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Abstract

Background Infectious complications of musculoskeletal

trauma are an important factor contributing to patient

morbidity. Biofilm-dispersive bone grafts augmented with

D-amino acids (D-AAs) prevent biofilm formation in vitro

and in vivo, but the effects of D-AAs on osteocompatibility

and new bone formation have not been investigated.

Questions/purposes We asked: (1) Do D-AAs hinder

osteoblast and osteoclast differentiation in vitro? (2) Does

local delivery of D-AAs from low-viscosity bone grafts

inhibit new bone formation in a large-animal model?

Methods Methicillin-sensitive Staphylococcus aureus

and methicillin-resistant S aureus clinical isolates, mouse

bone marrow stromal cells, and osteoclast precursor cells

were treated with an equal mass (1:1:1) mixture of D-Pro:D-

Met:D-Phe. The effects of the D-AA dose on biofilm inhi-

bition (n = 4), biofilm dispersion (n = 4), and bone marrow

stromal cell proliferation (n = 3) were quantitatively

measured by crystal violet staining. Osteoblast differenti-

ation was quantitatively assessed by alkaline phosphatase

staining, von Kossa staining, and quantitative reverse

transcription for the osteogenic factors a1Col1 and Ocn (n

= 3). Osteoclast differentiation was quantitatively mea-

sured by tartrate-resistant acid phosphatase staining (n = 3).

Bone grafts augmented with 0 or 200 mmol/L D-AAs were

injected in ovine femoral condyle defects in four sheep.

New bone formation was evaluated by lCT and histology 4

months later. An a priori power analysis indicated that a

sample size of four would detect a 7.5% difference of bone

volume/total volume between groups assuming a mean and

SD of 30% and 5%, respectively, with a power of 80% and

an alpha level of 0.05 using a two-tailed t-test between the

means of two independent samples.

Results Bone marrow stromal cell proliferation, osteo-

blast differentiation, and osteoclast differentiation were

inhibited at D-AAs concentrations of 27 mmol/L or greater

in a dose-responsive manner in vitro (p \ 0.05). In
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methicillin-sensitive and methicillin-resistant S aureus

clinical isolates, D-AAs inhibited biofilm formation at

concentrations of 13.5 mmol/L or greater in vitro (p \
0.05). Local delivery of D-AAs from low-viscosity grafts

did not inhibit new bone formation in a large-animal model

pilot study (0 mmol/L D-AAs: bone volume/total volume =

26.9% ± 4.1%; 200 mmol/L D-AAs: bone volume/total

volume = 28.3% ± 15.4%; mean difference with 95% CI =

�1.4; p = 0.13).

Conclusions D-AAs inhibit biofilm formation, bone mar-

row stromal cell proliferation, osteoblast differentiation,

and osteoclast differentiation in vitro in a dose-responsive

manner. Local delivery of D-AAs from bone grafts did not

inhibit new bone formation in vivo at clinically relevant

doses.

Clinical Relevance Local delivery of D-AAs is an effec-

tive antibiofilm strategy that does not appear to inhibit bone

repair. Longitudinal studies investigating bacterial burden,

bone formation, and bone remodeling in contaminated

defects as a function of D-AA dose are required to further

support the use of D-AAs in the clinical management of

infected open fractures.

Introduction

Infectious complications are an important factor con-

tributing to patient morbidity and limiting the success of

clinical management of complex trauma [9, 32, 36].

Treatment of bone infections in patients with fractures can

involve operative débridement of necrotic bone followed

by several weeks of systemic antibiotics, temporary fixa-

tion, and/or implantation of devices to promote bone

regeneration [11, 44]. For orthopaedic infections, Staphy-

lococcus aureus is the most commonly isolated agent,

accounting for more than 1
.
2 of all infections [28]. In

addition to increasing trends of antimicrobial resistance,

the ability of bacteria to develop and persist in biofilms on

implanted biomedical devices is recognized as a major

factor contributing to chronic relapsing infections and

nonosseous union [4, 35, 42, 44, 48, 49].

Bacterial biofilms are a protected mode of growth

characterized by a high tolerance to the activity of

antimicrobials compared with planktonic bacteria, which is

partly attributable to the limited permeability of antimi-

crobials through the extracellular matrix surrounding the

bacteria and the reduced metabolic state of the persister

cells in the biofilm [11, 28, 44, 50]. Although clinical

studies have underscored the relationship between infec-

tion and nonunion of diaphyseal fractures [24],

periarticular fractures also have high rates of infections

complications. The deep infection rate of patients with

Schatzker Type VI bicondylar tibial plateau fractures

treated by a two-incision dual-plating technique ranged

from 11% to 23% [1, 43] and approached 30% if treated

more than 72 hours after injury [19]. Thus, inhibiting the

formation of a biofilm may be an alternative strategy for

reducing the incidence of infectious complications and

nonunions. Several reviews have highlighted the need for

biomaterials that deter establishment of an infection by

concurrently inhibiting biofilm formation and promoting

tissue integration and regeneration [44, 45, 53]. The D-

isomers of amino acids (D-AAs) prevent and disperse

biofilms formed by a broad range of bacterial species,

including S aureus [23, 26], by inhibiting initial bacterial

attachment to surfaces [55], inhibiting localization of cell-

cell adhesion proteins at the cell surface [23, 26], inhibiting

expression of biofilm matrix genes [27], and promoting

release of amyloid fibers from the cell wall [26]. Further-

more, D-AAs have minimal toxicity toward eukaryotic cells

[16, 41]. However, the doses at which D-AAs are effective

against S aureus are the subject of debate, with some

studies reporting biofilm inhibition at concentrations of 100

to 500 lm [8, 23, 38, 56], whereas another showed that

higher concentrations (up to 10 mmol/L) are required for

biofilm dispersal in vitro [41]. Similarly, the effects of D-

AA dose on mammalian cells have not been extensively

investigated. Scaffolds augmented with greater than 50

mmol/L D-AAs have been shown to reduce the incidence of

infection and microbial burden when implanted in rat

segmental defects contaminated with clinical isolates of S

aureus [41]. However, to our knowledge, the effects of D-

AAs on new bone formation have not been evaluated in a

large-animal model.

We therefore asked: (1) Do D-AAs hinder biofilm for-

mation, differentiation of osteoblasts (as determined by

alkaline phosphatase-positive colony-forming unit [CFU-

ALP] and osteoblast colony-forming unit [CFU-OB]

assays), and osteoclasts (as determined by tartrate-resistant

acid phosphatase staining [TRAP]) in vitro in a dose-re-

sponsive manner? (2) Does local delivery of D-AAs from

low-viscosity bone grafts inhibit new bone formation (as
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determined by lCT and histologic analysis) in a large-

animal model in vivo?

Materials and Methods

In this study, we evaluated the effects of D-AA concen-

tration on inhibition of biofilm formation and osteoblast

and osteoclast differentiation in vitro. This approach

enabled direct comparison of D-AA concentrations that

promote antibiofilm activity while maintaining osteocom-

patibility. In a large-animal pilot study, D-AAs were

delivered locally through a settable low-viscosity bone

graft composite composed of MASTERGRAFT1 ceramic

Mini Granules (85% hydroxyapatite/15% beta-tricalcium

phosphate; Medtronic, Memphis, TN, USA), a lysine tri-

isocyanate-poly(ethylene glycol) prepolymer, a polyester

triol, and a tertiary amine catalyst. MASTERGRAFT1 is

an osteoconductive ceramic reported to promote new bone

formation in orthopaedic, dental, and spine applications

[47, 52]. Low-viscosity grafts were augmented with 0 or

200 mmol/L D-AAs (a dose shown to promote antibiofilm

activity in contaminated defects in rats [41]) and injected in

ovine femoral condyle defects. New bone formation was

measured by lCT and histologic analysis to assess the

effects of D-AAs on new bone formation.

Bacterial Strains and Growth Conditions

Clinical isolates of methicillin-sensitive and methicillin-

resistant S aureus (MRSA/MSSA) associated with

osteomyelitis were selected from a repository collected

from patients admitted for treatment at the San Antonio

Military Medical Center (Fort Sam Houston, TX, USA)

and not related to research (Table 1). Bacterial strains were

cultured in Cation Adjusted Mueller Hinton Broth with

agitation or on blood agar plates at 37�C.

Biofilm Inhibition and Dispersal Assays

Biofilm formation was assessed under static conditions

using the microtiter plate assay as described previously

[41]. Bacterial cultures were grown in Cation Adjusted

Mueller Hinton Broth to an optical density (OD)600 of 0.1

(approximately 108 CFU/mL) and diluted 1:100 in Cation

Adjusted Mueller Hinton Broth. Five hundred microliters

of diluted bacteria then was added and incubated at 37� C
for 24 hours. To assess the biofilm dispersal activity of D-

AAs, culture medium from biofilms was removed and

replaced with fresh medium containing the D-AA mixture.

After treatment with D-AAs for 24 hours, plates were

washed with phosphate buffered saline to remove unat-

tached cells, stained with 0.1% (weight/volume) crystal

violet (Sigma Aldrich, St Louis, MI, USA) for 10 minutes,

rinsed with phosphate buffered saline, and then solubilized

with 80% (volume/volume) ethanol. Biofilm biomass was

determined by measuring the absorbance of solubilized

stain at 570 nm using a microtiter plate reader (n = 4). For

assays measuring the ability of D-AAs to inhibit biofilm

formation, bacteria were grown under the biofilm condi-

tions as above in the presence of media containing D-AAs.

In Vitro Cell Culture

To assess the effects of D-AAs on osteoblast and osteoclast

differentiation in vitro, bone marrow stromal cells

(BMSCs) and osteoclast precursor cells were treated with 0

to 81 mmol/L total D-AAs in a 1:1:1 mixture by weight of

D-methionine (Met):D-phenylalanine (Phe):D-proline (Pro).

A 270 mmol/L stock solution was prepared by dissolving

1.259 g of D-Pro, 1.259 g of D-Met, and 1.259 g of D-Phe in

100 mL culture medium (aMEM; Sigma) supplemented

with 10% fetal bovine serum, 100 IU/mL penicillin, and

100 lg/mL streptomycin) at 37o C and adjusting to pH 7.5

to 8 using 0.5 N HCl. D-AA stock solution was diluted with

Table 1. Characteristics of bacterial strains used in this study

Bacterial species Pulse-field type Phenotype Isolate source Site of isolation

Staphylococcus aureus

SAMMC-38 USA700 MRSA Wound deep Bone

SAMMC-39 USA100 MRSA Wound deep Bone

SAMMC-40 Unknown MRSA Wound deep Bone

SAMMC-41 USA800 MRSA Wound deep Bone

SAMMC-61 USA300 MSSA Wound culture Bone

SAMMC-63 USA700 MSSA Wound culture Bone

SAMMC-65 USA200 MSSA Wound culture Tissue

SAMMC = San Antonio Military Medical Center; MRSA = methicillin-resistant Staphylococcus aureus; MSSA = methicillin-sensitive Sta-

phylococcus aureus.
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culture medium to achieve the targeted concentration, and

culture medium and D-AAs were refreshed every other day.

BMSCswere isolated from long bones of adult C57WTmice

(Jackson Laboratory, Bar Harbor, ME, USA) [30]. For

osteoblast differentiation, BMSCs isolated from three mice

were pooled and plated at a density of 1.5 9 106 cells/mL.

Fifty micrograms per milliliter ascorbic acid and 5mmol/L

glycerophosphate were added to culture medium 7 and 14

days after plating. ALP staining was performed 14 days after

plating and the numbers of CFU-ALP were counted (n = 3).

Von Kossa staining was performed 21 days after plating and

the numbers of CFU-OB were counted based on their round

([1 mm diameter) and black appearance (n = 3). For BMSC

proliferation, cells isolated from three mice were pooled and

plated at a density of 29 106 cells/mL (n = 3). After BMSCs

reached 80% confluence, cells were trypsinized and replated

separately in 24-well plates at a density of 19 105 cells/mL.

D-AA treatment was started 1 day after plating. Crystal violet

staining was performed at different times and the OD of the

released dye (OD570 nm) was used to quantify relative cell

number [15, 18].

Osteoclast precursor cells were prepared from spleens of

four adult C57 WT mice by the Ficoll (Lymphocyte

Separation Medium; MP Biomedicals, Solon, OH, USA)

gradient method [6] and plated separately at a density of

2.5 9 106 cells/mL. Osteoclast differentiation was induced

with 30 ng/mL of macrophage colony-stimulating factor

(Sigma) and 50 ng/mL of receptor activator of nuclear

factor B ligand (R & D Systems, Minneapolis, MN, USA).

Osteoclast differentiation induction and the D-AA treat-

ment started the day cells were plated. Culture medium and

D-AA treatment were refreshed every other day. At Day 6,

TRAP staining was performed (n = 3). The percentage of

TRAP-positive area (%) was calculated by following

automatic thresholding with MetaMorph1 Imaging soft-

ware (Molecular Devices LLC, Sunnyvale, CA, USA). For

all in vitro tests, statistical significance was assessed by a

one-way ANOVA followed by Tukey’s multiple compar-

ison test (p\ 0.05), post hoc.

In Vivo Large Animal Sheep Model

Low-viscosity grafts (not approved by the FDA) implanted

in vivo were prepared with the following reactive polymer:

lysine triisocyanate-poly(ethylene glycol) prepolymer

(21.7% NCO), a poly(e-caprolactone [70%]-co-glycolide

[20%]-co-D,L-lactide [10%]) triol (450 Da), and a tri-

ethylenediamine catalyst (10% solution in dipropylene

glycol) [13, 14, 37]. An advantage of low-viscosity grafts

compared with calcium phosphate cements or allograft is

its ability to support diffusion-controlled sustained release

of biologics [20, 41]. To test the effects of D-AAs in vivo, a

1:1:1 mixture (by weight) of D-Met:D-Phe:D-Pro was mixed

by hand with the reactive polymer before injection. Low-

viscosity grafts were prepared by mixing lysine triiso-

cyanate-poly(ethylene glycol) prepolymer (index 115

[21]), polyester triol, the mixture of powdered D-AAs (0 or

200 mmol/L based on the volume of the defect), tri-

ethylenediamine, and ceramic particles (45 weight % for

low viscosity and 40 weight % for low viscosity + D-AAs).

Four healthy domestic crossbred, adult, skeletally

mature, female, nonpregnant sheep (Ovis aries, 54–88 kg)

were used to evaluate the effects of D-AAs on bone for-

mation. All surgical and care procedures were performed at

IBEX Preclinical Research Inc (Logan, UT, USA) under

aseptic conditions per Institutional Animal Care and Use

Committee approval. Preoperative butorphanol and atro-

pine were administered. Morphine was administered as an

epidural injection before surgery to provide preemptive

analgesia. A semicircular incision was created in the

periosteum and the periosteal flap was removed. Bilateral

defects 11 9 18 mm (1.7 cm3) were drilled (Fig. 1) through

a K-wire guide and reamer in the distal aspect of the lateral

femoral condyle of each sheep. Before graft application,

gauze was used to reduce defect hemorrhaging. Two grafts

were investigated (n = 4 for each): (1) low viscosity

(control) and (2) low viscosity + D-AAs (200 mmol/L,

based on defect volume). Each sheep was implanted with

one of each graft with two grafts implanted in the right and

two in the left of four used condyles for each graft. Low-

viscosity components were gamma-irradiated (25–40 kGy)

by Sterigenics International Inc (Westerville, OH, USA),

mixed, and injected in the defects. Wounds were closed

after cure (15 minutes after implantation) as described

previously [14, 37]. The primary outcome was bone vol-

ume/total volume measured by lCT in the middle region of

the defect. An a priori power analysis indicated that a

sample size of four would detect a 7.5% difference in bone

volume/total volume between groups assuming a mean and

SD of 30% and 5%, respectively in the middle region of

interest of the graft (2.5 mm from the center-line) [13, 37].

This is with a power of 80% and an alpha level of 0.05

using a two-tailed t-test of two independent samples.

A lCT 50 scanner (SCANCO Medical, Bassersdorf,

Switzerland) was used to acquire images of the extracted

Fig. 1 A schematic of a femoral condyle plug defect is shown.
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femurs at 16 weeks and cured low-viscosity grafts (n = 4)

fabricated independent of the in vivo study. lCT scans

were performed in 10% neutral buffered formalin at 70

kVp energy, 200 lA source current, 1000 projections per

rotation, 800 ms integration time, and an isotropic voxel

size of 24.2 lm. Four concentric annular volumes of

interest 1.83 mm thick and 14 mm long (from the outer

cortical surface of the femur) were defined for each sample.

The three inner regions incorporated the composites,

whereas the outer region included the host bone interface.

Ossified tissue was segmented using a threshold of 340 mg

hydroxyapatite per cm�3 to include new bone and ceramic

as reported previously [13, 37]. Bone volume fraction

(bone volume/total volume), trabecular separation, trabec-

ular number, and trabecular thickness were measured for

each annular region and plotted versus the mean radial

distance from the core of the defect (Rm) [13, 37]. These

morphometric parameters were chosen to quantitatively

assess the remodeling of trabecular bone architecture in

three dimensions assuming a fixed-structure model [5].

Measured values of morphometric parameters for treated

defects were compared with published values for ovine

femur trabecular bone to assess healing [2, 31].

Sheep femora were maintained in 10% neutral buffered

formalin for 3 weeks after dehydration in ethanol. Speci-

mens were embedded in polymethylmethacrylate and

longitudinal cross-sections were cut, ground, and polished

(\ 100 lm) in the middle of the defect from the blocks

using an Exakt system (Exakt Technologies Inc, Norder-

stedt, Germany). Sections were stained with Stevenel’s

Blue and Van Gieson’s and imaged at 92 and 920 mag-

nification with an Olympus DP71 camera and SZX16

microscope (Olympus Corp, Tokyo, Japan). New bone

formation and residual ceramic were quantified based on

color analysis from one slide per defect (two data points

per slide) using MetaMorph1 software (Version 7.0.1) in

an area of interest (6 9 14.6 mm) located in the center of

the defect [13, 14, 37]. The rectangular area of interest was

subdivided in regions 1.83 mm wide corresponding to the

size and location of the lCT regions of interest [13, 37].

For lCT morphometric parameters and histomorphometry

data, statistical significance was assessed by a two-way

ANOVA followed by Tukey’s multiple comparison test,

post hoc, for both regions of interest and treatment groups.

Results

D-AAs inhibited biofilm formation, BMSC proliferation,

osteoblast differentiation, and osteoclast differentiation in a

dose-responsive manner in vitro. Biofilm biomass decreased

when MRSA and MSSA clinical isolates were exposed to D-

AA concentrations of 13.5 mmol/L or greater (p\0.0001)

(Fig. 2). The number of CFU-ALP (Fig. 3A) and CFU-OB

(Fig. 3B) colonies decreasedwhen osteoblasts were exposed

to D-AA concentrations of 27 mmol/L or greater (p\0.05).

Expression of the osteogenic genes Col1a1 (Fig. 3C) and

Ocn (Fig. 3D) decreased when osteoblasts were treated with

D-AA concentrations of 54 mmol/L or greater (p\0.05) and

27 mmol/L or greater, respectively (p\0.05). Exposure of

BMSCs to D-AA concentrations of 54mmol/L or greater (p\
0.05) inhibited proliferation (Fig. 3E–F). The effect of D-

AAs on osteoclast precursor cell differentiation was evalu-

ated byTRAP staining (Fig. 3G). The percent area positively

stained for TRAP in osteoclast cultures decreased when cells

were exposed to D-AAs concentrations of 54 mmol/L or

greater (p \ 0.001, Fig. 3H). D-AA concentrations of 50

mmol/L or greater have been reported to inhibit biofilms

in vivo [41]. Although it is difficult to directly compare

in vitro and in vivo concentrations owing to differences in

release kinetics and unknown retention at the defect site,

these results suggest that D-AAs inhibit biofilm formation at

concentrations (C 13.5 mmol/L) lower than those at which

they inhibit osteogenesis and osteoclastogenesis (C 27

mmol/L).

Local delivery of D-AAs from low-viscosity grafts did not

inhibit new bone formation in a large-animal model pilot

study. The primary end point was bone volume/total volume

in themiddle region of the graft (Rm = 2.76mm: 0mmol/L D-

AAs: bone volume/total volume = 26.9% ± 4.1%; 200

mmol/L D-AAs: bone volume/total volume = 28.3% ±

15.4%; mean difference with 95% CI = �1.4; p = 0.13),

which previous studies have suggested has substantially

remodeled at this time [13, 37]. Representative three-di-

mensional lCT images of low viscosity before in vivo

implantation (Fig. 4A) compared with femoral condyle plug

defects treated with low viscosity± D-AAs at 16 weeks after

implantation (Fig. 4B–C) showed mineral content non-

characteristic of ceramic particles alone, indicating new

bone formation and remodeling at the outer region of the

defect site (as compared with the inner region) for both

groups. Bone volume/total volume (which includes new

bone and residual ceramic particles) for each region ap-

proached or exceeded that of the low-viscosity graft at Time

0 (dashed line, Fig. 4D) and native bone in a nongrafted

femur (dotted-dashed line, Fig. 4D). Densification of the

bone near the graft interface was observed, as evidenced by

the higher value of bone volume/total volume for Rm greater

than 4 mm. The morphometric parameters, trabecular sepa-

ration (Fig. 4E), and trabecular number (Fig. 4F) showed

small differences between treatment groups and radial

location. Trabecular thickness showed small differences

between treatment groups and increased monotonically with

Rm (Fig. 4G). Histologic sections of defects treated with low

viscosity ± D-AAs at 16 weeks after implantation showed

mainly fibrous cellular infiltration with histologic signs of
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active bone formation (Fig. 5A–B). At the margins (bone-

graft interface), densification of the bone was observed, as

described above. Low-magnification images (9 2, Fig. 5A–

B) of the defect sites showed residual ceramic particles

(black) and new bone (pink) formation at the outer regions

for both test groups. There was minimal evidence of residual

polymer (turquoise). In addition, themorphologic features of

the surrounding host trabecular bone were similar for both

groups. Defects filled in both test groups showed similar

osteocyte densities throughout mineralized bone (new and

surrounding host bone) and some signs of fibrous tissue near

the center of defect sites. High-magnification images (9 20,

Fig. 5C–D) showed new mineralized bone formation along

the MASTERGRAFT1 particle surface, active cuboidal-

shaped osteoblasts along bone surfaces, and blood vessels

filled with erythrocytes. Radial histomorphometric analysis

showed no differences in new bone formation (Fig. 5E) (0

mmol/L D-AAs: area % new bone = 9.1% ± 14.1%; 200

mmol/L D-AAs: area % new bone = 13.8% ± 10.2%; mean

difference with 95% CI = �4.7; p = 0.90) or ceramic

resorption (Fig. 5F)(0 mmol/L D-AAs: area % ceramic =

28.4% ± 14.7%; 200 mmol/L D-AAs: area % ceramic =

25.8%± 9.1%;mean difference with 95%CI = 2.7; p = 0.15)

in the middle region of the graft (Rm = 2.76 mm). New bone

formation increased and residual ceramic decreased with

increasing Rm.

Discussion

Bone grafts implanted in contaminated open fractures can

function as a nidus for infection owing to formation of a

biofilm on the surface [41]. Antibiotic treatment needed to

eliminate sessile bacteria in biofilms requires concentra-

tions more than 500 times those required to kill planktonic

bacteria [12]. Although local delivery of antibiotics can

Fig. 2A–F The images show

inhibition and dispersion of bac-

terial biofilm formation of a

representative clinical isolate of

methicillin-resistant Staphylococ-

cus aureus (MRSA) (strain

SAMMC 41) after exposure to

(A) 0 mmol/L D-AAs and (B) 6.75
mmol/L or more D-AAs. Quantifi-

cation of inhibition of established

biofilms from clinical isolates

of (C) methicillin-susceptible S

aureus (MSSA) and (D) MRSA

after exposure to D-AAs shows

dose-responsive behavior in a

range of 0 to 81 mmol/L. Quan-

tification of dispersion of

established biofilms from clinical

isolates of (E) MSSA and

(F) MRSA after exposure to D-

AAs shows dose-responsive

behavior with a range of 0 to 81

mmol/L. The values are represen-

tative of the mean ± SD of four

samples. **, ***, and **** =

significant differences compared

with the control (p \ 0.01, p \
0.001, and p \ 0.0001, respec-

tively) as determined by one-way

ANOVA and Tukey’s multiple

comparison test, post hoc. CV =

crystal violet; OD = optical

density.
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achieve bactericidal concentrations, many clinically used

antibiotics, including rifampin, doxycycline, and penicillin,

are either cytotoxic or inhibit osteogenic differentiation

in vitro at therapeutically relevant concentrations [39].

Alternatives to antibiotics include agents that have inhibi-

tory and/or dispersive activity against biofilms such as

bismuth thiols [17], recombinant DNAses [25], quorum-

sensing inhibitors [22], and D-AAs [3, 26, 41], which have

been reported to disperse biofilms in vitro and improve

healing of biofilm-associated infections in vivo [7, 46]. D-

AAs are active against a broad spectrum of bacterial spe-

cies, and local delivery of D-AAs from bone grafts has been

shown to reduce the frequency of infection of open frac-

tures contaminated with S aureus in vivo [41]. However,

the effects of D-AA concentration on osteocompatibility are

the subject of debate, with one study reporting that 250 to

500 lmol/L of a D-Pro: D-Tyr: D-Phe mixture reduced

BMSC viability and ALP expression [40] and another

reporting that D-Met, D-Pro, and D-Phe were noncytotoxic

to human osteoblasts at concentrations less than 50 mmol/L

[41]. Thus, the goal of our study was to evaluate the effect

of D-AAs on bone cell proliferation and differentiation

in vitro and new bone formation in vivo.

A limitation of this pilot study is that in vivo bone

healing was evaluated at only one time. Four months was

selected in response to an FDA guidance document [51]

for bone void fillers, which requires a study of sufficient

duration to observe new bone formation and graft

resorption. Evaluating new bone formation at a point

during which D-AAs are being released (\ 1 month) is

challenging owing to the limited amount of new bone

formed at this early time. At 4 months, local delivery of

200 mmol/L D-Phe:D-Pro:D-Met mixture did not inhibit

new bone formation. For low-viscosity scaffolds without

ceramic, the burst release of D-AAs ranged from 20% to

60%, and greater than 95% of the drug was released

during the first 30 days [41]. It is possible that the cera-

mic component delayed the release of the D-AAs in our

study, although the near-complete degradation of the

polymer at 4 months suggests that release of the drug was

complete by this late time. A second limitation of this

study was the inability to distinguish new bone from

residual MASTERGRAFT1 through lCT owing to their

similar densities. Histologic and histomorphometric radial

analyses (Fig. 4E–F) were done in addition to lCT to

independently quantify the area percent new bone and

MASTERGRAFT1. We used an established ovine criti-

cal-size femoral defect [10] to answer the question

whether local delivery of D-AAs inhibits new bone for-

mation. To reduce the use of animals, a negative control

(empty defect) was not used as this defect will not heal

without grafting.

Fig. 3A–H The dose-dependent inhibitory effect of D-amino acids

(D-AAs) on bone marrow osteoblast differentiation was shown by the

numbers of (A) alkaline phosphatase-positive colony forming units

(CFU-ALP) and (B) osteoblast colony-forming units (CFU-OB) in

osteogenic medium supplemented with D-AA concentrations from 0

to 81 mmol/L (values are reported as mean ± SD from three

independent repeats with duplicates per each repeat). The osteoblast-

specific gene expression of (C) Col1a1 and (D) Ocn (values are

reported as mean ± SD from three independent repeats) is shown. The

dose-dependent inhibitory effect of D-AAs on bone marrow stromal

cell (BMSC) proliferation was shown by (E) cell number (OD570) of

BMSCs treated with D-AAs (0–81 mmol/L) for 6 days (reported as

mean ± SD from five independent repeats); and (F) bromod-

eoxyuridine (BrdU) incorporation (determined by OD450) of BMSCs

treated with a series of D-AAs (reported as mean ± SD from three

independent repeats with duplicates per each repeat). The dose-

dependent inhibitory effect of D-AAs on osteoclast differentiation was

shown by (G) representative images and (H) corresponding percent-

age tartrate resistant acid phosphatase (TRAP)-positive surface area

of osteoclast cultures treated with D-AA concentrations 0 to 81 mmol/

L (reported as mean ± SD from four independent repeats with four

images per treatment taken for each repeat). *, **, ***, and **** =

significant differences compared with the control (p\0.05, p\0.01,

p\ 0.001, and p\ 0.0001, respectively) as determined by one-way

ANOVA and Tukey’s multiple comparison test, post hoc. Ctr =

control; OD = optical density; Col1a1 = collagen, type I, alpha 1;

HPRT = hypoxanthine phosphoribosyl transferase; Ocn = osteocalcin.
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Another limitation of this pilot study was the small

sample size. The low-viscosity control showed bone vol-

ume/total volume of 26.9% ± 4.1% in the middle region of

the defect, which is close to the assumptions of our power

calculation (bone volume/total volume = 30% ± 5%).

However, the low-viscosity + D-AAs group showed bone

volume/total volume of 28.3% ± 15.4%. The lower amount

of ceramic (40 versus 45 weight %) in the low-viscosity +

D-AAs group may account for the increased variability as

new bone was observed to be growing predominantly dur-

ing the ceramic phase, which is consistent with a previous

study investigating osteoconductive ceramics [52].

A 1:1:1 mixture of D-Met:D-Pro:D-Phe inhibited S aureus

biofilms at concentrations of 13.5 mmol/L or greater, which

is consistent with a previous study investigating a 1:1:1

mixture of D-Met:D-Pro:D-Trp [41]. D-AA concentrations of

27 mmol/L or greater inhibited osteogenesis and osteoclas-

togenesis. Thus, our findings indicate that D-AAs exhibit

antibiofilm activity at concentrations below levels that hin-

der osteoblast and osteoclast differentiation in vitro. The

D-Met:D-Pro:D-Trp inhibited biofilm formation in a con-

taminated rat segmental defect model at concentrations of 50

to 100mmol/L [41]. To provide a stringent test, the effects of

200 mmol/L D-AAs (twofold to fourfold greater than con-

centrations required to inhibit biofilms in vivo) on new bone

formation were investigated in a large animal model.

Low-viscosity grafts were augmented with D-AAs and

injected in ovine femoral condyle plug defects to assess their

effect on bone healing in vivo. As shown by lCT (Fig. 4) and

histologic (Fig. 5) analyses, an increase in bone volume/total

volume and area percent new bone was observed at the outer

region of both groups receiving the low-viscosity grafts (Rm

[ 4 mm). Thus, bone ingrowth started near the host

bone/composite interface and progressed toward the interior

of the composite, as evidenced by the increase in bone vol-

ume/total volume near the interface and monotonic decrease

in bone volume/total volume from the interface to the inner

core. This mechanism differs from the remodeling of poly-

mer/allograft bone composites implanted in rabbit femoral

plug defects, which exhibited bone volume/total volume

values closer to that of host bone near the interface [13, 37].

This difference in bone ingrowth may be the result of dif-

ferences in porosity between the low-viscosity grafts (27%–

28%) and allograft (2%–6%) [13, 37] composites. Thus, the

Fig. 4A–G Representative lCT three-

dimensional reconstructions (scale bars

= 2 mm) for the (A) low-viscosity (LV)

graft before in vivo implantation and

defects filled with (B) LV or (C) LV +

D-amino acids (D-AAs) at 16 weeks

show similar morphologic features

throughout the defect site and increased

density at the graft-host bone interface.

The morphologic parameters, (D) bone
volume/total volume (BV/TV), (E) tra-
becular separation (Tb.Sp),

(F) trabecular number (Tb.N), and

(G) trabecular thickness (Tb.Th) plot-

ted versus the mean radius of the region

of interest (Rm) show minimal differ-

ences between defects filled with low

viscosity graft or low viscosity + D-

AAs. Plotted controls included the

mean of each parameter for native

femur trabecular bone and low-viscos-

ity graft before in vivo implantation

(T0). Values are mean ± SD of four

samples. Statistical significance was

determined by two-way ANOVA and

Tukey’s multiple comparison test, post

hoc.
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higher porosity of low-viscosity grafts may have supported

faster cellular infiltration compared with low-porosity allo-

graft composites.

Sustained release of antibiotics at concentrations

exceeding theminimal bacterial concentration is required for

at least 4 weeks to control infection of contaminated bone

defects [29], but the optimal concentration and duration of

release for biofilm dispersal agents are unknown. Longitu-

dinal studies investigating bacterial burden, bone formation,

and bone remodeling in contaminated defects [34] as a

function of D-AAdose and release kinetics during healing are

needed to further support the use of D-AAs in the clinical

management of infected open fractures.
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