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Citrate-based mussel-inspired magnesium
whitlockite composite adhesives augmented
bone-to-tendon healing†

Xiaowei Yuan,‡ab Yitao Zhao,‡b Jintao Li,‡b Xuncai Chen,c Zhihui Lu,*b Lianyong Li*a

and Jinshan Guo *b

Citrate-based mussel-inspired whitlockite composite adhesives

(CMWAs) were developed and administered to the bone–tendon

interface in anterior cruciate ligament (ACL) reconstruction.

CMWAs could improve the initial bone–tendon bonding strength,

promote the bony inward growth from the bone tunnel and

enhance the chondrogenesis and osteogenesis of the bone–tendon

interface, thus augmenting bone-to-tendon healing.

Anterior cruciate ligament (ACL) rupture is one of the most
common and serious sports injuries, often leading to poor
stability and dysfunction of the knee joint, secondary cartilage
injury and even osteoarthritis.1,2 ACL reconstruction has been
established as a standard ACL injury repair surgery for over
30 years, to avoid further meniscal injuries and knee replace-
ment in the long run.3 Although conventional ACL reconstruc-
tion is able to restore partial functions of the knee joint, not all
patients can fully recover moderate movement after surgery,
and reinjury of the ACL happens to 30% of young active
patients after returning to sports activities.4 One of the main
reasons behind the unsatisfactory clinical outcomes is the
insufficient bone-to-tendon integration and healing, especially
in the early stage of ACL reconstruction.2,4 The bone insertion
sites of the original ACL are highly specialized tissue regions
with a function of pressure transfer from hard tissue to soft
tissue, comprising four different types of tissue: ligaments,

uncalcified fibrocartilage, calcified fibrocartilage and bone.5

Studies have shown that the healing rate of the bone-to-
tendon interface is much slower and more incomplete than
that of bone-to-bone.5–11 The disordered scar tissue formation
by infiltration and proliferation of a large number of fibroblasts
is the main reason behind the poor healing of the bone–tendon
interface.12 Accordingly, enhancing the osteointegration of soft
tissue grafts,13 promoting bony inward growth and tissue
maturation at the interface, and inhibiting fibroblast infiltra-
tion are commonly used approaches.1,2 Periosteum,1,14 platelet
rich plasma (PRP),15 mesenchymal stem cells (MSCs),16 inor-
ganic bioactive bone cement,13,17 and other biomaterials have
been used to modify the bone–tendon contact interface and
exhibited enhanced bone-to-tendon healing performance. How-
ever, their clinical applications are still limited due to resource
shortage, complex application processes, and controversial
outcomes. A universal approach to improve the initial physical
integration of the implanted tendon graft with the host bone
tunnel and promote the following bony inward growth is highly
demanded for sufficient bone-to-tendon healing.

Recently, tissue adhesives have attracted intensive research
attention due to their wide applicability in soft tissue wound
closure, hemostasis, leak sealing, and hard tissue fixation.18–24

Among the developed tissue adhesives, mussel- and tannin-
inspired tissue adhesives not only can strongly adhere to soft
tissue surfaces via the formation of covalent bonds under
oxidative/alkaline conditions, but also can strongly adhere to
inorganic surfaces through hydrogen bonding, surface bonding,
or the formation of catechol–/gallol–metal complexes.19,20,24–28

This makes mussel- or tannin-inspired tissue adhesives suitable
to be administered in the bone–tendon interface, and create a
stable interface without fretting, by providing firm adhesion
and fixation between inorganic and organic surfaces, which is
believed to be beneficial for bone-to-tendon healing. By intro-
ducing mussel-inspired L-3,4-dihydroxyphenylalanine (L-DOPA)
or its derivatives, such as dopamine, into citrate-based poly-
mers, we have developed a series of injectable citrate-based
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mussel-inspired bioadhesives (iCMBAs) and well demonstrated
their wide applicability in both soft tissue wound closure and
comminuted bone fracture adhesion.20,25,26,28 On the other
hand, the adhesive or other materials applied on the tendon
graft should be biologically supportive to the osteointegration of
the tendon graft and the bony ingrowth from the host bone
tunnel.1 Citrate released during iCMBA degradation could pro-
mote osteogenesis due to the high enrichment of citrate in bone
(B90% of total citrate in the human body concentrated in
bone), and the important biological and biomechanical func-
tions of citrate in bone formation and bone metabolism.28–30

Similarly, as the fourth most common metal element in the
human body,31 about 60% magnesium (Mg) exists in native
bone and plays an important role in mineral metabolism.32

Recently, it has been found that magnesium ions could greatly
promote the osteogenic differentiation of precursor cells via the
release of a neuropeptide, calcitonin gene-related peptide
(CGRP).33 Moreover, magnesium based interference screws, as
well as magnesium-pretreated periosteum, have been estab-
lished to promote bone-to-tendon healing during ACL
reconstruction.1,34,35 Magnesium-based inorganic bone
cement/adhesive has also been proved to improve bone-to-
tendon healing and prevent scar tissue formation in a rabbit
model of ACL reconstruction.7 These remind us to consider a
magnesium-containing mineral that naturally exists in native
bone, i.e., whitlockite (WH: Ca18Mg2(HPO4)2(PO4)12), which is
the second most abundant mineral after hydroxyapatite (HA),
approximately 20 wt% in bone mineral, and 26–58 wt% in the
mineral of teeth.36 It is worth noting that the content of WH is
much higher in load-bearing bone and adolescent bone, as well
as in the early stage of mineralization,37 indicating that it may
be related to rapid bone growth and metabolism. WH is
believed to release magnesium ions and transfer them into HA
finally.36–39 The inclusion of WH to replace HA in our composite
adhesive design would definitely benefit bone-to-tendon
healing.

In the present work, EPE, a hydrophobic macromolecular
diol was used to react with citric acid (CA) and dopamine (DP)
to synthesize low swelling EPE containing iCMBA prepolymer
(iC-E) first, which was then treated with calcium carbonate
(CaCO3) to confer the prepolymer (iC-E-Ca2+) water solubility
(Scheme 1A). The introduction of calcium ions onto the side
chains of the prepolymer could render it with considerable
hemostatic capability,40 beneficial to the performance of the
developing adhesive as a hemostat. On the other hand,
the clotted blood could localize blood-derived growth factors
on the bone–tendon interface to partially replicate the func-
tions of PRP to promote bone-to-tendon healing (Scheme 1B).
Next, iC-E-Ca2+ was composed of 70 wt% WH, administered on
the surface of a native tendon graft, and crosslinked by a
frequently used oxidant, sodium periodate (PI).41 The iC-E-
WH composite adhesive treated tendon graft was passed
through the created bone tunnel of an ACL reconstruction
model in SD rats during the adhesive crosslinking process
(Scheme 1B). The effect of adhesive applied to the bone-to-
tendon healing and the possible mechanisms, including the

initial and long term pullout strength, bony inward growth of
bone tunnel, the osteointegration and osteogenesis of the
tendon graft, and fibrous scar tissue formation were thoroughly
investigated. The results showed that the developed iC-E-WH
composite adhesive has shown a greatly beneficial effect on
bone-to-tendon healing, and thus can serve as a promising and
universal auxiliary material in ACL reconstruction.

The hydrophobic iC-E prepolymer (synthesized from CA,
EPE and DP according to our previous literature24) was dis-
solved in ethanol, then reacted with an excess amount of CaCO3

to introduce calcium ions onto the side carboxyl groups of iC-E,
to give water soluble iC-E-Ca2+ prepolymer after dialysis and
freeze-drying (Scheme 1A). The FTIR spectra of iC-E-Ca2+ and
iC-P (synthesized using PEG200, instead of EPE, for comparison)
are shown in Fig. 1A. The peak between 1700 and 1748 cm�1

was assigned to the carbonyl bond (CQO) in the ester group.
The peak at 1540 cm�1 was assigned to the amide group
(–C(QO)–NH–), confirming the formation of amide linkages
between the –COOH groups of CA and the –NH2 groups of DP.
The peaks around 2932 and 2870 cm�1 for iC-E-Ca2+ were much
stronger than that of iC-P, which were assigned to the methyl
(–CH3) and methylene (–CH2–) groups from EPE. The 1H NMR
spectra of iC-E-Ca2+ and iC-P are shown in Fig. 1B. The
characteristic peaks of catechol groups at 6.40–6.70 ppm
showed up in the spectra of both iC-E-Ca2+ and iC-P prepoly-
mers, confirming the successful introduction of DP. While the
peak at 1.02 ppm in the spectrum of iC-E-Ca2+ was assigned to

Scheme 1 (A) Synthesis of injectable citrate-based mussel-inspired
bioadhesive (iCMBA, iC) prepolymers based on PEG-PPG-PEG (iC-E),
which were then treated with calcium bicarbonate (CaCO3) to give
water-soluble iC-E-Ca2+; (B) the administration of citrate-based mussel-
inspired magnesium whitlockite composite adhesives (CMWAs) to the
bone–tendon interface in anterior cruciate ligament (ACL) reconstruction,
to promote bone-to-tendon healing.
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the protons of –CH3 from EPE, which was not present in the
1H NMR spectrum of iC-P. The FTIR and 1H NMR results
confirmed the esterification reaction between CA and EPE,
and the formation of amide linkages between the –COOH
groups of CA and –NH2 groups of dopamine. The availability
of catechol hydroxyl groups in iC-E-Ca2+ prepolymer was further
verified via the UV absorption peak at 280 nm (Fig. 1C). And the
content of the catechol group in the iC-E-Ca2+ prepolymer was
determined to be 0.241 mmol g�1, according to the dopamine
standard curve shown in the inset panel in Fig. 1C.

The gel times of iC-E-Ca2+ prepolymer solution crosslinked
by different concentrations of PI are shown in Table 1 and
Fig. 2A. For 33.3 wt% iC-E-Ca2+ prepolymer solution without
mixing inorganic substances, the gel time (196 � 39 s) was the
shortest when the concentration of PI was 1 wt% (Table 1 and
Fig. 2A). The gel time further decreased to 143 � 12 s after
adding 70 wt% WH (to the total dry weight of prepolymer and

WH) to iC-E-Ca2+ prepolymer solution. It is strange that with
the increase of PI concentration, the gel times became even
longer. The gel time of pure 33.3 wt% iC-E-Ca2+ prepolymer
solution crosslinked by 8 wt% PI reached 945 � 13 s (Fig. 2A).
We believe that the calcium ions on the side chains of the iC-E-
Ca2+ prepolymer may react with PI to reduce its water solubility,
thus prolonging the catechol oxidation and the crosslinking
processes. Since one calcium ion could react with two periodate
ions, a precipitation complex might not be formed at lower PI
concentrations.

Sol contents of iC-E-Ca2+ and its composite with WH cross-
linked by different concentrations are shown in Fig. 2B. The sol
contents of all the tested formulas were lower than 30%, with
the sol content of iC-E-1PI the highest (25.2 � 3.5%). The
increase of PI concentration led to decreased sol content,
indicating that higher PI concentration induced higher cross-
linking density. The iC-E-70WH (crosslinked by 2 wt% PI)
possessed the lowest sol content (o5%). The increase of PI
concentration also led to a lower swelling ratio, and the swel-
ling ratio of iC-E-8PI (B120 wt%) was much lower than that of
iC-E-1PI, iC-E-2PI, iC-E-3PI and iC-E-4PI (all higher than
400 wt%), further confirming that iC-E-8PI possessed higher
crosslinking density (Fig. 2C). The swelling ratio of iC-E-70WH
was also the lowest (B100 wt%) in the tested formula (Fig. 2C).

The mechanical properties of crosslinked iC-E-Ca2+ adhe-
sives in dry and 10% hydrated states are tabulated in Table 2
and represented in Fig. 3A–D. From Fig. 3A, it can be seen that
the tensile strengths were improved from 1.28 � 0.15 MPa for
iC-E-2PI to 3.33 � 0.52 MPa for iC-E-70WH after compositing
WH in the adhesives. The Young’s moduli greatly improved
from 2.66 � 0.24 MPa for iC-E-2PI to 62.03 � 8.60 MPa for iC-E-
70WH (Fig. 3B). While along with the increase of WH content in
the composite, the elongation at break quickly dropped from
428.47 � 73.48% for iC-E-2PI to 6.72 � 1.50% for iC-E-70WH
(Fig. 3C), the trend could also be seen from the stress–strain
curves of the crosslinked dry composite adhesives shown in
Fig. 3D. The tensile strength of iC-E-70WH decreased from
3.33 � 0.19 MPa for a dry sample to 1.95 � 0.59 MPa for a
hydrated sample after absorbing 10 wt% (to its dry weight)
water (Table 2). The mechanical strengths of other samples also
decreased at a hydrated state (Table 2).

The degradation profiles of the crosslinked composite adhe-
sives are shown in Fig. 3E and 3F. The degradation of iC-E-2PI
(with B90% mass loss after 63 days) was much slower than that
of PEG-based iCMBAs (full degradation could be reached in

Fig. 1 Characterization of prepolymers: (A) FTIR, (B) 1H-NMR of iC-E-
Ca2+ and iC-P (iCMBA composed of citric acid, poly(ethylene glycol) with a
molecular weight of 200 Da (PEG200), and dopamine); (C) UV-vis absorp-
tion spectrum of iC-E-Ca2+ (0.4 mg mL�1) in aqueous solution. The insert
panel in C is the standard curve of dopamine in aqueous solution.

Table 1 Gel times of 33 wt% iC-E-Ca2+ solution and its composite with
whitlockite (WH) crosslinked by sodium periodate (PI) solutions with
different concentrations, and the nomenclature of crosslinked hydrogels

Prepolymer
name

PI concentrationa

(wt%)
Gel timeb

(s)
Name of crosslinked
hydrogel

iC-E-Ca2+ 1 196 � 39 iC-E-1PI
iC-E-Ca2+ 2 219 � 16 iC-E-2PI
iC-E-Ca2+ 3 564 � 12 iC-E-3PI
iC-E-Ca2+ 4 794 � 31 iC-E-4PI
iC-E-Ca2+ 8 945 � 13 iC-E-8PI
iC-E-Ca2+/70wt% WH 2 143 � 12 iC-E-70WHc

a The volume ratio between PI solution and prepolymer solution was
kept as 2 : 1 for all samples. b The testing temperature was 25 1C for all
samples. c For all composite hydrogels containing WH, 2 wt% PI
solution was used as the crosslinking initiator.

Fig. 2 Crosslinking of prepolymers: (A) gel times (obtained by tilting tests),
(B) sol contents, and (C) swelling ratios of iC-E-Ca2+ prepolymer and its
composite with whitlockite (Ca18Mg2(HPO4)2(PO4)12, WH) crosslinked by
sodium periodate (PI) with different concentrations.
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30 days) previously developed in our group19,20,25 (Fig. 3E). This
may be attributed to the hydrophobicity of EPE and the
introduction of additional ion crosslinking between the cal-
cium ions and the ionized carboxyl groups on the side chains of
iC-E-Ca2+. The inclusion of HA or WH further prolonged the
degradation time. After 63 days of degradation, the mass loss of
iC-E-70WH was less than 50% (45.39 � 3.74%) (Fig. 3E). The
degradation of iC-P-70HA is relatively faster than that of iC-E-
70WH. At the same time, the pH values of the degradation
solutions of different samples were also measured and ana-
lyzed, and the results are shown in Fig. 3F. It can be seen that
the pH values of the degradation solutions of iC-E-2PI, iC-E-
30WH, iC-E-50WH and iC-E-70WH fluctuated within pH 7.7 to
7.3 in the initial week of degradation, and stabilized in the
range of 7.3 to 7.4 over the next six weeks. While the pH value of
the initial degradation solution of iC-P-70HA at day 1 was
5.1 � 0.1, showing it to be much lower than all iC-E-Ca2+

adhesive samples, also indicating that the treatment of iC-E
with CaCO3 greatly neutralized the acidity of the prepolymer.
The pH values of iC-P-70HA degradation solutions slowly

increased with the extension of degradation time, and finally
reached pH 7.3 after 63 days, further proving the benefit of
CaCO3 treatment for the biocompatibility of the composite
adhesives (Fig. 3F).

WH could release magnesium ions and transfer them into
HA finally, and thus it is considered as the precursor of HA.36–38

The release of magnesium and calcium ions from the cross-
linked composite adhesives was studied, the results are shown
in Fig. 4A and B. It can be seen that iC-E-70WH exhibited
prolonged magnesium and calcium ion release at high
concentrations, while the metal ion release from iC-E-30WH
and iC-E-50WH slowed down after 2 weeks. The metal ion
concentrations in the released solution were in the range of
10–40 ppb (parts per billion) for both magnesium and calcium
ions in all three samples. Note that both WH and iC-E-Ca2+

prepolymer can release calcium ions. These results proved the
magnesium and calcium ions long term release capability of
the composite adhesives, which is beneficial to the improve-
ment of the bioactivity.

The cell cytotoxicity of magnesium ions in different concen-
trations was assessed against rBMSCs using the CCK-8 assay. As
shown in Fig. 4C, 100 mmol L�1 Mg2+ induced significant
toxicity against rBMSCs with a cell viability of less than 5%.
While, the cell viabilities of Mg2+ with concentrations lower

Table 2 Mechanical properties of different crosslinked hydrogels, in dry and 10 wt% hydrated (swollen) states

Crosslinked hydrogela

Tensile strength (MPa) Young’s modulus (MPa) Elongation at break (%)

Dry Swollen Dry Swollen Dry Swollen

iC-E-2PI 1.28 � 0.05 0.26 � 0.09 2.66 � 0.08 2.58 � 0.27 428.47 � 25.98 294.97 � 87.47
iC-E-30WHb 2.47 � 0.04 1.31 � 0.19 8.52 � 0.48 8.61 � 1.54 252.26 � 18.7 287.71 � 60.21
iC-E-50WHb 3.1 � 0.16 2.38 � 0.45 26.88 � 1.03 27.35 � 3.07 32.29 � 2.53 204.56 � 46.83
iC-E-70WHb 3.33 � 0.19 1.95 � 0.59 62.03 � 3.04 63.36 � 8.90 6.72 � 0.53 5.52 � 1.96

a The concentration of PI solution was 2 wt%. b 30, 50, and 70 represents the percentage of WH in the dry weight of prepolymer and WH.

Fig. 3 Mechanical properties and degradation profiles: (A) tensile
strength, (B) Young’s modulus, (C) elongation at break, and (D) stress–
strain curves of air-dried iC-E-2PI and iC-E-30/50/70WH samples;
(E) degradation profiles and (F) pH change of the buffer solutions during
the degradation of iC-E-2PI, iC-E-30/50/70WH and iC-P-70HA in PBS (pH
7.4) at 37 1C.

Fig. 4 Metal ion release profiles, cytotoxicity and alkaline phosphatase
(ALP) activity of magnesium: the release profiles of (A) magnesium and
(B) calcium ions from cross-linked iC-E-30/50/70WH in PBS (pH 7.4)
solution at 37 1C; (C) cytotoxicity of magnesium ions against BMSCs;
(D) the effect of magnesium ions in 5 (OG-5Mg), 10 (OG-10Mg) or 20
(OG-20Mg) mmol L�1 to the ALP activity during osteogenic differentiation
of BMSCs. #p 4 0.05, *p o 0.05, *p o 0.01.
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than 50 mmol L�1 were all higher than 60%, indicating suitable
cytocompatibility of Mg2+ at concentrations lower than
50 mmol L�1 (Fig. 4C). The strong toxicity of 5% DMSO proved
the reliability of this cell cytocompatibility study (Fig. 4C). The
effect of magnesium ions on the osteogenic differentiation of
rBMSCs was also studied using ALP assay. When rBMSCs
showed osteogenic differentiation induced by osteogenic
media, after including Mg2+ of 5, 10 or 20 mmol L�1 (following
in the cytocompatible level), the ALP activities were improved
3–9 fold at days 7 and 14, indicating the strong osteoinductivity
of Mg2+ (Fig. 4D). Mg2+ with concentrations of 5 and
10 mmol L�1 induced the highest ALP expression, a further
increase in the Mg2+ concentration caused a decline of ALP
expression (Fig. 4D).

The cell cytotoxicity results of iC-E-Ca2+ and iC-P prepoly-
mers against rBMSCs are shown in Fig. 5A. At 10 mg mL�1,
although the cell viability of iC-E-Ca2+ (o10%) was lower than
that of iC-P, it was comparable to that of PEGDA. In diluted iC-
E-Ca2+ prepolymer solutions of 1 and 0.1 mg mL�1, the cell
viabilities were similar to or higher than that of blank medium
or PEGDA, indicating the low cytotoxicity of the prepolymers.
The cell viabilities of the soluble substances of crosslinked iC-
E-XPI (X = 1, 2, 3, 4, and 8) at 1� concentration were all around
10%, and the inclusion of 70 wt% WH increased the cell
viability to around 30% (Fig. 5A). Meanwhile, the cell viabilities

of soluble substances at 10� and 100� dilutions were all
around 80% (Fig. 5B). However, for the degradation products
1� degradation solutions of iC-E-XPI all exhibited higher
cytotoxicities (cell viabilities B20%) compared to that of iC-
E70WH and PLGA (B80%) (Fig. 5C). The diluted degradation
product solutions of iC-E-Ca2+ based adhesives at 10� and
100� were all higher than 90% except for iC-E-1PI, and com-
parable to that of the PLGA degradation solution at the same
dilutions (Fig. 5C), further confirming the cytocompatibility of
the crosslinked composite adhesives.

The effect of CMWAs on the proliferation and differentiation
of rBMSCs was investigated using the ALP assay (Fig. 5D), live/
dead and ARS staining (Fig. 5E). rBMSCs were cultured in
growth media (MG), osteogenic media (OG) and OG with the
degradation products of iC-E-2PI (OiC), iC-E-70WH (OiCW70)
or iC-P-70HA (OiC200H70). The OiCW70 was also filtered to give
OiCW media, to investigate the effect of WH. As shown in
Fig. 5D, at day 3, no significant difference can be observed
between all the tested groups. However, on days 7 and 14, the
ALP expression levels of the OiC200H70 and OiCW70 groups
were all significantly higher than that of the OG group at the
same time points. The ALP expression of OiCW70 was also
significantly higher than that of OiC200H70; in particular, at day
14 (p o 0.05). These results indicate the positive effect of
citrate-based adhesive and WH in rBMSCs’ osteogenic differ-
entiation and the superior bioactivity of WH compared to HA.
From the Live/Dead images (Fig. 5E, left panel), it can be seen
that rBMSCs grew well for all five groups. The cell densities
increased along with time and reached confluence after
14 days. The stretched cell morphology of rBMSCs indicated
good cell attachment and proliferation co-cultured with the
degradation products of crosslinked composite adhesives. The
calcium deposit formation of rBMSCs after osteogenic differ-
entiation was also assessed using ARS staining (Fig. 5E, right
panel). It can be seen that no calcium deposits were found in
the MG group at all time-points. In the OG group, only a small
amount of calcium deposits could be observed after 14 days,
less than that in the OiC, OiCW and OiCW70 groups. On day 21,
the calcium deposits in the OiC, OiCW and OiCW70 groups
were significantly higher than that of the OG group, and the
OiCW70 group had the highest amount of calcium deposits
(Fig. 5E, right panel). It is worth mentioning that, the inclusion
of WH and citrate-based adhesive not only induced more
calcium deposits, but also earlier calcium deposition (Fig. 5E,
right panel), further confirming the bioactivity of citrate and
WH in the osteogenic differentiation and mineralization of
rBMSCs.

The hemostatic performance of the iC-E-Ca2+ prepolymer
and its composite adhesive with WH was assessed with a
standardized strip rat liver blood clotting method. From
Fig. 6A and B, it can be seen that without the CaCO3 treatment,
the blood clotting time of the iC-E group was much longer than
that of the control group, which is attributed to the antic-
oagulant property of citrate. Sodium citrate is a well-known
clinically used anticoagulant. While the CaCO3 treatment
confers considerable hemostatic capability to thus-obtained

Fig. 5 Cytocompatibility and osteogenic differentiation evaluation: cyto-
toxicity of iC-E-Ca2+ composite adhesives against rat bone mesenchymal
stem cells (rBMSCs) through the CCK-8 assay for (A) prepolymers,
(B) soluble substances (sol content) and (C) degradation products;
(D) ALP activity of osteogenic differentiated rBMSC coclultured with iC-
E-70WH (OiCW70) and iC-P-HA (OiC200H70) degradation products;
(E) live/dead and alizarin red staining of rBMSC treated with growth media
(MG), osteogenic media (OG), osteogenic media with degradation pro-
ducts of iC-E-2PI (OiC), iC-E-70WH (filtered, OiCW), and iC-E-70WH
(unfiltered, OiCW70). #p 4 0.05, *p o 0.05, **p o 0.01.
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iC-E-Ca2+ prepolymer, the blood clotting time of the iC-E-Ca2+

sample was vastly shortened to B75 s from B700 s for the iC-E
group, and became shorter than that of the control group (no
significant difference) (Fig. 6B). The inclusion of WH further
reduced the blood clotting time, and the iC-E-70WH group
showed the shortest blood clotting time of less than 70 s. At the
same time, the iC-E-Ca2+ and iC-E-70WH samples induced
much less blood loss compared to that in the iC-E and control
groups, reflecting much smaller blood contaminated areas of
the two calcium ion containing groups (Fig. 6A). The hemo-
static ability of the iC-E-Ca2+ prepolymer and its composites
induces less blood loss and immobilizes the blood clots on the
surface of the implanted tendon, to partially replicate the
function of platelet rich plasma (PRP), to promote bone-to-
tendon healing.

To assess the in vivo biocompatibility and bone-to-tendon
regeneration performance of CMWAs, and to investigate the
effect of WH, iC-E-70WH was chosen as a representative tissue
adhesive to wrap on the surface of the autologous tendon which
was then used in the ACL reconstruction model on SD rats. The
bone adhesive (iC-P-70HA) prepared according to our previous
literature28 was used as the positive control, iC-E-2PI without
WH and untreated ACL capture were used as negative controls.
At 4, 8, and 12 weeks post ACL reconstruction, the recon-
structed ACL and the surrounding tissues were harvested,
and biomechanical tests, micro-computer tomography (micro-
CT) analysis, and histological examination were conducted.

To investigate the effect of adhesive application on the
initial bone-to-tendon bonding strength, as well as the long
term osteo-integration of the implanted tendon, biomechanical
strength tests (Fig. 7A) were conducted 4 and 12 weeks after the
ACL reconstruction. As shown in Fig. 7B, it can be seen that at
week 4, the pull-out forces for the three adhesive groups were

all significantly higher than that of the control group. The pull-
out forces of HA or WH containing adhesive groups were also
significantly higher than that of the iC-E-2PI group (Fig. 7B and
C). After 12 weeks, the pull-out forces for the three adhesive
groups further enhanced, they were all 2–3 times higher than
that of the control group (p o 0.001) (Fig. 7B and D). There were
no significant differences in the pull-out forces between the
three adhesive groups at week 12. These results confirmed that
the application of tissue adhesives especially WH and HA
containing composite adhesives could greatly improve the
initial bone-to-tendon bonding strength and the osteointegra-
tion of the implanted tendon, to promote bone-to-tendon
healing.

From the 3D images reconstructed by micro-CT analysis
shown in Fig. 8A, it can be seen that all the sizes of the bone
tunnels treated with different samples decreased over time,
including the control (CON) group. There is no significant
difference between the iC-E-2PI group and the CON group.
While, both iC-P-70HA and iC-E-70WH induced faster size
decrease than that of the CON and iC-E-2PI groups, confirming
that the inclusion of CMWAs in ACL reconstruction could
promote the bony inward growth from the bone tunnel. This
was also confirmed through the quantitative BV/TV (Fig. 8B)
and BMD (Fig. 8C) data, in which that the BV/TV and BMD
values of the iC-E-70WH group at nearly all the three time-
points were significantly higher than that of the other three
groups including the iC-P-70HA group (Fig. 8B and C). The iC-E-
70WH group possessed the maximum bone tunnel size
decrease and new bone formation, indicating the superior
osteoconductivity and osteoinductivity of WH than that of HA
(Fig. 8). The long-term release of Mg2+ (from WH) and Ca2+

(from both WH and iC-E-Ca2+) from iC-E-70WH was considered
to contribute to the superior osteogenic activity of iC-E-70WH
tissue adhesive in bone-to-tendon healing.

Fig. 6 (A) Photos of blood loss and (B) blood clotting times of iC-E, iC-E-
Ca2+ prepolymers and the composite adhesive iC-E-70WH derived by a
standardized strip rat liver injury blood clotting test. #p 4 0.05, *p o 0.05,
***p o 0.001.

Fig. 7 Biomechanical test results: (A) representative femur-graft-tibia
complex biomechanical test set-up; (B) the tested pullout forces of the
femur-graft-tibia complexes treated with different samples 4 and 12 weeks
post ACL reconstruction. The representative stress–elongation curves of
different samples at (C) week 4 and (D) week 12. #p 4 0.05, *p o 0.05,
**p o 0.01, ***p o 0.001.
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After 4, 8 and 12 weeks post ACL reconstruction surgery, the
bone–tendon interface as well as the host bone tunnel tissues
were harvested and investigated by H&E and Masson’s tri-
chrome staining. At week 4, some messy fibrous tissue can be
found in the bone–tendon interface in the control (CON) group,
which was rarely seen in the adhesive (iC-E-2PI, iC-P-70HA and
iC-E-70WH) groups, indicating that the application of adhesive
was conducive to the orderly growth of bone marrow

mesenchymal stem cells and could eliminate the infiltration
of fibroblasts, thus reducing the formation of scar tissue
(Fig. 9A–C). As shown in Fig. 9A and B, an obvious gap existed
in the bone–tendon interface for all samples at week 4, which
could also be clearly seen in the large-area staining images
shown in Fig. 9C. These gaps became smaller at week 8, and
there was nearly no gap at the bone–tendon interface at week
12, especially for adhesive treated groups (Fig. 9A and B). At
week 12, some cartilage tissues showed up in the bone–tendon
interface in all groups (labelled as ‘‘C’’ in Fig. 9A and B), and
more calcified fibrocartilage could be observed in the iC-E-
70WH group compared with iC-P-70HA and other groups,
suggesting that the inclusion of a mineral component, espe-
cially Mg2+ releasing WH, could promote ossification, benefi-
cial to the rapid bony inward growth and bone-to-tendon
healing.

To further investigate the effect of CMWAs on the chondro-
genesis and osteogenesis of the bone-to-tendon interface, col-
lagen 2 (COL2, cartilage marker) and Runt-related transcription
factor 2 (Runx2) immunohistochemical staining of the bone–
tendon interface tissue sections and corresponding quantita-
tive analysis was conducted. From Fig. 9D and F, it can be seen
that, at week 4, the COL2 expression levels of the iC-P-70HA and
iC-E-70WH groups were significantly higher than that of the
CON and iC-E-2PI groups at week 4 (p o 0.01). While the COL2
expression of the composite adhesive groups (iC-P-70HA and
iC-E-70WH) showed a downward trend along with the increase
in time. At the same time, the COL2 expression levels of the

Fig. 8 Micro-CT analysis results: (A) representative 3D images of trans-
verse slices derived from micro-CT analysis of the volume of interest (VOI)
4, 8, and 12 weeks after ACL reconstruction (the original size of the bone
tunnel was 1.5 mm in diameter), scale bar = 0.5 mm; the (B) bone volume/
total volume fractions (BV/TVs) and (C) bone mineral densities (BMDs) in
the VOIs of different samples at different time-points calculated by micro-
CT. #p 4 0.05, *p o 0.05, **p o 0.01.

Fig. 9 Histological examination results. (A, top panel of C) H & E (hematoxylin and eosin) and (B, low panel of C) Masson’s trichrome staining images of
the reconstructed ACL and the surrounding tissue sections for iC-E-2PI, iC-P-70HA, iC-E-70WH and the blank control (CON) 4, 8 and 12 weeks after the
operation (T: tendon, HB: host bone, F: fibrous tissue, C: cartilage). (D) COL2 (collagen 2) and (E) Runx2 (Runt-related transcription factor 2)
immunohistochemical staining images; (F) COL2 (COL2 positive areas are labeled as blue color triangles) expression percents (%) and (G) percentages
of Runx2 positive cells (labeled by red color triangles) reflecting the osteogenesis and chondrogenesis during ACL reconstruction. *p o 0.05, **p o 0.01,
***p o 0.001.
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CON and iC-E-2PI groups increased with time and became
significantly higher than that of the two composite adhesive
groups at weeks 8 and 12 (Fig. 9D and F). In contrast, the Runx2
secretion of the iC-P-70HA and iC-E-70WH groups kept an
increasing trend and maintained higher levels than that of
the CON and iC-E-2PI groups at all three tested time points
(Fig. 9E and G). These results suggested that in the iC-P-70WH
group, the endochondral osteogenesis was accelerated, which
is beneficial to the initial stabilization of the bio-environment
of the bone–tendon interface and the acceleration of bone-to-
tendon healing.

In conclusion, by treating hydrophobic poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (EPE)
containing injectable citrate-based mussel-inspired bioadhe-
sive (iCMBA) prepolymer (iC-E) with calcium carbonate
(CaCO3), a water-soluble and hemostatic prepolymer iC-E-Ca2+

was synthesized. Then, iC-E-Ca2+ was composited with a nat-
ural magnesium containing mineral, whitlockite (WH,
Ca18Mg2(HPO4)2(PO4)12), and crosslinked with sodium period-
ate (PI) to develop citrate-based mussel-inspired WH composite
adhesives (CMWAs) as an adhesive used in the bone–tendon
interface in ACL reconstruction. CMWAs exhibited high gela-
tion speeds, low swelling ratios, considerable mechanical
strengths and tunable degradation profiles. Benefitting from
both citrate-based adhesive prepolymer and WH, the CMWAs,
such as iC-E-70WH, demonstrated excellent in vitro and in vivo
biocompatibility, favorable hemostatic ability, osteoconductiv-
ity and osteoinductivity. The CMWAs administered in the
bone–tendon interface could improve both the physical and
biological environment of the reconstructed ACL. The CMWAs
stabilized the initial physical environment by providing con-
siderable adhesion between the inorganic surface of the host
bone and the organic surface of the implanted tendon,
enhanced long-term osteointegration of the implanted tendon,
stopped bleeding to localize blood derived growth factors, and
promoted the bony inward growth of the bone tunnel as well as
the chondrogenesis and osteogenesis of the bone–tendon inter-
face, thus accelerating bone-to-tendon healing in ACL recon-
struction. The developed CMWAs could serve as a promising
and universal auxiliary material to promote bone-to-tendon
healing in ACL reconstruction, and greatly expanded the appli-
cation of tissue adhesives.
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