initial background scans were collected. Methanol was used to solubilize
water-insoluble RMP and despite its inherent toxicity in large quantities, the amount used in
the filling model (~0.03% of the total agarose volume) does not impact bacterial viability for
in vitrowork. Microsoft Excel 2013 was used to analyze the data and conditional formatting
was used to color scale the absorbance signals. Microsoft PowerPoint 2013 was used to
construct the MP4 video files of each drug diffusing through the agarose at each time point
where an absorbance scan was collected following the antibiotic injection (RMP: t=0, 2, 4,
7,23, 25,27, 29, 46, 48,52 h; MC: t =0, 16, 18, 20, 22, 39, 41, 45 h) (Supplementary Fig.
1; Supplementary Videos S1-S2).

2.7. Quantification of antibiotic filling

The mass of RMP filled into the implanted polymers was quantified by leaching antibiotic
into a dimethylformamide (DMF) solvent sink. Every couple of hours, the entire volume of
release media was removed from the sample and replaced with fresh DMF to maintain
infinite sink conditions. The concentration of drug in the solvent was quantified by scanning
small (200 uL) samples of release media with UV absorbance spectroscopy (485 nm, RMP)
and a calibration curve (RMP in DMF). Table 1A displays the averaged filling data for each
in situ filling condition.

Due to the challenge of MC oxidizing once filled into the disks, the mass of MC filled into
the implanted polymers was quantified using UV absorbance spectroscopy using a 9 x 9 data
point area scan of both empty polymer disks and MC filled disks (390 nm). An initial
calibration curve was created of the absorbance of known quantities of MC filled into disks
with the background disk absorbance subtracted. This calibration curve was used to correlate
the absorbance of the /n situ MC filled disks to the mass of MC. Table 1B displays the
averaged filling data for each /n situfilling condition.
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2.8. In vitro zone of inhibition assay

The ability of /in situfilled antibiotic to release from affinity polymer disks and eradicate
bacteria was evaluated against S. aureus in a zone of inhibition assay as done previously
(Fig. 3) [22]. S. aureus was cultured overnight and 70 puL was then spread on a Trypticase
soy agar plate. Affinity polymer disks were removed from the agarose following /n situ
antibiotic filling and then placed on a fresh S. aureus lawn and incubated at 35 °C overnight.
After 24 h, the zone of inhibition around each disk was measured with calipers and
averaged. Each disk was transferred onto a freshly seeded S. aureus plate and placed in the
incubator. This process was repeated until the zone was no longer visible (<0.5 mm).

2.9. Bacterial quantification of biofilms

The bacterial load present on biofilm coated affinity or non-affinity polymer disks was
quantified at the start of /n situfilling. Briefly, biofilm coated disks were implanted in
agarose and removed once the agarose solidified. Each disk was placed in a tube with 4 mL
of Trypticase soy broth and homogenized for 30 s with an Omni TH homogenizer. 70 uL
aliquots of the homogenized solution were then spread on Trypticase soy agar plates in
duplicate and incubated overnight. Bacterial colonies were counted and averaged. Bacteria
in biofilms was also quantified after 1 and 2 days during /n situ filling of RMP carried out as
detailed above. After 1 or 2 days the disks were removed from the agarose, homogenized
and bacteria plated and counted 24 h later. Further experiments were conducted with mature
biofilm coated affinity polymer disks incubated for 1, 2, 3, 7, 14, and 21 days in /n situ
conditions without any drug in order to detect changes in bacterial colony viability after
different periods of incubation.

Similar experiments were conducted to quantify the bacteria present in serum
preconditioned mature biofilm coated affinity polymer disks after 2 days of in situfilling
with RMP and MC.

2.10. Statistical analysis

All data is displayed as the mean of each condition tested in triplicate with the standard
deviation as the error bars. One-way ANOVA statistics was performed on the antibiotic
filling data (Table 1) with Microsoft Excel 2013. A two-tailed Student’s £test assuming
unequal variances was performed on the antibiotic filling data (n = 3) and bacterial
quantification data (n = 6) (Table 2). A #test value <0.01 was determined to be statistically
significant.

3. Results and discussion

3.1. Affinity-based in situ filling and quantification

The efficacy of the post-implantation antibiotic filling was evaluated with affinity and non-
affinity polymer disks. The diffusion of RMP and MC through the agarose and subsequent
filling into the implanted polymer disks was tracked using colorimetric absorbance
spectroscopy (Supplementary Fig. 1; Supplementary Videos S1-S2). Fig. 2 (top) shows the
disks embedded in agarose after 52 h (RMP) and 45 h (MC) of antibiotic filling as well as
the removed implants (Fig. 2 bottom). For both antibiotics tested, affinity polymer disks
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filled more drug compared to non-affinity polymer disks as qualitatively indicated by the
dark orange color of RMP and yellow/green color of MC and quantitatively indicated by the
results of Table 1. Table 1A shows that over three times more RMP was filled into the
affinity polymer compared to the non-affinity polymer (p = 0.0035). Similar results were
observed for MC filling into affinity versus non-affinity polymers where nearly three times
more MC was filled into the affinity polymer compared to non-affinity control (p = 0.056)
(Table 1B). The increased antibiotic filling into affinity polymers is attributed to the affinity
“pockets” present in the affinity polymer that are not present in the conventional, non-
affinity polymer. The hypothesis is that the CD “pockets” in the affinity polymer create a
sink for drug to stick into thereby maintaining a steady concentration gradient from the bulk
agarose leading drug to concentrate into the affinity polymer relative to that in the agarose
system. Further, the increased filling of antibiotics into affinity-based pCD can be attributed
to the relatively high binding energies of RMP (-4.39 kcal/mol) [34] and MC for -
cyclodextrin.

Previous RMP release data demonstrates that under physiological release conditions (pH
7.4) RMP is gradually released from pCD over 1200 h [24] and over 384 h for MC
(manuscript in preparation). Regarding drug release through tissue, such as the agarose
filling model, it is hypothesized that the pCD delivery system will be capable of
demonstrating the same, slow and consistent release profile for RMP and MC over >1 month
to treat infections over an extended period of time. Conversely, release from the pDEX
polymer typically exhibits a “burst” release profile with the majority of the release occurring
over only several hours or days [35]. Therefore, with the pCD delivery system a more
consistent and prolonged release profile of the antibiotics can be obtained.

Further, the affinity-based pCD polymer system has been shown to exhibit low degradation
and be mechanically robust under /n vivo physiological conditions [25]. Low degradation is
desirable for the treatment of long-term severe infections and ensures that the polymer has
the mechanical integrity to withstand repeated filling and drug release cycles without
significant changes to release kinetics. The mechanical integrity and viscoelastic properties
of pCD polymer systems have been extensively analyzed using thermo-gravimetric analysis,
differential scanning calorimetry, and rheology with and without sterilization [24,28]. These
studies confirm that the moduli of pCD polymers is within the range of native tissue [24]
and that neither heat nor ethylene oxide sterilization techniques significantly alter the
mechanical integrity of the polymer [28]. Future work can include synthesizing
hydrolytically cleavable linkages onto pCD to develop more biodegradable forms of pCD to
increase the versatility of pCD for both short-term and long-term therapeutic applications.

3.2. Post-implantation filling in the presence of biofilm

After demonstrating that affinity interactions drive higher filling of both RMP and MC into
affinity polymer disks, the effect of bacterial biofilm’s diffusional resistance on filling
polymers with drug was investigated. Affinity polymer disks were exposed to S. aureus for
24 h to form an immature biofilm or 72 h to form a mature biofilm [27,36] prior to
embedding in the agarose system. RMP and MC filling were then tracked via colorimetric
absorbance. Supplementary Fig. 2 shows the affinity polymer disks after 52 h of post-
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implantation antibiotic filling. There was no difference in RMP filling into affinity polymer
disks with the immature biofilm (3.3 + 0.4 ug) compared to control affinity polymer disks
without any bacterial exposure (3.1 = 0.6 ug; p = 0.6).

For affinity polymer disks with mature biofilms, more RMP was present in the control disk
without bacterial exposure (2.9 + 0.2 ug) compared to the disk with the biofilm (1.8 £ 0.2
ug), but the difference was not statistically significant (p = 0.15). Two-way ANOVA showed
that the affinity polymer disks with the mature biofilm filled less RMP than the disks with a
less mature biofilm (p < 0.005). No statistically significant differences were observed for
MC filling into affinity polymer disks with mature, immature, or no biofilms. Overall, the
presence of bacteria did not significantly affect the post-implantation filling of RMP or MC
into the pCD affinity polymer disks.

3.3. Bacterial quantification of biofilms

Bacteria present in the mature biofilm coated affinity polymer disks were quantified in an
effort to correlate drug filling to the number of bacteria present in the biofilm. Each
condition was tested with n = 6 replicates and averaged. Table 2 shows quantification of
bacteria from affinity polymer disks with mature biofilms after 1 and 2 days of RMP filling
time expressed as a percentage of bacteria on control affinity polymer disks incubated in the
agarose model for the respective time but without any antibiotic filling. The bacterial count
for RMP filled affinity polymer disks decreased as the filling time increased, and after two
days the majority of bacteria in the biofilm had been eradicated. Bacteria in mature biofilms
on the surface of affinity polymers were quantified after 1, 2, and 3 days of incubation in the
filling model without antibiotics and showed that there was no change in bacterial counts
when antibiotics are not injected to day 3.

Further, the effect of RMP filling into non-affinity control polymers with mature biofilms
was evaluated. The non-affinity polymer disks had significantly more bacteria in the mature
biofilm (p = 0.008) at the time of implantation into the agarose. Both affinity and non-
affinity polymer disks with mature biofilms showed a decrease in bacteria at day 1 of RMP
filling. At day 2 the non-affinity polymer disks with the mature biofilm showed similar
bacteria counts as day 1 compared to the affinity polymer disks, which showed a decrease.

Due to a large degree of variation in bacteria present in less mature biofilms (consistent with
previous observations), the primary focus was on quantifying the bacteria present in mature
biofilms [27,36]. While the mature biofilm did decrease the amount of drug present in the
affinity polymer disk slightly (p = 0.15; Table 1A), quantitative culturing revealed a lower
bacterial load on these disks. The hypothesis is that some of the initial antibiotic in the bolus
injection was immediately used to eradicate the planktonic S. aureusaround the biofilm and
the rest of the antibiotic was filled into the pCD polymers to be gradually released to
eradicate the less metabolically active bacteria present in the biofilm, rather than the biofilm
resisting drug diffusion into the pCD disk. This hypothesis was further validated by the
observation that the agarose background absorbance signal of the immature (t = 24 h) was
comparable to the signal of the mature (t = 72 h) biofilm coated pCD disk. Since the signal
was similar and the more mature biofilm coated pCD disk contained less drug, some of the
initial injected drug must have been used to eradicate some of the bacteria in the mature
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biofilm. The presence of bacteria still remaining on the affinity polymer surface after the
post-implantation filling underscores the importance of sustained antibiotic delivery where
the drug released back into the biofilm over the period of days or weeks is needed to
continue eradicating the bacteria present on the polymer or implant surface. Additional
studies quantifying bacteria from mature biofilms on affinity polymers after 1-3 days of
incubation verified that RMP and not unfavorable survival conditions in the agarose model
was responsible for eradicating the majority of bacteria in the biofilm. Further, the post-
implantation filling model used in this work supports bacterial biofilm viability for at least 7
days (13.3% of initial biofilm colonies) with minimal viability after 14 days. Future work
will optimize culture conditions to support long-term biofilm viability so that the bacterial
eradicating due to post-implantation drug filling release from affinity polymers can be
tracked.

In the bacterial quantification studies of the mature biofilm on non-affinity control polymers,
it is hypothesized that the initial decrease in bacteria counts for affinity and non-affinity
polymers from t = 0 to day 1 is driven by the antibiotic bolus whereas the decrease from day
1 to 2 seen only for affinity polymers with mature biofilms is driven by the affinity filling
(Tables 1-2). The lack of decrease in bacteria counts (over 2 days) for non-affinity polymers
with mature biofilms supports this hypothesis.

3.4. Bacterial quantification of serum-preconditioned biofilms

One further concern was that in a biological setting the “pockets” present in the affinity
polymer might be obstructed by other affinity moieties that are present in a more robust
biofilm such as proteins that adsorb to the surface prior to bacterial adhesion [7,8]. Affinity
polymer disks were pre-conditioned in fetal bovine serum for 24 h prior to incubation in S.
aureus to form a more robust biofilm. The presence of adsorbed serum components (e.g.
proteins) did not significantly impact biofilm formation on the affinity polymer disks. Initial
bacterial counts for serum-preconditioned affinity polymer disks with mature biofilms was
102% of the bacterial count of the non-conditioned samples, and as observed in the non-
conditioned samples, negligible bacteria were present after 2 days of post-implantation
filling RMP or MC. The serum proteins represent a slightly more physiologically relevant
biofilm formation model, which is utilized by several other groups to model a more robust
biofilm [37-39]. A whole blood biofilm model was not used in an effort to model the best
possible conditions for biofilm formation (i.e. without leukocytes, etc.).

3.5. Zone of inhibition study

To demonstrate that post-implantation filled antibiotic was active and capable of continued
bacterial eradicating, post-implantation filled RMP and MC affinity polymer disks were
removed from the agarose filling model, and evaluated with a zone of inhibition assay
against S. aureus. Four separate conditions were tested in triplicate. Fig. 3 shows that post-
implantation filled RMP from affinity polymer disks without biofilm was able to eradicate S.
aureus for 19 days. Affinity polymer disks with immature biofilms were also able to clear S.
aureus out to 19 days, but affinity polymer disks with mature biofilms only cleared bacteria
for 11 days, which is consistent with lower drug filling (Table 1A). This difference in
bacterial eradicating between RMP from immature and mature biofilms demonstrated that
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increased drug filling into affinity polymer (Table 1A) results in an extended antimicrobial
timeframe. Fig. 3 also shows that the filled MC was active for 19 days independent of the
presence or maturity of biofilm. Overall, the results of this study confirmed that post-
implantation filled affinity polymers are capable of releasing a therapeutic dose of active
antibiotic sufficient to inhibit the growth of bacteria for nearly 3 weeks.

As an example in hernia repair, current clinical treatment for hernia mesh infection can
include intraperitoneal injection of antibiotics [40], which results in a spike in local
antibiotic concentration on the scale of hours. Any bacteria that remain on or in the mesh
post-antibiotic bolus can continue growing to form a biofilm, and the one-time antibiotic
dose can also contribute to the development of drug-resistant bacteria. In this work the
decreased bacterial load observed on the polymer disk surface following bolus injection even
on the diffusion controls demonstrates how this one-time antimicrobial injection is
insufficient to eradicate the infection (Table 2). The result is usually revision surgery and
removal of the infected mesh significantly increasing overall cost and putting the patient at
risk from a second surgical procedure. The work presented here could improve the outcome
by rescuing the infected mesh, or any infected device, by providing a localized drug sink
capable of delivering a steady concentration of antibiotic that can eradicate bacteria even
with the decreased metabolic rates observed when a biofilm is present. Previously biofilms
had been observed to pose a diffusion barrier that would prevent lethal concentrations of
drug to reach the bacteria. This work shows that drug does freely diffuse through a biofilm;
however, the capacity to trap that drug and re-administer it at therapeutic doses had
previously been missing. For the bacteria in the biofilm which are less metabolically active
than planktonic, or rapidly growing bacteria, a re-administration of the drug on the scale of
days to weeks are needed to eradicate the bacteria and eradicate the infection.

The affinity interactions of the pCD system have previously shown antibiotic release for >
1200 h [24]. This work demonstrates that these affinity interactions act like a localized sink
for free drug in an /n vitro model of post-implantation loading enabling drug to concentrate
in the unloaded polymer disk (Fig. 2; Supplementary Videos S1 and S2). The chemically
similar control polymer disks without affinity moieties did not load drug. Once free drug has
concentrated in the affinity pCD the polymer will begin releasing the drug in sustained
manner that is pharmacokinetically more suitable to eradicating the infection than a one-
time bolus dose.

The presence of biofilm was believed to pose a diffusional barrier. This work shows that
biofilm did not significantly decrease antibiotic post-implantation loading even when serum
proteins were present (Table 1). These proteins had the potential to form a more robust
biofilm or even block the affinity groups, but the data show that neither scenario impacted
drug filling.

Polymer disks were used in this work for ease of handling, but this affinity polymer can be
formulated as a device coating or formed into microparticles for independent use with a
variety of implants or incorporated into the bulk device. The ultimate goal of this and future
work is to treat infections ranging from soft tissue hernia infections to hard tissue bone
infections.
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4. Conclusions

Prophylactic antimicrobial treatment is not clinically sufficient since patients may still
present with infection up to a year after surgery. In these cases, the infection will likely be
well established and potentially have formed a biofilm. The /n vitro evaluation of post-
implantation drug filling presented in this work indicates neither bacteria nor biofilm will
impair antibiotic filling or the affinity polymer’s ability to eradicate bacteria. The delivery
system in this work utilizes two components to treat established infections. A bolus
antibiotic injection serves to eradicate the planktonic bacteria surrounding the initial
infection, while the implanted affinity polymer serves as an antibiotic depot slowly re-
administer drug to eradicate the less metabolically active bacteria that are present in biofilm.
Affinity polymer filled with vancomycin prior to implantation has already been shown to
prevent device infection in rodents [41,42] and has also prevented Methicillin-resistant S.
aureus (MRSA) hernia defect infection in pigs (manuscript submitted). The versatility of
affinity polymers makes them amenable for use in both hard and soft tissue applications.
Future work will focus on evaluating the /n vivo ability to fill affinity polymers with
antimicrobials post-implantation, the impact the host foreign body response has on in vivo
filling, and refilling affinity polymers that have been implanted prefilled with antibiotic for
patients at high risk of device infection. The work presented here demonstrates for the first
time that antimicrobials can be loaded into affinity polymers independent of the presence of
a biofilm and opens the door to potentially rescuing infected devices rather than removing
them.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

Post-operative prophylactic antimicrobial therapy greatly reduces risk of infection, such
as on biomedical implants, but does not totally eliminate infections, and the healthcare
cost of these remaining infections remains a major concern. Systemic antimicrobial
therapy to treat these infections can lead to tissue toxicity and drug-resistant bacteria. In
order to treat only those patients who have developed infections, a customizable
antimicrobial delivery system made of cyclodextrin-based affinity polymer has been
developed that is capable of filling post-implantation and delivering the filled antibiotic in
a sustained manner even when the delivery device covered in bacterial biofilm. These
observations have the potential to be translated to a wide variety of applications, such as
implanted or indwelling medical devices, and/or surgical site infections.
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Fig. 1.

In situ “tissue-mimicking” antibiotic filling models with and without biofilm. (a) Validation
of filling model with affinity and non-affinity (control) polymer disks. After 52 h of in situ
filling, more antibiotic is filled into the affinity polymer disk. The filled affinity polymer
disk can release filled antibiotic locally in a sustained manner and be refilled with more drug
(/n situ) when emptied. (b) Filling model with affinity polymer without biofilm (biofilm
control) and affinity polymer disk with either an immature or mature biofilm. After 52 h of
in situfilling, a similar amount of drug is filled into both the disks with and without the
biofilm. Following this /n situfilling, the antibiotic can be released from the disks with and
without the biofilm locally in a sustained manner. The model also supports the filling of
polymers coated with serum preconditioned biofilms where the polymers are exposed to
FBS prior to bacterial exposure and are subsequently implanted into the model.
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*Red scale bars = 10 mm

Black scale bars = 2 mm

Fig. 2.
(Top images) /n situ filling model with antibiotic filled disks after 52 h (RMP) and 45 h

(MC) of filling. (Bottom images) Removed polymer disks after 52 h (RMP) and 45 h (MC)
of filling. The dark orange (RMP) and yellow (MC) colors indicate the presence of the drug.
The diameter of each well is 34.8 mm and all disks are 5 mm in diameter. Scale bars (bottom
right corner of images) for wells are 10 mm (red) and scale bars for disks are 2 mm (black).
(For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 3.
Zc?ne of inhibition study of post-implantation filled RMP and MC filled affinity polymer
disks with immature or mature biofilm (t = 19 days) averaged (n = 3) with standard

deviation. Control affinity polymer disks without biofilm were filled at the same time. Post-
implantation filling was carried out for 52 h. RMP filled affinity polymer disks with
immature (top left) and mature (top right) and MC filled affinity polymer disks with
immature (bottom left) and mature biofilm (bottom right) demonstrated antibacterial activity
against S. aureus for approximately 20 days.
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Mass of antibiotics filled /n situ into affinity and non-affinity polymer disks. Mass of RMP filled into
implanted polymers from /n situ filling studies with and without bacteria (a) and mass of MC filled into
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implanted polymers from /n situ filling studies with and without bacteria (b) averaged (n = 3) with standard

deviation.
a.
Rifampicin Average loaded drug mass (n = 3) (ug)
No biofilm pCD 28+0.6
pDEX 1.0+ 0.4
24 h biofilm  pCD (no biofilm) 3.1+0.6
pCD (biofilm) 3.3+04
72 h biofilm  pCD (no biofilm) 2.9+0.2
pCD (biofilm) 1.8+0.2
b.
Minocycline Average loaded drug mass (n = 3) (ug)
No biofilm pCD 38.1+15.6
pDEX 13.6+0.9
24 h biofilm  pCD (no biofilm) 505+ 1.2
pCD (biofilm) 404 +2.0
72 h biofilm  pCD (no biofilm)  39.6 £ 9.0

pCD (biofilm) 50.0+7.3
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Table 2

Bacterial quantification of affinity and non-affinity polymer disks with mature biofilms. Affinity polymer disks
and non-affinity polymer disks with mature biofilm (n = 6) after t = 1 and 2 days of RMP filling as a percent of
control disks incubated for 1 or 2 days without antibiotic filling. All data shown is reported as the average
percentage of bacterial colonies remaining with the standard deviation.

% Remaining control colonies after drug exposure (n =6) % Remaining control colonies after drug exposure (n = 6)

t=24h t=48h
pCD 63.2+50.0 89+4.4
pDEX 39.8+31.2 95.1+82.3
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