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Unique Antimicrobial Effects of Platelet-Rich Plasma and
Its Efficacy as a Prophylaxis to Prevent Implant-Associated

Spinal Infection

Hongshuai Li, Therwa Hamza, John E. Tidwell, Nina Clovis, and Bingyun Li*

Platelet-rich-plasma (PRP) has attracted great attention and has been increas-
ingly used for a variety of clinical applications including orthopedic surgeries,
periodontal and oral surgeries, maxillofacial surgeries, plastic surgeries, and
sports medicine. However, very little is known about the antimicrobial activi-
ties of PRP. PRP is found to have antimicrobial properties both in vitro and in
vivo. In vitro, the antimicrobial properties of PRP are bacterial-strain-specific
and time-specific: PRP significantly (80-100 fold reduction in colony-forming
units) inhibits the growth of methicillin-sensitive and methicillin-resistant
Staphylococcus aureus, Group A streptococcus, and Neisseria gonorrhoeae
within the first few hours but it has no significant antimicrobial properties
against E. coli and Pseudomonas. The antimicrobial properties of PRP also
depend on the concentration of thrombin. In vivo, an implant-associated
spinal infection rabbit model is established and used to evaluate the anti-
microbial and wound-healing properties of PRP. Compared to the infection
controls, PRP treatment results in significant reduction in bacterial colonies
in bone samples at all time points studied (i.e. 1, 2, and 3 weeks) and signifi-
cant increase in mineralized tissues (thereby better bone healing) at postop-
erative weeks 2 and 3. PRP therefore may be a useful adjunct strategy against

could still be up to 8.5% and higher,
depending on patient- and procedure-
related factors.l’l Patients who are elderly,
immunocompromised, diabetic, obese,
cognitively impaired, or sustain trauma
have greater risks of infection after spinal
surgery.>* Apart from patient discomfort,
the cost of treating a single implant-asso-
ciated spinal wound infection could be
more than $900,000.5! Therefore, preven-
tion of spinal implant-associated infection
is important in the battle against rising
healthcare costs.

Platelet-rich plasma (PRP) is a por-
tion of autologous blood that contains
concentrated platelets and leukocytes. A
2009 article in The New York Times raised
public awareness of PRP by detailing
the use of PRP to treat an injured Pitts-
burgh Steelers football player before the
2009 Superbowl.l’! PRP has been used for
clinical applications in a variety of ortho-

postoperative implant-associated infections.

1. Introduction

Infection is a significant clinical complication in spinal-implant
surgeries and other injuries (e.g., open fractures) and a variety
of surgeries.['?] Despite improvements in surgical techniques,
systemic antibiotic prophylaxis, and reduced operating time,
the rate of spinal implant-associated postoperative infection
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pedic surgeries, periodontal and oral sur-

geries, maxillofacial surgeries, plastic

surgeries, sports medicine, etc.l”] Applica-

tions of PRP by itselfl® or in combination
with other biomaterials®! are also attracting attention in spinal
arthrodesis.

Despite the large number of recent publications on PRP’s
potential wound-healing properties, little is known about its
antimicrobial activity;!%11 a few recent clinical studies have
indicated that PRP may also have strong antimicrobial proper-
ties. Trowbridge et al.'? and Englert et al.l'3l showed improved
wound healing and decreased infection rate following cardiac
surgeries when PRP was applied during sternum closure. Yuan
et al.l' reported improved outcome in treating chronic femoral
osteomyelitis with topical usage of PRP. The reported antimi-
crobial properties of PRP may be associated with the capability
of platelets to store and process antimicrobial proteins. Two
platelet-derived components in serum were found to be associ-
ated with the antimicrobial activity of platelets toward Bacillus
subtilis." Donaldson and colleagues!'® isolated a bactericidal
protein (B-lysin) that is stored at high concentrations in rabbit
platelets and to a lesser extent in human platelets. Nachman
and Weksler!'”! and Yeaman et al.l'®1% isolated and character-
ized platelet microbicidal proteins in rabbits and humans.
Krijgsveld et al.2% reported bactericidal proteins in human

wileyonlinelibrary.com

1277

dadvd T1TInd


http://doi.wiley.com/10.1002/adhm.201200465

-
™
s
[
-l
wl
=
™

1278  wileyonlinelibrary.com

ADVANCED
HEALTHCARE
MATERIALS

www.advhealthmat.de

platelets that are released upon thrombin

MekiEe

www.MaterialsViews.com

100 TU/ml

200 IU/ml

stimulation. The purposes of this study are i)
to determine the in vitro antimicrobial effects
of PRP against six bacterial isolates com-
monly found in bone infections, ii) to estab-
lish a spinal-implant-associated animal model
that allows both infection and healing evalu-
ations, and iii) to examine in vivo whether
PRP could be used alone as a prophylaxis for
spinal-implant-associated infection.

Figure 1. Ultrastructure of PRP activated by thrombin of different concentrations. PRPs were
activated for 5 minutes. With increasing thrombin concentration, fewer granules were observed

2. Results
2.1. Characterization and Activation of PRP

The prepared PRP had a concentration of 2 X 10° platelets uL},
which is a significant enrichment (approximately 10 times
higher) of platelets compared to the average platelet count in
whole blood. Similarly, the leukocyte count increased approxi-
mately four fold from the baseline value of 3.20 + 0.23 x
10° leukocytes uL~! in whole blood to 13.51 + 0.43 x 10 leuko-
cytes uL7! in the prepared PRP (Table 1).

PRP was activated using thrombin; the higher the concen-
tration of thrombin, the fewer granules were observed within
the platelets (Figure 1). Five minutes following the addition of
thrombin, o granules could still be observed within some plate-
lets at a thrombin concentration of 20 IU mL™! while almost
no granules were found at thrombin concentrations of 100 and
200 IU mL™! (Figure 1).

2.2. In Vitro Antimicrobial Effects of PRP against Six Clinical
Bacterial Isolates

The cultures that contained PRP gel showed a distinct decrease
in colony-forming unit (CFU) counts of methicillin-sensitive
Staphylococcus aureus (MSSA), methicillin-resistant Staphylo-
coccus aureus (MRSA), Group A Streptococcus, and Neisseria
gonorrhoeae in the first 2 h compared to the controls; their
maximum decrease in CFU counts were approximately 100-,
97.5-, 95-, and 80-fold, respectively (Figure 2A-D). All concen-
trations (i.e., 20, 100, and 200 IU mL™) of thrombin led to a
significant (p < 0.01) decrease of CFU counts in MSSA (1 and
2 h), MRSA (2 h), and Group A. Streptococcus (1 h) compared
to the control; the higher the concentration of thrombin, the
lower the CFU counts (Figure 2A-C). Only a high concentra-
tion (i.e., 200 IU mL™) of thrombin resulted in a significant
reduction of CFU count in Neisseria gonorrhoeae within the
first 2 h (Figure 2D). At all concentrations of thrombin studied,

Table 1. Platelet and leukocyte counts in PRP and whole blood.

Whole blood PRP
Platelets [10° uL™ 1.98 +0.22 20.50 +1.32%)
Leukocytes [10° uL™] 3.20+0.23 13.51+0.43%

3p < 0.001 compared to whole blood.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in platelets (T indicates platelets and a indicates granules within platelets).

no significant decrease in CFU count was observed in the Pseu-
domonas and E. coli cultures (Figure 2E and F). Meanwhile,
no significant reduction of CFU count was found in cultures
containing platelet-poor plasma (PPP) gels that were activated
with the three thrombin concentrations (i.e., 20, 100, and
200 IU mL™!) compared to the control (Figure 2A-F). However,
for all bacterial isolates, the CFU counts started to increase sub-
stantially at 4 h and reached a plateau at approximately 12 to
24 h (Figure 2A-F).

The Dbacteria in the PRP-gels were also examined in the
MSSA cultures (Supplementary Figure 1). Barely any bacteria
(1.67 + 2.08) were detected in the PRP gel at 1 h, and the CFU
counts within the PRP gels increased with time. However, the
CFU counts within the PRP gels were substantially (at least
100 times) less than those of the supernatants at all time-
points tested. In addition, PRP had similar antimicrobial effects
against S. aureus (ATCC 25923, ATCC, Manassas, VA) and the
clinical isolate MSSA.

2.3. In Vivo Efficacy of PRP in Preventing Postoperative Implant-
Associated Spinal Infection

2.3.1. General Observations

After surgery, animals started to gain weight at postopera-
tive day 5. The surgical sites of those without bacterial chal-
lenges (sham control) were clear of infection at all time-points
studied (Figure 3A). By contrast, the surgical sites with bacte-
rial challenges had elevated bumps; the bumps were relatively
smaller for PRP treatment sites than for infection control sites
(Figure 3B). Significant amounts of pus were found in all bac-
terially challenged surgical sites (Figure 3C), which indicates
severe infection.

2.3.2. Microbiological Evaluation

No bacterial growth was detected in any blood samples or
samples from the sham control sites (data not shown), which
indicates that there was no systemic infection. Postmortem
quantification of bacteria in surgical sites challenged with bac-
teria showed high burdens [on the order of 10° or 107 CFU
(g tissue)™!] in both bone and muscle cultures (Figure 4). Com-
pared to the infection control sites, PRP treatment sites had
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Figure 2. In vitro antimicrobial effects of PRP and PPP against A) MSSA, B) MRSA, C) Group A. Streptococcus, D) Neisseria gonorrhoeae, E) Pseu-
domonas, and F) E. coli.

significantly fewer bacterial colonies in bone samples at all  the number of bacterial colonies were also observed from the

time-points studied (i.e., 1, 2, and 3 weeks) and in muscle sam-  Kirschner-wire (K-wire) rolling experiments; fewer colonies

ples at weeks 1 and 2 (Figure 4A and B). Clear differences in ~ were found in the PRP treatment sites than at the infection
control sites (Figure 4C).

2.3.3. Histopathological Examination

Vertebral samples from infected surgical
sites at the study end-point (i.e., postopera-
tive week 3) were used to confirm the pres-
ence of infection by hematoxylin and eosin
(H&E) staining. Chronic inflammatory cell

Figure 3. General observation at postoperative week 3. A) Sham control site without bacterial chal- lnﬁltratlon, osteolysis, and cluste.rs of bac-
lenge: no signs of infection were found. B) Surgical sites (white arrow denotes a PRP treatment site teria were observed at postoperative week 3
and black arrow denotes an infection control site) with bacterial challenges: signs of local infection ~ inl the infection control sites, while relatively
were observed. C) Typical surgical site with bacterial challenges: black arrow highlights pus. less inflammatory cell infiltration and fewer

b
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o ( A) (C) clusters of bacteria were seen in the PRP
E Bone treatment sites (Figure 5).
- 15107 1 O Control Control
[ % @8 PRP 2.3.4. Bone-Healing Evaluation
*
= & 1 = By examining 3D reconstructions of the
= £ defect areas, we found that the size (diameter
e SU’S-MO“ 1 = and depth) of the bone defects was larger at
6 i I-I-l postoperative week 3 than at week 1 for the
0 . sl s T infection control sites, while the bone-defect
wi bosto ‘:_’2 e size was much smaller for the PRP treatment
Rt sites at postoperative week 3 than at week 1
(B) Muscle (Figure 6A). Correspondingly, the volume of
8.0x107 O3 Control mineralized tissue within the defined region
g == B PRP of interest (ROI) decreased from postopera-
z; 6.0x107 ¥ tive week 1 to week 3 for the infection con-
= trol sites, which indicates bone desorption
£ 401071 or destruction. By contrast, the volume of
:E,) —_— mineralized tissue within the defined ROI
- < : increased from postoperative week 1 to 3 for
© - i M i_ the PRP treatment sites (Figure 6B). No sig-
’ Wi w2 w3 nificant difference in the volume of mineral-
Post-op time points ized tissue was found between the infection

control site and the PRP treatment site at
postoperative week 1, while significant dif-
ferences were seen at postoperative weeks
2 and 3, whererby more mineralized tissue
was detected in the PRP treatment sites than
in the infection control sites (Figure 6B).
In addition, no significant differences were
observed in the volume of mineralized tissue
between the sham control and the PRP
treatment groups at all time-points studied
(Figure 6B).

Figure 4. Microbiological evaluation of local A) bones, B) muscles, and C) K-wires. #p < 0.05
compared to the infection control.

3. Discussion

PRP contains over 30 growth factorsi?! and
has been utilized in surgery for about two
decades” ! with commercially available
products.??l Meanwhile, platelets are known
to store and process quite a few antimicrobial
proteins.'>2% However, very little is known
about the potential antimicrobial properties
of PRP. In this study, we examined the anti-
microbial properties of PRP both in vitro and
in vivo. To our knowledge, this study is the
first in vivo study using autologous PRP for
the treatment of implant-associated spinal
infection.

In vitro, we tested six clinical bacterial
isolates that are commonly found in bone
infections.)l We found that PRP has some
antimicrobial effects against MSSA, MRSA,
Group A. Streptococcus, and Neisseria gon-

Figure 5. Histological examination of the defect areas at postoperative week 3. A) and B): infec-
tion control site; C) and D): PRP treatment site. H&E staining with 20x magnification. Chronic
inflammatory cell infiltration (A) and clusters of bacteria ({) were found in the infection control
sites while less inflammatory cell infiltration and more new bone formation (—) were observed orrhoeae, and no significant antimicrobial
in the PRP treatment sites. effects against E. coli and Pseudomonas. We

1280 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2013, 2, 12771284
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Figure 6. Micro-computed tomography (CT) analysis of mineralized tissues surrounding
the bone defects of laminas. A) Representative 3D reconstruction of lumbar spine showing
defects; sham sites showing natual bone healing; the infection control sites (control) showing
an enlarged defect area; while PRP treatment groups show a smaller defect area (A points out
the defects). B) Bone volume surrounding the bone-defect areas shows decreased mineralized
tissues in the infection control sites compared to the sham control sites, and increased bony
tissues in the PRP treatment sites compared to the infection control sites at postoperative

weeks 2 and 3. “p < 0.01 compared to the infection control group.

found that PRP could significantly (80-100 fold reduction in
CFUs at 200 U mL™! thrombin) inhibit the growth of MSSA,
MRSA, Group A. Streptococcus, and Neisseria gonorrhoeae
within the first 2 h (Figure 2). This finding was consistent with
the literature, where Bielecki et al.'!l found that human PRP
could inhibit the growth of MSSA and MSRA. In their study,
however, PRP also inhibited the growth of E. coli, which was
not seen herein. This inconsistency may be related to the differ-
ences in the bacterial species and testing approaches; compared
to the kill-curve assay, their Kirby-Bauer disc-diffusion method
may allow for the observation of relatively weak antimicrobial
performance.

In this study, however, the antimicrobial effects of PRP seem
to be limited: The maximum decrease (up to 100-fold) in bac-
teria (MSSA, MRSA, Group A Streptococcus, and Neisseria
gonorrhoeae) was seen within the first 2 h (Figure 2A-D), after
which the growth of bacteria exceeded the killing effects, and
the number of bacteria started to increase until the stationary
phase was reached. We also found that PPP and thrombin do
not have antimicrobial properties. However, the concentra-
tion of thrombin played a role in the antimicrobial properties
of PRP; the higher the thrombin concentration (over the range
of 20 to 200 TU mL™), the better the antimicrobial properties
(Figure 2). This effect is likely because a higher concentration
of thrombin-activated platelets resulted in much faster release
of antimicrobial substances from platelets, as evidenced by
our transmission electron microscopy (TEM) observations
(Figure 1), where fewer o granules were seen with increasing
thrombin concentration. Note that an activator like thrombin is
needed, in general, to release the platelet contents from PRP,
and thrombin concentration was expected to influence the
release rates of platelet contents. Besides thrombin, calcium
chloride, mechanical stress, and batroxobin, etc., can also be
applied for PRP activation.[?+2’]

In vivo, the antimicrobial properties of PRP were confirmed
in an implant-associated spinal infection rabbit model, where
severe infection (Figure 3C) was induced via an inoculum
of 102 CFU (100 pL)~! MSSA. Note that 100 pL of 10> CFU
(100 uL)! S. aureus also induced severe bone infections in
an open-fracture rat model,®® which suggests that 100 uL of

Adv. Healthcare Mater. 2013, 2, 1277-1284
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102 CFU (100 uL)™ S. aureus is sufficient to

induce severe bone infections in a variety of
# animal models. One advantage of the crea-
tion of two surgical sites in one animal is
that it reduces the effect of individual dif-
ferences on the outcomes and also substan-
tially reduces the number of animals used
compared to animals with one surgical site.
In this study, PRP treatment was found to
lead to significantly fewer bacterial colonies
in bone samples at postoperative weeks 1,
2, and 3 and in muscle samples at weeks 1
and 2 compared to phosphate-buffered saline
(PBS) control treatment (Figure 4A and B). It
was not surprising to see fewer differences
between PRP treatment and PBS treatment
with time increasing from week 1 to week
3, since the in vitro studies showed that PRP
has antimicrobial properties against S. aureus
in the first few hours (Figure 2A). The in vitro findings may
also indicate that more differences between PRP treatment and
PBS treatment might be seen earlier than one week. However,
in our experimental settings, PRP alone did not completely pre-
vent infection at postoperative week 3. This finding may indi-
cate that more PRP is needed or PRP alone is not sufficient for
the prevention of a severe implant-associated infection.

Meanwhile, PRP showed the capability to improve bone
healing in the presence of a severe infection. Compared to the
PBS control, PRP treatment resulted in smaller bone-defect
size (Figure 6A) and more new bone formation at postoperative
week 3 (Figure 5D and 6B). The improvement in bone healing
with PRP is probably because a large number of growth factors,
including but not limited to vascular endothelial growth factors
(VEGF), platelet-derived growth factors (PDGF), transforming
growth factor-beta (TGF-B), insulinlike growth factor (IGF), and
epithelial growth factors (EGF), could be released from plate-
lets upon activation;??3% all these growth factors could promote
tissue regeneration.

Therefore, we demonstrated both in vitro and in vivo that
PRP has some, limited, antimicrobial properties. However, the
exact mechanism of the antimicrobial effects of PRP is not yet
fully understood. First, PRP contains concentrated platelets
(Table 1). Similar to leukocytes, platelets may have three basic
bactericidal mechanisms: 1) storing and processing of bacte-
ricidal proteins, 2) synthesis of reactive oxygen species (ROS),
and 3) phagocytosis. In 1960, Hirsch®! reported the bacteri-
cidal effect of platelets, where bactericidal activities of rabbit
serum were observed when platelets were added to the serum
but not with addition of leukocytes or erythrocytes. Platelets
may also navigate toward inflammatory chemoattractants,
express immunoglobulin-G Fc receptors and C3a/C5a comple-
ment fragments, and generate antimicrobial oxygen metabolites
(e.g., superoxide, hydrogen peroxide, hydroxy free radicals).
Moreover, platelets can interact directly with microorganisms,
contribute to the clearance of pathogens from the bloodstream,
and actively participate in antibody-dependent cell cytotoxicity
against microorganisms.’l Additionally, PRP also contains
concentrated leukocytes (Table 1), which may participate in
direct bacterial killing (e.g. neutrophil) and antigen-specific
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immune responses (e.g., lymphocyte). Finally, it is believed that
poor wound healing, systemic malnutrition, tissue hypoxia,
compromised skin, and the use of an implant may decrease the
host’s ability to eliminate bacteria.’¥ However, it is not clear
whether the improved healing with the use of PRP in this study
contributed to the reduction of bacterial presence in the PRP
treatment sites.

4. Conclusions

PRP exhibited antimicrobial properties both in vitro and in
vivo. In vitro, we found that PRP has antimicrobial properties
and that its antimicrobial properties are bacterial-strain-spe-
cific: PRP has antimicrobial properties against MSSA, MRSA,
Group A. Streptococcus, and Neisseria gonorrhoeae and no sig-
nificant antimicrobial effects against E. coli and Pseudomonas.
The antimicrobial properties of PRP also seemed to be time-
specific: PRP significantly (80-100 fold reduction in colony
forming units) inhibited the growth of MSSA, MRSA, Group A.
Streptococcus, and Neisseria gonorrhoeae within the first few
hours, after which the growth of bacteria outpaced its antimi-
crobial effects. In vivo, we established a spinal implant-associ-
ated animal model that allows evaluate of both infection and
bone healing, and we found that PRP treatment led to signifi-
cantly fewer bacterial colonies in bone and muscle samples and
significantly more volume of mineralized tissue within bone
defects compared to the infection control.

(A)
5. Experimental Section

Animal Use: Animal studies were approved by
the West Virginia University Institutional Animal
Care and Use Committee. 24 female New Zealand
white rabbits (2-3 kg each) were used in this
study. Six rabbits were used for blood draws for
the in vitro antimicrobial tests and 18 were used to
create a rabbit spinal infection model for the in vivo
antimicrobial studies.

Isolation and Activation of PRP: Whole blood was
drawn from rabbits via the ear vein under general
anesthesia (inhalation of isoflurane) and mixed
with 0.129 mol L™ trisodium citrate (Sigma-Aldrich,
Saint Louis, MO). Blood was first centrifuged
in a tube at 300 g for 10 min. The supernatant
(consisting of plasma, leukocytes, and platelets)
and some red blood cells (ca. T mm thick below
the buffy coat) were transferred into a second
tube and centrifuged at 3,000 g for 15 min. Next,
the supernatant was collected and used as PPP,
and the pellet of platelets and leukocytes at the
bottom of the second tube was obtained as PRP.
The platelet and leukocyte counts in PRP and whole
blood were measured using hemocytometry, and
the concentration of platelets in PRP was adjusted
to 2.0 x 10° platelets uL™' by adding the necessary
volume of PPP.

Bovine  thrombin (Thrombin-JMI,  King
Pharmaceuticals, Inc., Bristol, TN) solutions with
10% calcium chloride were used to activate PRP
and PPP. Three concentrations of thrombin (100,
500, and 1000 IU mL™") in 10% CaCl, were added to

(C)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MekiEe

www.MaterialsViews.com

PRP and PPP to form PRP and PPP gels, and the final concentrations of
thrombin were 20, 100, and 200 IU mL™", respectively; the volume ratio
of the thrombin solution to PRP or PPP was 1:4.

Bacterial Culture and In Vitro Kill-Curve Assay: Bacterial studies
were approved by the West Virginia University Institutional Biosafety
Committee. Six bacteria (i.e., MSSA, MRSA, E. coli, Group A
Streptococcus, Pseudomonas, and Neisseria gonorrhoeae) that are
commonly found in bone infections/?3l were examined. The bacteria were
clinical isolates obtained from the Clinical Microbiology Lab at West
Virginia University Hospitals. The Neisseria gonorrhoeae was cultured
and maintained in Eugon broth (Becton, Dickinson and Company,
Sparks, MD), and the other isolates were cultured and maintained in
Mueller Hinton broth (BBL™, Becton, Dickinson and Company).

The antimicrobial properties of PRP against the six bacterial isolates
were examined in vitro using the kill-curve assay.®® For this assay,
200 pL PBS and 160 pL PRP or PPP were added to sterile polystyrene
tubes (Thermo Fisher Scientific Inc.); PBS served as a control. Different
concentrations of 40 uL thrombin in 10% CaCl, was added to the PRP
and PPP tubes to form PRP and PPP gels. After gel formation, 1600 pL
broth and 200 pL bacteria were added to each tube. Tubes were then
incubated at 37 °C with rotation (150 rpm). After 1, 2, 4, 6, 8, 12, and
24 h, samples were mixed by pipette. A 10 L sample solution was taken
from each tube and serial dilutions were made. After brief vortexing,
100 pL solutions from the dilutions were placed on blood agar plates,
incubated overnight at 37 °C, and CFUs were determined.

TEM  Observations: PRP was prepared and activated as
aforementioned with different concentrations of thrombin in 10% CaCl,;
the final concentrations of thrombin were 20, 100, and 200 IU mL™.
Five minutes after the addition of thrombin, the PRP gel samples were
fixed in 2.5% glutaraldehyde and cut into 1 mm? pieces. The samples
were subsequently dehydrated and embedded in resin. Sections were

Figure 7. Establishment of a rabbit spinal-implant-associated infection model. Schematic
views of rabbit lumber vertebra A) before and B) after surgery. C) Creation of the incision:
White arrow shows the base of spinous process (laminectomy); black arrow shows the trans-
verse process; and black triangle shows one of the two defects. D) postoperative radiograph.
1) spinous process; 2) transverse process; 3) laminae; 4) spinal canal; 5) costal process;
6) K-wire; 7) cylinder defects on lamina.

Adv. Healthcare Mater. 2013, 2, 1277-1284
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made (70 nm thick) and examined under TEM (JEOL 2000FX, Tokyo,
Japan).

Establishment of an Implant-Associated Spinal Infection Model and
Treatment with PRP: One day before surgery, S. aureus (ATCC 25923)
was suspended in 5 mL trypticase soy broth (BBL™, Becton, Dickinson
and Company) and incubated at 37 °C overnight. Immediately before
inoculating into the animals, the bacterial concentration was adjusted to
102 CFU (100 pL)™" using sterile saline.

An implant-associated spinal infection rabbit model as described
by Poelstra et al.?¥l was modified by introducing two bone defects
(Figure 7) to allow bone-healing evaluation. Briefly, rabbits were
anesthetized using ketamine (44 mg kg™") and xylazine (5 mg kg™') and
maintained on isoflurane inhalation anesthesia. Approximately 15 mL of
blood was drawn from the ear vein and PRP was prepared as previously
described. Two noncontiguous dorsal incisions were made in each
rabbit over the L3 and L6 vertebrae (Figure 7C and 7D). The surgical
approaches were identical for each incision; separate instruments and
drapes were used for each surgical site to prevent cross-contamination.
Briefly, the entire spinous process with surrounding muscle and
ligament were removed from the base using a rongeur and two bone
defects (1.5 mm in diameter and 0.8 in depth, Figure 7C) were created
on the two laminas using a slow speed bur with a depth limiter. The
ligamentum flavum was not violated and the dura was not exposed. A
0.8-mm diameter stainless steel K-wire (Smith & Nephew, Memphis,
TN) was then drilled through both transverse processes and the excess
part of the K-wire was cut off (Figure 7B and 7D). Next, a 100-uL
S. aureus [10? CFU (100 puL)™"] inoculum (designated as infection sites)
or PBS inoculum (designated as sham control sites) was pipetted onto
the K-wire implant and inside the defect pockets. Our previous studies
found that 100 uL S. aureus of 102 CFU (100 pL)™' was sufficient to
induce severe bone infections in animal models.?®l 10 minutes after
bacterial inoculation, the infection sites were randomly divided into
two groups: the surgical sites in the first group were treated with
100 pL PRP gel activated with thrombin (200 IU mL™") in 10% CaCl,
and designated as PRP treatment sites, and the sites in the second
group were treated with 100 pL PBS and designated as infection control
sites. A concentration of 200 IU mL™" thrombin was chosen to activate
PRP because this level led to the highest antimicrobial effect against
S. aureus in our in vitro studies. PPP did not show significant
antimicrobial properties in our in vitro studies therefore PPP was not
studied in the animal model. Based on experimental design, the surgical
sites were randomly assigned to sham control, infection control, and
PRP treatment. Note that autologous PRP was applied to each animal.
The fascial and skin incisions were then closed and a radiograph was
taken to check positioning of the K-wire.

Postoperatively, 60 mL of physiologic saline was injected
subcutaneously to help alleviate any problems from the blood draw. A
fentanyl patch was applied (25 pg h™' for 72 h, Sandoz, Princeton, NJ)
and was changed after three days to provide six days’ worth of analgesia
to the rabbits. The animals were housed individually; their incisions and
body weight were checked regularly and they were monitored for any
signs of sepsis. Animals were euthanized at postoperative weeks 1, 2,
and 3 by intracardiac injection of Euthasol euthanasia solution (Virbac
Animal Health, Ft. Worth, TX) following a combination of ketamine and
xylazine at the same dosage given preoperatively.

Microbiological Evaluation: Before euthanasia, 5 mL blood was
drawn and cultured to determine systemic infection. After euthanasia,
muscle biopsies surrounding the incision, K-wire (implant), and both
transverse processes (bone) were removed, under sterile conditions,
from all surgical sites for microbiological evaluation. The remaining
whole vertebra (including lamina) was fixed in 10% buffered neutral
formalin and used for micro-CT scan and histopathological examination.
Harvested muscle and bone tissues were weighed and immediately
homogenized in PBS in Ultra-Turrax homogenizer (IKA-Works Inc.,
Wilmington, NC). Serial dilutions of all samples were made, plated
on blood agar plates, and incubated at 37 °C for 24 h. CFUs (gram of
tissue)™! were determined. The K-wires were rolled on blood agar plates
and incubated for 24 h.
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Bone-Healing Evaluation: Before decalcification, the fixed vertebral
(including lamina) samples were first scanned with a micro-CT scanner
(VivaCT 40, Scanco, Switzerland). All samples were scanned in the
coronal plane mounted in a cylindrical sample holder with a current
of 0.16 mA, a voltage of 50 kV, and an isotropic resolution of 20 um
(image matrix 1024 x 1024 pixels). Images of defects in both lamina
were generated. The three-dimensional trabecular structure of the
lamina was reconstructed using the internal software of the Micro-CT.
A cylinder region of interest (ROI, 3 mm diameter, 1 mm depth) was
created manually in each defect area. Bone volume within the ROl was
quantified.

Histopathological Examination: Fixed vertebral samples were decalcified
in 10% nitric acid solution for 2 weeks. Samples were paraffin-embedded
and 5 um-thick sections along an axis parallel to the central line of the
defects were made. Sections were stained with H&E. A pathologist
examined the sections for evidence of acute and chronic infection and
evaluated inflammatory cells, osseous destruction, and fibrosis.

Statistical Analysis: Results are expressed as mean * SD. One-way
ANOVA analysis was performed using SPSS 11.0 software (SPSS,
Chicago, IL). Statistical significance was set at p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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