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Abstract
Bone allograft is widely used to treat large bone defects or complex fractures. However,

processing methods can significantly compromise allograft osteogenic activity. Adjuvants

that can restore the osteogenic activity of processed allograft should improve clinical out-

comes. In this study, zinc was tested as an adjuvant to increase the osteogenic activity of

human allograft in a Rag2 null rat femoral defect model. Femoral defects were treated with

human demineralized bone matrix (DBM) mixed with carboxy methyl cellulose containing

ZnCl2 (0, 75, 150, 300mg) or Zn stearate (347 mg). Rat femur defects treated with DBM-ZnCl2

(75 mg) and DBM-Zn stearate (347 mg) showed increased calcified tissue in the defect site

compared to DBM alone. Radiograph scoring and mCT (microcomputed tomography) anal-

ysis showed an increased amount of bone formation at the defects treated with DBM-Zn

stearate. Use of zinc as an adjuvant was also tested using human cancellous bone chips.

The bone chips were soaked in ZnCl2 solutions before being added to defect sites. Zn

adsorbed onto the chips in a time- and concentration-dependent manner. Rat femur

defects treated with Zn-bound bone chips had more new bone in the defects based on

mCT and histomorphometric analyses. The results indicate that zinc supplementation of

human bone allograft improves allograft osteogenic activity in the rat femur defect model.
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Introduction

Treating large bone defects remains a challenging problem
for surgeons.1,2 Healing of large bone defects is associated
with delayed healing and often requires multiple surger-
ies.3 Large bone defects are commonly treated by filling the
defect void with bone graft. Bone autograft is superior to
other graft materials as autograft is living, recipient-
sourced material that does not cause an immunogenic
response and has osteo-inductive and osteo-conductive

properties.4 If autograft cannot be used or only a limited
amount is available, cadaveric bone allograft such as bulk
bone, morselized bone chips, or demineralized bone matrix
(DBM) can be used as substitutes.5 Allograft is processed to
eliminate potential infectious agents, reduce immunogenic-
ity, and provide specific handling characteristics. Allograft
bone chips promote bone formation at the defect site, by
providing an osteoconductive surface for bone formation.
In contrast, DBM can provide growth factors to promote an
osteo-inductive response.6
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Allograft has a substantial safety record and is often
superior to xenograft and synthetic graft materials when
promoting healing.7 However, a significant proportion of
bone defects treated with allograft do not heal properly.8–14

Thus, methods that can improve the efficacy of allograft are
desirable.

In prior work, we demonstrated that zinc salts and other
insulin-mimetic metal salts can promote bone regeneration
in rats.15,16 Therefore, we hypothesized that zinc could be a
possible osteogenic adjuvant for bone allograft.17 We tested
this hypothesis by adding different zinc salts to commonly
used DBM and cancellous bone chip allograft and evaluat-
ed the zinc-allograft for osteogenic activity in a rat femoral
defect model. To begin understanding how zinc may affect
the bone healing environment, the effects of different zinc
concentrations and zinc salts on the proliferation and via-
bility of murine preosteoclast RAW264.7, osteoblast
MC3T3-E1, and chondrocyte ATDC5 cell lines were mea-
sured. The experimental results indicate that adding zinc
increased the osteogenic activity of human allograft.

Materials and methods

Animal surgeries

Femoral defects were made in the right femur of male 12-
week-old Rag2 null rats (485� 68 g, Envigo, USA) as
described previously (Figure 1).18–20 Rats were anesthetized
with 3% isoflurane in O2 (2 L/min) and maintained in 2%
isoflurane in O2 (2 L/min) during surgery. Rats were treated
with 22.7mg/kg of enrofloxacin and 1mg/kg of slow-
release buprenorphine by intramuscular and subcutaneous
injection, respectively. Right hind limbs were prepared for
surgery and a 2 cm skin incisionwasmade along the antero-
lateral aspect of the thigh. Soft tissue was bluntly dissected
to expose the lateral femur. The fixator was placed on the
right femur and secured in placewith two proximal and two
distal screws. A 4mm defect was created at the diaphysis
using a dental saw. Debris was removed by saline irrigation.
Each defect was then filled with 60mg of allograft contain-
ingDBMonly, DBM-ZnCl2, DBM-Zn stearate, bone chips, or
Zn-bound bone chips (Supplemental Table 1). Soft tissue
and skin were closed in layers with 4–0 resorbable sutures.
Rats were treated postoperatively with topical antibiotic
ointment and intramuscular injections of 22.7mg/kg enro-
floxacin for two days postsurgery. All operative procedures
were approved by the New Jersey Medical School
Institutional Animal Care and Use Committee.

Preparing the DBM and bone chips

For each rat, 60mg DBM was mixed with 0.1ml of 2%
carboxymethyl cellulose dissolved in saline and containing
0, 75, 150, or 300 mg of ZnCl2. The DBM-Zn mixture was
then molded in 1 cm3 tuberculin syringes, irradiated, and
frozen prior to surgery. During surgery, 0.1 cm3 (4.7mm
diameter� 4mm long) of the molded DBM-Zn was
placed in the defect site.

In addition to ZnCl2, water insoluble Zn stearate also
was evaluated for osteogenic activity when mixed with
DBM. Using the apparent optimal dose of ZnCl2, a mole-

matched amount of Zn stearate (347 mg, 0.55 mmol) was
mixed with 60mg of DBM in 2% carboxy methyl cellulose
and processed as described earlier.

Cancellous bone chips (0.2–1.0mm; Spine Frontier,
Miami, FL, USA) were soaked in either Tris-buffered
saline (TBS; 0.05M Tris-Cl, 0.15M NaCl, pH 7.6) containing
0 or 0.1% ZnCl2 for 30 min at room temperature. Chips were
then washed five times with a large excess of TBS. The TBS
was carefully aspirated after each wash. Moreover, 60mg of
the Zn-bound bone chips were then mixed with 0.1ml of
2% CMC, loaded into a 1 cm3 syringe, irradiated, and
frozen prior to surgery.

In vitro Zn binding and retention assays

Allograft bone chips were incubated in TBS containing dif-
ferent concentrations of ZnCl2 (0, 0.01%, 0.1% and 1%) for
24 h to evaluate the effect of different zinc concentrations on
zinc adsorption. To measure time-dependent adsorption of

Figure 1. The femoral segmental defect model. A Guldberg fixator (a), a fixator

attached to a rat femur with a segmental defect (b), the defect filled with DBM (c),

and a postoperative radiograph (d) are shown. (A color version of this figure is

available in the online journal.)
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zinc to cancellous bone chips, 0.2 g of bone chips were incu-
bated in 10ml of 1% ZnCl2 for 0.5, 3, 24, 48, and 96h.
Control bone chips were incubated in TBS for 24 h. To mea-
sure zinc retention, bone chips were soaked in 0.1% ZnCl2
for 30 min, washed 5� with TBS and then 0.2 g aliquots of
the zinc-bound bone chips were incubated in 10ml of TBS
at room temperature with gentle shaking. Zinc-treated
chips were collected at 0, 24, and 48 h and at seven days
for analysis.

Bone chips were quickly washed 5� with TBS and
assayed for bound Zn by inductively coupled plasma
mass spectrometry (ICP-MS). The bone chips were dis-
solved in 3 ml of concentrated nitric acid (40�C for 4 h),
and 50 ml aliquots of the acid extracts were diluted in
4.95ml of water for ICP-MS analysis. ICP-MS was con-
ducted using an Agilent ICP-MS 7900 (Agilent
Technologies, Santa Clara, CA, USA) by the
Environmental Core Facilities at the New Jersey Institute
of Technology (Newark, NJ, USA).

Radiograph scoring

Rats were serially radiographed every 2weeks beginning
on the day of surgery and continuing until the experimental
endpoint at 12weeks after surgery. Radiographs were
obtained either using a Faxitron MX-20 (Hologic, Tucson,
AZ, USA) and MinR-2000 mammography film (Kodak,
Rochester, NY) or, later in the study, using a Kubtec
XPERT 80 digital radiography cabinet (Kubtec Scientific,
Stratford, CT, USA). Rats were anesthetized prior to radio-
graphic examination with ketamine (60mg/kg, intramus-
cular injection). A lateral view of each femur was obtained
by placing the rat supine on the radiographic plate or detec-
tor. Six observers blinded to treatments and time points
performed a qualitative assessment of the radiographs
using a numerical scoring system ranging from 0 (no new
bone formation) to 6 (bridging of the defect site;
Supplemental Figure 1). The scoring system was based on
prior studies measuring bone formation in critically sized
defects.21,22 Observer scores were compared using nested t-
tests to account for repeated assessments of each radio-
graph. Agreement between observers when rating any
one radiograph was good based on the intraclass correla-
tion coefficient (0.851).

Microcomputed tomography

Calcified tissue in and around the femur defect of all rats
euthanized at 12weeks after surgery was measured using
microcomputed tomography (mCT). Femurs were resected,
fixed in 10% neutral buffered formalin for seven days at
room temperature, and placed in 70% ethanol before scan-
ning. Prior to scanning, all metal components from each
sample were removed to prevent X-ray beam artifacts.
Samples were scanned at 70 kV, 142 mA, 12 mm voxel size,
frame averaging of 4, and a 0.4 rotation step using a Bruker
Skyscan 1275 scanner (Bruker Corp., Billerica, MA, USA)
with a 1mm aluminum filter. Images were reconstructed
into a three-dimensional volume using NRecon software
(Bruker Corp.). After reconstruction, images were segment-
ed using CTAn software (Bruker Corp.). Grayscale values

between 47 and 255 were assigned as bone (calcified tissue)
for all specimens. The bone volume of the mid-diaphysis
region was measured for each specimen. The mid-
diaphysis was defined as the calcified tissue between the
proximal and distal screw holes nearest the defect margins.

Histology and histomorphometry

Femurs were embedded in polymethylmethacrylate as
described previously.23,24 Embedded samples were cut
into longitudinal sections using a low-speed diamond
saw (Isomet 11–1180 Low Speed Saw; Buehler Ltd.,
Evanston, IL, USA) of approximately 300 mm thickness,
ground using a Handimet 2 Roll Grinder (Buehler Ltd.) to
approximately 150 mm, and polished on a rotating wheel
(Ecomet III polisher/grinder, Buehler Ltd.) with aluminum
oxide particles. The sections were glued to a 100 � 300 plex-
iglass slide, ground to a thickness of approximately 50–
100 mm and polished to remove any residual surface
scratches. The slides were stained with a combination of
Stevenel’s blue and Van Gieson’s picrofuchsin, which
stains mineralized tissue orange to red, cartilage and
proteoglycan-rich tissues deep blue, and other soft tissues
lighter shades of blue.23

Histomorphometry analysis was performed using
Osteomeasure (OsteoMetrics Inc., Decatur, GA, USA). The
quantitative analysis of new bone area was performed
using a modified version of techniques described by
Harten et al.25 Area of new bone formed in the mid-
diaphysis was measured.

In vitro cell proliferation and viability assays

To assess zinc effects on cell proliferation, ATDC5, MC3T3-
E1, and RAW264.7 cells were plated in 24-well dishes at
1000 cells per well and cultured overnight in complete
media (Dulbecco’s Modified Eagle’s medium with 10%
fetal bovine serum and 1% penicillin/streptomycin)
before replacing the media with complete media supple-
mented with 0, 30, 100, or 300 mM of ZnCl2. Both non-
adherent and adherent cells were collected after additional
four or seven days in culture. Adherent cells were detached
with 0.25% trypsin and combined with the non-adherent
fraction (the culture media). Cells were collected by centri-
fugation, the cell pellet was resuspended with 4% trypan
blue, and viable (trypan blue negative) cells were counted
using a hemocytometer.

To assess zinc effects on cell viability, ATDC5,
RAW264.7, and MC3T3-E1 cells were plated in 24-well
dishes at 5000 or 1000 cells per well, for the day 2 and
day 7 timepoints, respectively, and cultured overnight in
complete media before replacing the media with complete
media supplemented with 0, 100, or 300 mM of zinc acetate,
zinc chloride, zinc citrate, or zinc sulfate. Cells were collect-
ed as described previously after additional two or seven -
days in culture. The numbers of live and dead cells were
counted using a hemocytometer. Percent viability was cal-
culated using the number of viable (trypan blue negative)
cells divided by the total number of viable and non-viable
(trypan blue positive) cells. Three independent replicates
were analyzed for each cell line, time point, and treatment.
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Statistical analysis

Most statistical analyses were performed using SigmaPlot
(v12.5, Systat, San Jose, CA, USA). An a priori estimate for
sample size determined that a cohort size of seven rats was
necessary to detect a 50% difference in mean values
between four cohorts with an expected standard deviation
of 25% and at a P value of 0.05 with statistical power of 0.8.
Parametric data were tested for significance using one-way
analyses of variance (ANOVAs) followed by post hocHolm–
Sidak corrected t-tests for multiple groups or t-tests for
experiments with only two groups. The intraclass correla-
tion coefficient for radiograph scoring was determined
using IBM SPSS (v27.0.1.0, Armonk, NY, USA).
Radiograph scores were compared between treatments
using a nested t-test (GraphPad Prism v9.1; GraphPad
Software, LLC, San Diego, CA, USA).

Results

Effects of ZnCl2 mixed with DBM on bone formation

Rat femur defects treated with DBM-ZnCl2 (75 mg) showed
improved osteogenesis within the defect. Radiographs of
the healing femurs sixweeks after surgery appeared to
have more radiographic dense material within the defects
treated with DBM-ZnCl2 (75 mg) as compared to defects
treated with DBM only (Figure 2(a) to (f)). Radiograph scor-
ing also showed significantly improved osteogenesis in rat
femur defects treated with DBM-ZnCl2 (75 mg) as early as

sixweeks after surgery compared to rat femur defects
treated with DBM only (nested t-test, P¼ 0.019; Figure 2
(g)). Consistent with the plain radiographic imaging, new
bone was apparent in rat femur defects treated with DBM-
ZnCl2 (75 mg) by mCT imaging at sixweeks after surgery
(Figure 2(j)).

Histological examination of the rat femur defects at
12weeks after surgery also showed apparently more bone
formation in rat femur defects treated with DBM-ZnCl2
(75mg) as compared to DBM only (Figure 2(h) and (i)).
Non-calcified remnants of DBMwere evident in the defects
treated with DBM-ZnCl2 (75 mg).

Effect of Zn stearate mixed with DBM on bone
formation

Femur defects treated with DBM-Zn stearate (347 mg)
showed radiographic evidence of new bone formation as
early as fourweeks postsurgery. As shown in Figure 3(a) to
(f), the amount of bone formed in the defect site over
12weeks appeared greater in the rat treated with DBM-
Zn stearate (347 mg) as compared to the rat treated with
DBM only. DBM-Zn stearate (347 mg)-treated defects also
had significantly higher radiographic scores compared to
the rats treated with DBM only at sixweeks (nested t-test,
P¼ 0.028, not shown) and eightweeks postsurgery (nested
t-test, P¼ 0.024, Figure 3(g)).

Femurs collected from rats after 12weeks of healing
were analyzed by mCT followed by histological examina-
tion (Figure 4). A reconstructed mCT image of a defect

Figure 2. Improved femur defect osteogenesis in rats treated with DBM and ZnCl2. Radiographs at sixweeks after surgery from (a to c) a femur defect treated with

DBM only (control) and (d to f) a femur defect treated with DBM-ZnCl2 (75 mg) at weeks 4, 8, and 12 postsurgery are shown. (g) Radiograph scores at sixweeks after

surgery for femur defects treated with DBM-ZnCl2 (75 mg) were significantly higher than femur defects treated with DBM only (P¼ 0.019, nested t-test). Points represent

the mean X-ray score for each animal. The horizontal bars show the median for each cohort. Femur histological sections stained with Stevenel’s blue and van Gieson’s

picrofuchsin are shown for defects treated with DBM containing (h) 0 or (i) 75 mg of ZnCl2. The red arrow indicates DBM remnants. Mineralized tissue is stained red. The

scale bar in lower right corner is 500 mm. (j) mCt image of rat femur defect treated with DBM- ZnCl2 (75 mg). mCt: microcomputed tomography; DBM: demineralized bone

matrix. (A color version of this figure is available in the online journal.)
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treated with DBM only showed only small islands of calci-
fied tissue within the defect (Figure 4(a)). In contrast, a mCT
image of a defect treated with DBM-Zn stearate (347 mg)
showed abundant new bone present within the defect. In
rats treated with DBM-Zn stearate (347 mg) (n¼ 8), mid-
diaphyseal bone volume was greater than the mid-
diaphyseal bone volume in rats treated with DBM only
(n¼ 6; 112.2 vs. 83.6 mm3; t-test, P¼ 0.04). Similarly, histo-
logical examination of specimens collected 12weeks after
surgery showed a robust bone formation response in
defects treated with DBM-Zn stearate (347 mg) (Figure 4(c)
and (d)).

Zinc binding and retention onmorselized bone allograft

Binding of zinc to morselized bone allograft (bone chips)
was concentration and time dependent. When bone chips
were incubated in 0.01%, 0.1%, and 1% ZnCl2 for 24 h, the
amount of zinc bound to the bone chips increased signifi-
cantly as the concentration of zinc in the solution increased
(one-way ANOVA, P< 0.001, Figure 5(a)). When bone
chips were soaked in 1% ZnCl2, the amount of zinc
bound significantly increased over time (ANOVA,
P< 0.001, Figure 5(b)). Significant increases in the amount
of zinc bound changed between 0 and 0.5 h, between 3 and
24 h, and between 24 and 96 h (Holm–Sidak, P< 0.05).

Figure 3. Improved femur defect osteogenesis in rats treated with DBM and zinc stearate. Serial radiographs at 4, 8, and 12weeks show little calcified tissue in a

defect site treated with DBM only (a to c) but abundant calcified tissue in a defect treated with DBM-Zn stearate (347 mg) (d to f). (g) Defect sites of rats treated with

DBM-Zn stearate (347 mg) (n¼ 13) had significantly better radiograph scores at eightweeks than defect sites treated with DBM only (n¼ 15) (P¼ 0.024, nested t-test).

DBM: demineralized bone matrix.

Figure 4. mCT and histology images of femur defects treated with DBM-Zn stearate (347 mg). mCT images of defect sites treated with DBM only (a) and DBM-Zn

stearate (347 mg) (b). Defects treated with DBM only showed sparse new bone formation while abundant bone was evident in the defects of the DBM-Zn stearate

(347mg) treated defects. Corresponding histological sections of the DBM only (c) and DBM-Zn stearate (347 mg) treated defects (d) confirm bone formation within the

DBM-Zn stearate (347 mg) treated defect. Scale bars are 500 mm. (A color version of this figure is available in the online journal.)
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Retention of zinc on bone chips was also measured.
After incubating in 0.1% ZnCl2 for 30 min, the bone chips
were washed with TBS (0 time) before incubating in TBS for
additional one, two, or seven days. Aliquots of bone chips
collected at each time point were dissolved in nitric acid
and the amount of Zn in the acid extract determined using
ICP-MS. The initial amount of zinc bound to the bone chips
was 64.8� 7.9 mmol/g of allograft. There was a 15%

decrease in the mean amount of Zn bound after 24 h in
TBS, and a further 5% decrease over the next six days was
measured, but the differences were not significant
(ANOVA, P¼ 0.17, Figure 5(c)).

Improved osteogenesis using zinc-treated morselized
bone allograft

Zn-bound and untreated bone chips were tested in the rat
femur defect model to determine whether Zn-bound bone
chips would promote osteogenesis. Serial radiographs of
rat defects filled with untreated and Zn-bound bone chips
at 2, 8, and 12weeks after surgery are shown in Figure 6.
Unlike DBM, bone chips are calcified tissue and thus
appear in the radiographs of the defect. The untreated
bone chips appear to become more radiolucent over time
as compared to the Zn-bound bone chips. There also
appears to be more new bone formed in the defect of the
rat treated with the Zn-bound bone chips.

Histological sections and mCT images of defects treated
with Zn-bound bone chips confirmed the presence of new
bone formation in the defect (Figure 7(a) to (d)). Isolated
and irregularly shaped areas of calcified tissue were pre-
sent in the defect filled with untreated bone chips after
12weeks of healing and may represent remnants of the
implanted allograft (Figure 7(a) and (b)). Conversely, the
calcified tissue present within the defect filled with Zn-
bound bone chips showed areas of new bone formation
and an organized structure spanning the defect after
12weeks of healing (Figure 7(c) and (d)).

Histomorphometric and mCTanalyses found significant-
ly more calcified tissue in the defect of the rats filled with
the Zn-bound bone chips. Histomorphometry measured
over 2.5 times more calcified tissue in the defects filled
with Zn-bound bone chips as compared to the defects
filled with untreated bone chips (14.5 vs. 5.3 mm2, Mann–
Whitney, P¼ 0.029, Figure 7(e)). Similarly, defects filled
with Zn-bound bone chips had significantly greater
volume of calcified tissue in the defect than the defects
filled with untreated bone chips (125.8 vs. 82.4 mm3, t-
test, P¼ 0.03, Figure 7(f)).

Effect of Zn on skeletal cell proliferation and viability

Unlike DBM-ZnCl2 (75 mg), we observed no positive
effect on osteogenesis when Rag2 null rat femur defects
were treated with DBM-ZnCl2 (150 mg) or DBM-ZnCl2
(300 mg) in preliminary experiments (data not shown).
These preliminary observations suggest that ZnCl2 may
have dose-limiting effects on bone formation and that Zn
may be cytotoxic at high concentrations. To assess the
potential cytotoxicity, the effects of different Zn concen-
trations and salts on skeletal cell proliferation and via-
bility were measured. Murine RAW264.7, MC3T3-E1, and
ATDC5 cell lines were used as models for preosteoclasts,
osteoblasts, and chondrocytes, respectively.26–28 The cells
were cultured in media supplemented with increasing
amounts of ZnCl2 or with different soluble salts of
zinc. For all cell lines and for all zinc salts tested, no
viable cells were detected after two, four, or seven days
in culture when Zn salts were added to 300 mM (data not

Figure 5. Zinc binding to morselized human bone allograft is concentration

and time dependent. (a) Aliquots of morselized human bone allograft (bone

chips) were incubated for 24 h in 0, 0.01, 0.1, and 1% ZnCl2 for 24 h and

then bound Zn was measured. The amount of Zn bound to the bone chips

increased as the concentration of ZnCl2 increased (*, Holm–Sidak, P< 0.001).

(b) Bone chips were soaked in 1% ZnCl2 for increasing times before the

amount of bound Zn was measured. The amount of Zn bound increased

continuously over the course of the experiment (*, Holm–Sidak, P< 0.001). (c)

Zn bound to bone chips after 30 min incubation in 0.1% ZnCl2 was retained

with the bone chips for at least a week in vitro (one-way ANOVA, P¼ 0.17).

ANOVA: analysis of variance.
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shown). At 100mM or less, ZnCl2 had no effect on
RAW264.7 cell proliferation or viability (Figure 8(a) and
(d)). For MC3T3-E1 cells, 100 mM ZnCl2 decreased viabil-
ity to 92.4% after twodays as compared to 98.2% in con-
trol cultures (Holm–Sidak, P¼ 0.008). However, 100mM
ZnCl2 had no significant effect on proliferation or viabil-
ity on MC3T3-E1 cells after sevendays in culture despite
the apparent reduction in number of viable cells at day 7
(Figure 8(b) and (e)). For ATDC5 cells, 30 and 100 mM
ZnCl2 significantly lowered the increase in viable cells at
day 7 compared to control (Holm–Sidak, P� 0.02, Figure
8(c)) and 100 mM ZnCl2 decreased cell viability by day 7
(Holm–Sidak, P¼ 0.013, Figure 8(f)).

The effect of other soluble zinc salts on skeletal cell via-
bility was also tested. Each salt was tested at 100 mM and
the percentage of viable RAW264.7, MC3T3-E1, and ATDC5
cells was measured after two and sevendays in culture
(Figure 8(d) to (f)). Zinc citrate was toxic to all cell types
with no viable cells detected after two or seven days in cul-
ture. Zinc acetate dramatically reduced ATDC5 cell viabil-
ity to 23.5% after just twodays in culture (Holm–Sidak,
P� 0.001) and RAW264.7 cell viability to 12.4% after seven -
days in culture (Holm–Sidak, P� 0.001). Zinc acetate
reduced the viability of MC3T3-E1 cells to 94.0% after two -
days in culture (Holm–Sidak, P¼ 0.039) and to 75.2% after
sevendays in culture (Holm–Sidak, P¼ 0.039). Zinc sulfate
had no significant effect on the viability of RAW264.7 or
MC3T3-E1 cells but dramatically reduced the percentage
of viable ATDC5 cells to 24.2% after sevendays in culture
(Holm–Sidak, P� 0.001).

Discussion

The study found that allograft supplemented with Zn
could produce a better bone formation response than allo-
graft alone. Using the rat femoral segmental defect model,
defects treated with 60 mgs of DBM supplemented with
0.55 mmol of Zn as either ZnCl2 (75mg) or Zn stearate
(347 mg) showed enhanced bone formation as early as
sixweeks postsurgery. Histomorphometric and mCTassess-
ments also showed quantitative enhancements in bone for-
mation after 12weeks in defects treated with DBM and a Zn
adjuvant. The dose of Zn used equates to 9.2 mmol Zn/g
DBM or 0.06% w/w of Zn to DBM. Use of Zn-bound mor-
selized bone allograft (bone chips) to treat the rat femur
defects also showed enhanced bone formation via mCT
and histomorphometric analyses. However, the Zn-bound
bone chips used to treat the rat femur defects were calcu-
lated to contain 35 mmol of Zn/g bone chips or 0.23% w/
w of Zn to allograft or four times the amount Zn used with
the DBM.

Osteogenic effects of zinc in bone regeneration appeared
to occur within a narrow dose range when used as an adju-
vant with DBM. While DBM-ZnCl2 (75 mg) enhanced bone
regeneration, larger doses of ZnCl2 appeared to have no
beneficial effect (not shown). Prior studies tested the in
vivo osteogenic effects of incorporating Zn into various syn-
thetic graft materials, such as tricalcium phosphate and
hydroxyapatite, or use of Zn containing metal alloys.17

The results of the prior studies are difficult to compare
since synthetic graft materials, graft preparation, Zn dose,

Figure 6. Serial radiographs of rat femur defects treated with morselized human bone allograft. Serial radiographs taken at 2 (a and d), 8 (b and e), and 12weeks (c and

f) after surgery are shown. Little or no new bone formation was observed in the defect filled with bone chips only (a to c). The bone chips also appeared to decrease in

radio-opacity over time. In contrast, new bone formation was evident in the defect filled with Zn-bound bone chips (d to f). Furthermore, the Zn-bound bone chips

appeared to remain radio-opaque over the course of the experiment.
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and animal models varied between studies. However,
Kawamura et al., using tricalcium phosphate and hydroxy-
apatite composites (TCP/HA) sintered with Zn, found that
the TCP/HA implants containing 0.3% by weight Zn pro-
duced a significant increase in osteoconductive bone for-
mation in a rabbit femur diaphyseal, bi-cortical, drill-hole
defect than TCP/HA implants with 0, 0.06, or 0.6% by
weight Zn.29 Krell et al., using a calcium sulfate paste as a
carrier, found that an intramedullary dose of 1mg/kg
ZnCl2 (ZnCl2 to body weight) significantly improved rat
femur fracture healing as compared to a 3mg/kg dose
of ZnCl2.

15

Results from the in vitro proliferation and cytotoxicity
assays also support the conclusion that Zn has dose-
limiting effects on promoting osteogenesis. Zn has
anti-bacterial, anti-inflammatory, anti-oxidant, and pro-
osteogenic effects as described in prior studies.30–32

However, high levels of Zn can also be cytotoxic.

Using well-characterized mouse cell lines, we found that
the cytotoxic effects of Zn were concentration, salt, and cell
dependent. For instance, ATDC5 cell proliferation was
inhibited at 30 and 100 mM ZnCl2, while 300 mM ZnCl2
was cytotoxic. Furthermore, 100 mMZn acetate significantly
reduced ATDC5 cell viability, indicating a significant
counter-ion effect. The effects of ZnCl2, Zn acetate, and
Zn sulfate on RAW264.7 and MC3T3-E1 cells were gener-
ally not as pronounced as the effects observed with ATDC5
cells, but 300 mM ZnCl2 and 100 mM Zn citrate were cyto-
toxic for all cell lines. Other studies also found that Zn can
cause cytotoxicity. For instance, Srivastava et al. found that
600mM or 900mM of Zn nitrate was cytotoxic to C3H10T1=2

cells while concentrations �300 mM had no effect on cell
viability.33 The present study did not address Zn effects
on osteoblast activity, chondrogenesis, or osteoclastogene-
sis. However, Cho and Kwun found that 15 mM but not
1mM could promote osteogenic gene expression in

Figure 7. Histological and mCT analysis of rat femur defects treated with bone allograft. Histology (a) and mCT (b) images for a defect treated with bone chips only

showed minimal new bone formation. Histology (c) and mCT (d) images of a defect treated with zinc-bound bone chips showed plentiful new bone formation in and

around the defect site. Scale bar is 500 mm. (e) Histomorphometry showed a significant increase in defect site bone area for those defects treated with Zn-bound bone

chips (n¼ 7) as compared to defects treated with bone chips only (n¼ 6; *Mann–Whitney, P¼ 0.029) after 12weeks of healing. (f) mCT analysis found significantly more

bone in defects treated with Zn-bound bone chips (n¼ 11) than those treated with bone chips only (n¼ 11, *t-test, P¼ 0.04) after 12weeks of healing. mCt: micro-

computed tomography. (A color version of this figure is available in the online journal.)
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MC3T3-E1 cells.34 Thus, in vitro and in vivo studies indicate
that the beneficial effects of Zn on osteogenesis are dose-
limiting.

Soluble Zn levels at the site of bone formation also
appear to be an important factor for determining Zn dose.
DBM supplemented with Zn stearate (DBM-Zn stearate
[347 mg]) appeared to produce a more consistent osteogenic
response than DBM-ZnCl2 (75mg) in the rat femur defect
model based on radiographic scoring. As Zn stearate is not
water soluble, Zn release from Zn stearate into the defect
site may have been slowed by the stearate counter ion,
which could potentially account for the apparent better
osteogenic response. The Zn-bound bone chips used in
the study delivered four times more Zn to the femur

defect site than DBM-ZnCl2 (75 mg), yet the Zn-bound
chips were still effective at promoting bone formation,
whereas DBM supplemented with two (150 mg) or four
times (300 mg) more ZnCl2 did not appear to be effective
in preliminary experiments. In vitro, Zn was retained on
the bone chips for at least seven days. Together, these obser-
vations indicate that Zn release kinetics from the implanted
allograft material, or likely any carrier, can significantly
impact the ability of Zn to promote osteogenesis.

Based on the apparent dose-limiting effects of Zn on
bone formation, use of Zn as an adjuvant to enhance or
promote bone regeneration will require a better under-
standing of how Zn dose and delivery can optimize osteo-
genesis. Optimization will require use of standardized

Figure 8. Effect of Zn on cell proliferation and viability. (a to c) RAW264.7, MC3T3-E1, and ATDC5 cells were cultured in media containing increasing concentrations of

ZnCl2 (0, 30, and 100 mM: black, gray, and white, respectively). Viable cells were counted after four and sevendays in culture. Bars represent mean values (þSE) from

three cell cultures measured for each treatment. Moreover, 300 mM of ZnCl2 was toxic to all cell types at four and sevendays (not shown). RAW264.7 cells were not

affected (a). The mean number of MC3T3-E1 cells after sevendays in culture was not significantly different from the control value (b). 30 and 100 mMZnCl2 reduced the

increase in the number of viable ATDC5 cells as compared to the control ATDC5 cultures after sevendays in culture (P< 0.02, c). The effects of different zinc salts at

100 mM on the viability of RAW264.7 (d), MC3T3-E1 (e), and ATDC5 (f) cells was measured after two (black bars) and seven days (gray bars) in culture. Bars represent

mean values (þSE) from three cultures measured for each cell line, time point, and salt. In cultures containing zinc citrate, no viable cells were detected. Zinc acetate

reduced RAW264.7 cell viability after 7 days in culture (d, P � 0.001) and ATDC5 cell viability after two and seven days in culture (f, P�0.001). Zinc acetate after two

and seven days and zinc chloride after twodays in culture had modest effects on MC3T3-E1 cell viability (e, P¼ 0.039, 0.039, and 0.008, respectively). Zinc sulfate and

to a lesser extent, zinc chloride, also reduced ATDC5 cell viability after seven days in culture (f, P�0.001 and 0.013, respectively).
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animal models to control for host variables since the opti-
mal Zn dose may relate to animal body size, skeletal site,
target bone defect volume, and perhaps target defect bone
area. Since Zn preferentially localizes to bone,35 the optimal
Zn dose may relate to available bone surface area to which
the Zn may localize at the site of bone regeneration. Further
optimization could involve choice of Zn salt used and
choice of carriers to deliver Zn as a bolus dose or over an
extended time depending on the target environment, such
as treating a segmental defect versus promoting posterolat-
eral spinal fusion.

The mechanisms by which zinc enhances bone regener-
ation remain unclear. Zn is a trace metal normally present
in bone and allograft processing can reduce the amount of
Zn maintained in the bone matrix. Thus, use of Zn as an
allograft adjuvant may improve allograft osteogenic capac-
ity by restoring the allograft to a more physiological state.
Zn is also a co-factor for many structural and catalytic pro-
teins including carbonic anhydrase, alkaline phosphatase,
matrix metalloproteases, histone deacetylases, and zinc-
finger transcription factors.36,37 As such, dietary or genetic
Zn insufficiency can affect many signaling, metabolic,
and physiological pathways including skeletal homeosta-
sis.38–41 Perhaps because Zn affects so many proteins, sig-
naling pathways, and physiological responses, how excess
Zn can promote osteogenesis is unclear. Prior in vitro stud-
ies have shown that Zn can promote mesenchymal stem
cell differentiation to osteoblasts42,43 and enhance osteo-
blast activity by increasing BMP-2 expression, SMAD-1
activation, and Runx2 expression.34 Kirkpatrick et al.
found that chondrocyte proliferation, through AKT activa-
tion, was enhanced by 50 mM Zn.44 Zn can also inhibit
osteoclastogenesis and promote osteoclast apoptosis.45,46

In vivo, a prior rat femur fracture healing study found
that Zn applied at the fracture site increased callus cartilage
and promoted fracture healing.15 Thus, the available evi-
dence indicates that Zn promotes bone regeneration by pro-
moting anabolic while inhibiting catabolic processes during
osteogenesis.

To our knowledge, this was the first time a critical-sized
femoral defect model was used in Rag2 null rats.47 A sig-
nificant loss of experimental animals occurred during the
study. The primary cause of lost animals was from fixation
failure associated with screw pull-outs or cortical bone
cracking with 22% of all study animals being lost from fix-
ation failure by fourweeks after surgery. A preliminary
assessment of the male Rag2 null rat bone quality found
that the intrinsic material properties of the femurs (maxi-
mum shear stress and shear modulus) were similar to that
of femurs from female Sprague-Dawley rats, suggesting
that initial bone quality may not have been the cause of
the high fixation failure rate. Rag2 null rats lack B and T
cells and prior studies have shown the importance of B and
T cells in bone metabolism.48–50 The lack of an intact
immune system permitted testing of human bone allograft
with Zn adjuvants in the Rag2 null rat model, but whether
the lack of an intact immune response affected the osteo-
genic activity of Zn or affected fixation failure rates will
require further investigation.

Conclusions

The study results support the use of Zn as an osteogenic
adjuvant for allograft. Increasing the osteogenic capacity of
allograft with Zn should improve clinical outcomes and
reduce healing complications associated with vulnerable
patient populations. Continued development of Zn as a
therapeutic adjuvant will require a better understanding
of dose–response relationships and the osteogenic mecha-
nism of action.
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