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  1.     Introduction 

 Large bone defect healing remains a signifi cant clinical chal-
lenge worldwide due to the bone loss caused by traumatic 
injury, tumor resection, osteonecrosis, and infection. [ 1 ]  Due to 
the limitations associated with conventional approaches such 

as autografts and allografts, tissue engi-
neering strategies inspired by endogenous 
bone healing mechanisms have recently 
attracted more attention. [ 2–5 ]  Osteogen-
esis and angiogenesis are considered to 
be equally important to a tissue engi-
neering bone regeneration strategy since 
bone is a highly vascularized and miner-
alized tissue. [ 6,7 ]  Insuffi cient angiogen-
esis during bone regeneration results in 
poor and unsustainable bone formation. 
Thus, both osteogenic and angiogenic 
growth factors have been used to promote 
these processes in order to enhance vas-
cularized bone tissue formation. Bone 
morphogenetic protein-2 (BMP-2) has 
been identifi ed as a potent osteogenic 
growth factor to induce bone formation. 
For example, BMP-2 has been shown to 
directly induce bone formation in both 
ectopic and orthotopic sites. [ 8,9 ]  On the 
other hand, vascular endothelial growth 
factor (VEGF) is extensively used as a pro-
angiogenic growth factor to enhance vas-

cularization with bone defects. [ 10,11 ]  Importantly, recent studies 
have demonstrated that sequential delivery of BMP-2 and 
VEGF could maximize their effi cacy by inducing cooperative, 
synergistic effects that better mimic natural bone healing. [ 12,13 ]  
However, there remains a need for sophisticated delivery sys-
tems capable of precisely tuning the individual release kinetics 
of these growth factors. 

 The prevalence of growth factor signaling during wound 
healing has led to novel strategies to deliver growth factors to 
various tissues. [ 14,15 ]  Bolus delivery of a single growth factor 
via direct injection is still a common approach used to regen-
erate a variety of tissues, but the success of this approach is 
limited to early animal studies and no signifi cant effi cacy in 
terms of new bone tissue formation has been achieved. [ 16,17 ]  
Various sustained growth factor delivery strategies have been 
developed to bypass the limitation of bolus delivery and pro-
vide localization of growth factors at the desired defect sites 
for extended timeframes. [ 18 ]  Polymer sponges (e.g., collagen 
sponges), hydrogels, micro/nano particles, and thin fi lms have 
been employed to successfully deliver growth factors in a sus-
tained manner. [ 19–23 ]  Controlled release of growth factors from 
these formulations has demonstrated promising outcomes 
in various aspects of tissue regeneration, such as preserving 
some protein activity, regulating stem cell behavior and pro-
moting new tissue growth. [ 24,25 ]  For instance, sustained release 
of BMP-2 has greatly enhanced its effi cacy and improved 
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 2.     Results  

 2.1.     Control over BMP-2 Release by Accelerating Mineral 
Coating Dissolution 

 MCMs were uniformly covered by a layer of mineral coating with 
typical plate-like structure after incubating with mSBF for 7 days 
( Figure    2  ). The morphology of the mineral coatings was clearly 
infl uenced by the concentration of HCO 3  −  in mSBF. As we 
increased the carbonate concentration in the mSBF from 4.2 m M  
(Low HCO 3  − ), 25 m M  (Mid HCO 3  − ), to 100 m M  (High HCO 3  − ), the 
size of the nano-scale plates decreased from ≈1 µm to ≈100 nm 
(Figure  2 B,D,F). The composition of the mineral coating was 
confi rmed to be carbonate-substituted hydroxyapatite by XRD 
and FTIR (Figure S1, Supporting Information). Importantly, the 
dissolution of the mineral coatings was closely associated with 
the carbonate concentration in mSBF. The dissolution rate of the 
mineral coatings in TBS, which was characterized by the release 
of calcium ion, was proportional to the initial carbonate concen-
tration in the mSBF during coating formation (Figure  2 G).   

 BMP-2 was effi ciently bound to MCMs via incubation in 
BMP-2-containing PBS. The amount of bound BMP-2 on the 
MCMs increased linearly as the concentration of BMP-2 in PBS 
increased from 100 to 1000 ng mL -1  (Figure S2, Supporting 
Information). The binding effi ciencies of BMP-2 to mineral 
coated MCMs were 65% (±1%), 65% (±1%), and 62% (±2%) for 
mineral coatings with low, medium and high carbonate substitu-
tion (Figure  2 H). Sustained release of BMP-2 was observed from 
the MCMs for over 30 days. Noticeably, the release kinetics of 
BMP-2 were strongly dependent on the carbonate content in the 
mineral coating, and were therefore readily controllable. 56% 
(±2%) of the BMP-2 was released in a relatively fast rate within 
the fi rst seven days for the High HCO 3  −  group while this amount 
decreased to 23% (±3%) and 22% (±2%) in Low and Mid HCO 3  −  
groups. By day 30, the percentage of released BMP-2 varied from 
41% (±1%) in the Low HCO 3  − condition to 80% (±2%) in the 
High HCO 3  − condition (Figure  2 I). Thus, the release of BMP-2 
from the mineral coated microparticles could be modulated by 
destabilizing the mineral coating via carbonate substitution.   

its in vivo performance by localizing the morphogenetic 
stimulus. [ 26–28 ]  

 Although sustained release approaches have had an impact 
on the application of growth factors in biomedical applications, 
they often fail to mimic key characteristics of the natural bone 
healing process. For example, most current delivery systems 
have been limited to the controlled release of a single growth 
factor, even though spatiotemporal presentation of multiple 
growth factors is a hallmark of endogenous bone healing. [ 29 ]  
Recent studies have used advanced, multi-component materials 
processing strategies to demonstrate that delivery of multiple 
growth factors simultaneously can have synergistic effects, 
and enhance bone tissue regeneration. [ 30,31 ]  Unfortunately, 
little work has been done to develop delivery systems that are 
capable of controlling the individual timing of different growth 
factors. Therefore, there is an increasing need to control the 
identity, quantity and timing of growth factors released during 
bone healing. Meanwhile, the development of these delivery 
systems also has to be simple and amenable to clinical transla-
tion in order to benefi t patients in the short term. 

 We have developed a facile approach to bind growth fac-
tors onto injectable mineral coated microparticles for sus-
tained release ( Figure    1  ). More recently, we explored a series 
of approaches to control release kinetics of multiple proteins. 
Mechanisms for dual protein release have included control-
ling protein-mineral affi nity, and creating multilayered min-
eral coatings on biomaterials. [ 32 ]  Here we focus on multilay-
ered, mineral coated microparticles (MCMs) for dual growth 
factor delivery. In order to mimic the vascularized bone regen-
eration process, we chose to release VEGF in a faster manner 
to promote angiogenesis at an early stage while we managed 
to release BMP-2 in a more sustained manner to drive osteo-
genesis during the bone healing. We hypothesized that BMP-2 
and VEGF, bound on different mineral coating layers, would 
have distinct release kinetics from mineral coatings. More-
over, we reasoned that the release behaviors of both growth 
factors could be further tailored by changing the intrinsic 
properties (e.g., dissolution kinetics, thickness) of the mineral 
coatings.   

   Figure 1.    Growth factor binding on MCMs: A) Schematic of strategy for growth factor on MCMs. B) Lyophilized MCMs. C) MCMs resuspended in 
PBS. D) Injection of MCMs through a standard syringe. 
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fl uoride-doped mineral coating. In the fl uoride-containing Low 
HCO 3  −  group, BMP-2 binding effi ciency dropped from 66% 
(±3%) to 54% (±0.6%) when compared to the fl uoride-free con-
dition (Figure  4 A). The fl uoride-containing High HCO 3  −  and no 
Mg 2+  groups also showed decreases in the BMP-2 binding effi -
ciency when compared to the fl uoride-free groups (Figure  4 C,E). 
The release profi les of BMP-2 from the mineral coatings were 
also impacted by the incorporation of fl uoride into the coatings 
(Figure  4 B,D,F). The release percentage of BMP-2 after 30 days 
from the fl uoride-free Low HCO 3  −  coating was 41% (±0.5%), 
while the release percentage from fl uoride-doped Low HCO 3  −  
coatings was only 28% (±1%) (Figure  4 B). Similar results were 
also obtained for the No Mg 2+  group (Figure  4 F). However, the 
incorporation of fl uoride in the High HCO 3  −  group did not 
show a signifi cant impact on BMP-2 release (Figure  4 D). This 
result also matches with the aforementioned coating stability 
test, in which fl uoride did not infl uence the stability of the High 
HCO 3  −  mineral coatings. In summary, binding and release of 
BMP-2 could be regulated by decelerating the coating dissolu-
tion by the addition of fl uoride into the mineral coatings.    

 2.3.     Binding and Release of Two Distinct Growth Factors from 
Multilayered MCMs 

 The distinct protein release kinetics from mineral coatings 
with different degradation kinetics allowed for development 
of a controllable dual growth factor delivery system.  Figure    5   
shows a schematic illustration of a VEGF/BMP-2 dual growth 
factor delivery system using multilayered MCMs, which allows 

 2.2.     Control over BMP-2 Release by Decelerating Mineral 
Coating Dissolution 

 To decelerate the mineral coating dissolution on MCMs, fl uo-
ride was chosen to be incorporated into the mineral since fl uori-
dated apatite has previously shown lower solubility compared 
to hydroxyapatite in various solution environments. [ 33 ]  1.0 m M  
sodium fl uoride was added into three different mSBF systems: 
Low HCO 3  −  (4.2 m M ), High HCO 3  −  (100 m M ), and No magne-
sium (No Mg 2+ ) (Detailed mSBFs formulation shown in Table 
S-1, Supporting Information). Both the morphology and stability 
of the mineral coatings was substantially affected by the incorpo-
ration of fl uoride ( Figure    3  ). Instead of forming the typical plate-
like nanostructure, the fl uoride-doped coatings formed in each 
of the three groups showed a needle-like structure (Figure  3 A–F), 
which is a typical fl uoridated apatite morphology. [ 34 ]  The width 
of the needle-like structure was about 100 nm. The addition of 
fl uoride signifi cantly decelerated the dissolution of the mineral 
coating. In fl uoride-containing Low HCO 3  −  and No Mg 2+  groups, 
the release of calcium from the coating in TBS decreased by 
52% and 67%, respectively, when compared to fl uoride-free con-
ditions (Figure  3 G,I). In the case of the fl uoride-containing High 
HCO 3  −  group, this impact was not as prominent (Figure  3 H), 
likely due to the extremely high carbonate concentration in the 
system and multiple types of carbonate substitution (both type A 
and B) during mineral coating formation. [ 35 ]   

 Incorporation of fl uoride into the mineral coating substan-
tially affected the binding effi ciency of BMP-2. Compared to the 
mineral coatings without fl uoride incorporation ( Figure    4  A,C,E), 
the binding effi ciency of BMP-2 decreased in each type of 

   Figure 2.    Morphology of MCMs with different carbonate concentrations: Low magnifi cation: A) 4.2 m M  (Low HCO 3  − ), C) 25 m M  (Mid HCO 3  − ), 
E) 100 m M  (High HCO 3  − ). High magnifi cation: B) 4.2 m M  (Low HCO 3  − ), D) 25 m M  (Mid HCO 3  − ), F) 100 m M  (High HCO 3  − ). G) Release of calcium 
ion from mineral coating with different carbonate concentrations. H) Binding effi ciency of BMP-2 on MCMs with different carbonate concentrations 
I) BMP-2 release profi les from MCMs with varying carbonate concentrations. 
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of second mineral layer, and this minimal loss is attributable 
to the initial release of this protein during the second mSBF 
incubation (Figure  6 G). 

 Two distinct release profi les of the incorporated growth factors 
were observed. VEGF bound on the second layer showed a typ-
ical two-phase release profi le with fast release over the fi rst two 
weeks and more sustained release over the next fi ve weeks. The 
release of BMP-2 bound on the fi rst layer exhibited near zero-
order release kinetics with no “burst” release ( Figure    7  ). Further-
more, the release of BMP-2 could be tuned by changing the dis-
solution kinetics of both layers of the coating. When we switched 
L1 from high carbonate (high dissolution rate) to fl uoride-doped 
(low dissolution rate), the release of BMP-2 was decreased by 
about 5% (±2) regardless of the composition of L2. The composi-
tion of L2 layer had a more profound impact on BMP-2 release. 
When we switched L2 from high carbonate to fl uoride-doped, 
the release of BMP-2 dropped by almost 2-fold (from 32 ± 2% 
to 13% ± 2%, respectively). Similar effects of the second layer on 
BMP-2 release results were observed whether the fi rst layer was 
high carbonate or fl uoride-doped (Figure  7 A,B).  

 In contrast, the release of VEGF from L2 was not signifi -
cantly affected by the change in composition of the coating. 
Neither the compositional change of L1 nor L2 had a signifi cant 
impact on VEGF release (Figure  7 C&D). Notably, at the end of 
the 50 day release period, 72% (±2) of the initially bound VEGF 
was released, while only 12% (±2) of the BMP-2 was released 
(Figure  7 E,F). Growth of the 2 nd  layer further eliminated the 
small burst release of BMP-2, and allowed for relatively fast 
release of VEGF during the initial stages of delivery. These 

for relatively fast release of VEGF and more sustained release 
of BMP-2. By changing the formulation of the mSBF used to 
form the multilayered mineral coatings, we obtained mineral 
coatings with controllable morphology on layer 1 (“L1”) and layer 
2 (“L2”). A plate-like nanostructure was observed ( Figure    6  A) 
when high carbonate mSBF was used, and typical needle-shaped 
morphology was obtained when fl uoride was incorporated 
(Figure  6 B). These morphologies were consistent with the mor-
phologies observed for the corresponding single layer coatings 
described above (Figures  2,3 ). This kind of coating morphology 
was also switchable between L1 and L2 depending on the 
intended growth factor release kinetics. As shown in Figure  6 A, 
when we switch coating formation condition for L1 and L2, coat-
ings with needle-like structure were obtained for L1 (Figure  6 C) 
while coatings with plate-like structure were obtained for L2 
(Figure  6 D).   

 The binding of growth factors in the dual delivery system 
was very similar to the protein binding in the single delivery 
system. BMP-2 binding on fl uoride-incorporated mineral coat-
ings was lower than high carbonate mineral coatings (53 ± 2%) 
versus (65 ± 4%) (Figure  6 E). A similar trend was also observed 
when VEGF was bound on L2. Specifi cally, the binding 
effi ciency of VEGF on fl uoride-containing coatings was 72% 
(±1%) while it rose to 79% (±1%) on high carbonate coatings. 
In addition, the binding effi ciency of VEGF on L2 (Figure  6 F) 
was higher than on the single layer mineral coatings (Figure S4, 
Supporting Information), which is perhaps due to the increase 
of surface area after the second layer of mineral coating. Only 
12% (±3%) of the bound BMP-2 was lost during the formation 

   Figure 3.    Impact of fl uoride incorporation on mineral coating morphology and dissolution kinetics: SEM images of mineral coating without fl uoride: 
A) 4. 2 m M  (Low HCO 3  − ), C) 100 m M  (High HCO 3  − ), E) No Mg 2+ ; SEM images of mineral coating with fl uoride: B) 4. 2 m M  (Low HCO 3  − ), D) 100 m M  
(High HCO 3  − ), F) No Mg 2+ ; Dissolution kinetics of mineral coating in term of calcium ion release: G) 4. 2 m M  (Low HCO 3  − ), H) 100 m M  (High HCO 3  − ), 
I) No Mg 2+ . 
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factor ( Figure    8  A). To address this hypothesis, the thickness of 
L2 was controlled by changing the coating time in mSBF. After 
the initial binding of BMP-2 on L1, the BMP-2-loaded MCMs 
were incubated in low carbonate mSBF for 0, 0.5, and 5 days 
respectively to obtain L2s with different thicknesses. SEM 
observation showed an increase of thickness of L2 as the incu-
bation time was prolonged (Figure  8 B). The binding effi ciency 
of BMP-2 on L1 did not change, as expected since the binding 
occurred before the formation of L2. However, the binding 
effi ciency of VEGF on the 2 nd  layer increased with increased 
coating time, which is likely due to the increased surface area 
after the application of the 2 nd  layer (Figure  8 C,E).  

 Release of BMP-2 from L1 heavily relied on the thickness of 
L2. When there was no 2 nd  layer on MCMs (“0 d” condition), 

dual release results showed precise yet controllable delivery 
of multiple growth factors using multilayered, mineral-coated 
microparticles.   

 2.4.     Dual Growth Factor Release from Coatings 
of Varying Thickness 

 We next investigated the infl uence of the thickness of L2 min-
eral layer on growth factor release, as the creation of a 2 nd  layer 
had an obvious impact on growth factor release. We hypothe-
sized that the nanostructure created during the formation of L2 
could serve as a barrier during the release of protein from L1, 
thus a thicker 2 nd  layer would result in slower release of growth 

   Figure 4.    Impact of fl uoride incorporation on BMP-2 binding and release from MCMs: Binding effi ciency of BMP-2 on MCMs with/without fl uoride: 
A) 4. 2 m M  (Low HCO 3  − ), C) 100 m M  (High HCO 3  − ), E) No Mg 2+ ; BMP-2 release profi les from MCMs with/without fl uoride: B) 4. 2 m M  (Low HCO 3  − ), 
D) 100 m M  (High HCO 3  − ), F) No Mg 2+ . * represents signifi cant difference compared to fl uoride-containing conditions. 
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(±2%) to 29% (±2%) after the formation of the 0.5 d 2 nd  coating 
layer. Importantly, when L2 was formed on top of L1 for a longer 
timeframe (5 d), the release of BMP-2 showed near zero-order 
release kinetics without showing any initial burst (Figure  8 D). 
The total BMP-2 release decreased to 22% (±3%) for the thickest 
(5 d) L2 condition when compared with 0 d and 0.5 d L2 groups. 

In contrast, no signifi cant change of VEGF 
release from L2 was observed when we tuned 
the coating time for L2 formation (Figure  8 F).    

 3.     Discussion 

 In this study, we developed multilayered, min-
eral coated microparticles that can serve as an 
adaptable dual growth factor delivery system. 
Two distinct growth factors could be released 
with controllable kinetics taking advantage 
of the intrinsic properties of the mineral 
coating layers. In particular, the release of 
the growth factors was controlled by binding 
on different mineral coating layers with tun-
able dissolution kinetics. Distinct release pro-
fi les of two different growth factors (BMP-2/
VEGF) could be obtained when these growth 
factors were bound on different layers of 
mineral coating (Figures  7 , 8 D,F). Moreover, 
the release rate of these growth factors could 
be further tailored by changing the intrinsic 
properties of the coating on each layer. There 
is an increasing need to develop sophisticated 
systems for multiple growth factor release to 
orchestrate the complicated cellular activities 
during tissue regeneration. Recent studies 
have addressed this need by encapsulating 
multi ple proteins into hierarchically organ-
ized polymer carriers (scaffolds, micro-
spheres, etc.), which often include rapidly 

the release profi le of BMP-2 was a typical two-phase release 
profi le (Figure  8 D), which is consistent with the results 
observed in the single growth factor release study (Figure  2 J). 
However, the release of BMP-2 was slowed after applying the 
2 nd  coating layer even for the shortest timeframe studied (0.5 d). 
Specifi cally, the overall release of BMP-2 dropped from 42% 

   Figure 6.    Growth factor binding on multilayered MCMs: SEM image of individual mineral 
coating layer: A) 100 m M  carbonate (L1), B) 1.0 m M  fl uoride (L1), C) 1.0 m M  fl uoride (L2), 
D) 100 m M  carbonate (L2); E) BMP-2 binding on L1 of MCMs. F) VEGF binding on L2 of MCMs. 
G) Loss of BMP-2 during the formation of L2. 

   Figure 5.    Schematic of dual growth factor delivery system using multilayered MCMs. HA MPs were coated with a layer of mineral, then BMP-2 was 
bound on the 1 st  layer mineral; the 2 nd  layer of mineral coating was formed on top of the 1 st  layer by incubating the HA MPs in mSBF for 7 days; then 
VEGF was bound on the 2 nd  layer of mineral coating. 
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the mineral coatings allowed for effi cient protein binding due 
to the large surface area provided by the plate-like or needle-
like nano-structure. [ 44 ]  In particular, the binding effi ciencies of 
BMP-2 and VEGF obtained by this approach were 65% (±1%) 
and 79% (±1%) respectively (Figures  4 , 6 ). The encapsulation 
effi ciencies of most particulate drug delivery systems are below 
70%, so the binding effi ciencies here are comparable to optimal 
drug delivery systems formed using other techniques. [ 45–47 ]  
High binding effi ciency is critical for growth factor delivery, as 
in vivo applications typically require supraphysiological dosages 
to achieve effi cacy while the cost of growth factors is extremely 
high (usually over $5000 mg –1 ). [ 48 ]  For example, clinical 
approaches that use collagen scaffolds to deliver BMP-2 require 
milligram quantities of BMP-2, which is six orders of magni-
tude higher than the amount of BMP-2 present in a typical 

dissolving and slowly dissolving materials in distinct locations 
within the carrier. [ 15,36–39 ]  The binding of multiple proteins to 
mineral coatings, described here, provides a relatively simple 
and effi cient way to deliver growth factors with temporal control 
over release kinetics. The adaptability of mineral coating syn-
thesis allows us to defi ne relationships between the structure of 
the mineral layer and its function in controllable growth factor 
release. This feature results in high levels of control over growth 
factor release kinetics. The injectable formulation of these min-
eral-coated microparticles may also allow for minimally invasive 
administration in future therapeutic applications. 

 Protein binding on mineral coatings proceeds through 
electrostatic interactions between calcium phosphate mineral 
surfaces within the nano-structured coating and the side 
chains on proteins. [ 40–43 ]  The highly nano-porous structure of 

   Figure 7.    Dual growth factor release from multilayered MCMs: 1 m M  fl uoride mineral coating as L1: A) BMP-2 release from L1, C) VEGF release from 
L2, E) BMP-2/VEGF dual release; 100 m M  carbonate mineral coating as L1: B) BMP-2 release from L1, D) VEGF release from L2, F) BMP-2/VEGF dual 
release; For each condition, both 1 m M  fl uoride and 100 m M  carbonate condition were tested as the 2 nd  layer mineral coating. 
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   Figure 8.    Impact of mineral coating thickness on dual growth factor release from multilayered MCMs: A) schematic of growth factor release from 
mineral coating with different thickness. B) SEM image of L2 with different thicknesses (different incubation time). C) BMP-2 binding on L1. D) BMP-2 
release from multilayered MCMs with different thickness L2. E) VEGF 2 binding on L2 with different thicknesses. F) VEGF release from L2 with dif-
ferent thicknesses. 
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The realization of BMP-2/VEGF dual growth factor release 
likely relied on two key variables. One variable is the binding 
location of different growth factors, which determines the 
release pathway of the growth factors as they leave the min-
eral coating. Our data showed that release of BMP-2 from 1 st  
(inner) layer was much slower than release from the 2 nd  (outer) 
layer. While a minor “burst release” of BMP-2 could still be 
observed as it was released directly from the 1 st  layer, it was 
completely eliminated after the formation of the 2 nd  (outer) 
layer (Figure  8 D). The more sustained release of BMP-2 could 
be attributed to the longer transport pathway, as BMP-2 mol-
ecules would either need to traverse multiple layers of mineral 
nano-structure during transport out of the microparticles, or be 
liberated till the 2 nd  layer is dissolved. This mechanism is fur-
ther supported by release studies in which the thickness of the 
2 nd  mineral layer was varied, and a thicker 2 nd  layer resulted in 
much slower BMP-2 release (Figure  8 D). A second key variable 
infl uencing growth factor release was the dissolution rate of the 
mineral coating, which was strictly controlled by the substitu-
tion of carbonate or fl uoride during the formation of the coat-
ings. The total BMP-2 amount released from fl uoride-doped 
coatings was less than half of the amount released from the 
highly carbonate-substituted coatings after 50 days (Figure  4 ). 
The switch from carbonate-substituted to fl uoride-doped coat-
ings also helped to reduce the initial burst release. The com-
bination of these two variables allows precise control over the 
release of multiple growth factors, and this capability could be 
useful in applications where precise presentation of multiple 
proteins is required at distinct stages of tissue healing. [ 48,63 ]  

 The release profi les of dual growth factors demonstrated in 
our study could be valuable in the context of vascularized bone 
regeneration. The appropriate development of blood vessels in 
bone defects is an essential components of bone healing. [ 6 ]  The 
vasculature transports nutrients, oxygen, and soluble factors 
which make it possible for osteoprogenitor and other related 
cell types to survive, proliferate, and differentiate. [ 64 ]  Pro-angio-
genic growth factors such as VEGF peak earlier than osteogenic 
growth factors like BMP-2 during normal bone healing. [ 65–67 ]  
Thus, a temporal release pattern of growth factors mimicing 
their natural expression might be favorable for the regenera-
tion of bone tissue. In our study, we released 72% (±2) of the 
VEGF while only 12% (±2) of the BMP-2 was liberated during 
the same time period (Figure  6 ). This release result mimics the 
expression pattern of these two growth factors during natural 
bone healing. [ 68 ]  We also showed our capability to further tailor 
the release kinetics of dual growth factors by manipulating the 
intrinsic properties of the multilayered coating system. These 
fi ndings might lead to new delivery systems fi tting into dif-
ferent needs for bone tissue engineering such as intramembra-
nous ossifi cation and endochondral ossifi cation. [ 69 ]    

 4.     Conclusions 

 Sophisticated protein delivery systems offering the ability to 
deliver multiple growth factors with distinct release kinetics in a 
tunable manner are desirable in the fi eld of tissue engineering 
and regenerative medicine. A multilayered, mineral coated 
microparticle platform was developed that can serve as an 

healing bone tissue. [ 49 ]  This example and others indicate that 
the effi ciency of protein incorporation is a critical parameter 
in growth factor delivery strategies. Additionally, many other 
approaches expose growth factors to several processing and 
storage-related stresses, which can result in signifi cant loss of 
protein activity. [ 50 ]  The mineral binding approach only involves 
simple buffer incubation, and we have shown previously that 
the bioactivity of biological molecules (e.g., growth factors) is 
not signifi cantly compromised during binding and release. [ 50–53 ]  

 It is noteworthy that the technique described here can 
be easily adapted to other microparticle platforms, such as 
polyester microspheres, alginate beads, and chitosan micro-
spheres. [ 54,55 ]  For some of these substrates (e.g., alginate, [ 56 ]  
mineral coatings similar to those described here can be formed 
in an identical manner to our current study. In other cases (e.g., 
polyester microspheres, [ 21,57 ]  a one-step surface modifi cation 
such as alkaline treatment allows for surface functionaliza-
tion, which in turn enables mineral coating nucleation and 
growth. For example, Jongpaiboonkit et al. formed mineral 
coatings on poly(lactide-co-glycolide) (PLG) microspheres and 
achieved effi cient protein binding and sustained release. [ 21,57 ]  
Our data also indicate that the size of microparticle did not 
signifi cantly change after the formation of the 1 st  layer mineral 
coating (Figure S3, Supporting Information), and the mineral-
coated microparticles could still be uniformly re-suspended in 
aqueous solution after growth factor incorporation. This char-
acteristic may allow growth factor-loaded microparticles to be 
directly injected into defect sites to provide localized growth 
factor delivery. [ 58 ]  Therefore, our dual growth factor deliver 
strategy offers simplicity, adaptability and injectability. 

 Growth factor release from the MCMs was directly regulated 
by the mineral dissolution rate, and this could be an important 
feature to tune the release kinetics of various growth factors. 
Two approaches were explored here to customize mineral dis-
solution: i) substitution of carbonate in the mineral coating to 
accelerate coating dissolution; and ii) addition of fl uoride in the 
mineral coating to decelerate coating dissolution. Carbonate 
and fl uoride incorporation impacted the coating morphology 
observed by SEM as well as the degradation rate of the coat-
ings (Figure  2 ,  3 ). These observations are consistent with pre-
vious reports that substitution of carbonate and fl uoride in 
hydroxyapatite can infl uence crystal lattice structure and effect 
the dissolution rate. [ 59–61 ]  Earlier studies from our group have 
also shown that the release of protein from calcium phosphate 
based mineral coatings is dependent on mineral dissolution. [ 19,62 ]  
Here, our data show that the release of BMP-2 closely correlated 
with the mineral coating dissolution rate. More specifi cally, the 
release of BMP-2 was proportional to the carbonate content used 
in mSBF, as 80% (±2) of bound BMP-2 was released from coat-
ings formed in high carbonate mSBF after 30 days of release 
(Figure  2 J). In contrast, the total release of BMP-2 from fl uoride-
doped mineral coatings was as low as 28% (±1%) after 30 days 
of release (Figure  4 B). The ability to tailor BMP-2 release dosage 
and kinetics over a broad range has potential in bone tissue 
regeneration, since it allows the release system to meet desired 
orthobiologic needs for clinical applications. [ 25 ]  

 The multilayered mineral coating strategy allowed the 
binding of different growth factors on different coating layers, 
followed by release in an independent yet controllable manner. 
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MCMs. Briefl y, 5.0 mg of each type of MCMs was incubated in 1.0 mL 
solutions with 1000 ng mL -1  BMP-2 (0.5%  125 I BMP-2) in PBS at 37 °C 
for 4.0 h with rotation. The MCMs were then centrifuged at 12000 RPM 
for 2 min and washed with 1.0 mL PBS once. The radioactivity in the 
supernatant and washing PBS was measured by a Packard Cobra II 
Gamma Counter (Perkin Elmer, Waltham, MA) to determine the BMP-2 
amount in these solutions. The binding effi ciency on each type of 
microparticles was calculated from the protein concentration change 
before and after binding. For BMP-2 release, the BMP-2 bound MCMs 
(5.0 mg) from binding assays were incubated in 1.0 mL Tris buffered 
saline (TBS, pH 7.40) at 37 °C and the released protein amount was 
determined by measuring the radioactivity of the release medium using 
the Gamma Counter at predetermined time points. 

  Dual Growth Factor Incorporation into MCMs : To incorporate dual 
growth factor into MCMs, BMP-2 is bound to the 1 st  mineral coating 
layer (L1) on the microparticles; then a 2 nd  layer of mineral coating (L2) 
is formed on top of L1 after binding of BMP-2; VEGF is then bound on 
the surface of L2. Briefl y, HA MPs were incubated in designated mSBF 
to create the 1 st  layer of mineral coating by incubating 10 mg of HA MPs 
in 50 mL mSBF with varying ionic compositions at pH 6.80 and 37 °C 
for 7 days. The MCMs were then washed and lyophilized for growth 
factor binding. To bind BMP-2 on the 1 st  layer coating, 5.0 mg of the 
MCMs were incubated in 1.0 mL 1000 ng mL -1  BMP-2 in PBS at 37 °C 
for 4 h to allow binding of BMP-2 on the 1 st  mineral layer. The BMP-2 
bound MCMs were then incubated in 50 mL designed mSBF for 5 days 
with daily mSBF refresh to generate the 2 nd  layer of mineral coating. The 
double layered MCMs were then washed with an excess volume of PBS 
and collected by centrifugation. The second growth factor VEGF was 
then bound to the double layered MCMs by incubating with 1.0 mL PBS 
containing 100 ng VEGF for 4 h at 37 °C. After incubation period, the 
MCMs were collected after washing with PBS. 

  Dual Growth Factor Release from MCMs : Two separate experiments 
were performed to study the binding and dual release of BMP-2 and 
VEGF, respectively. To monitor BMP-2 binding and release, 0.5%  125 I 
BMP-2 of the total BMP-2 was used as a tracer when regular VEGF 
without radiolabel tracer was bound on the 2 nd  layer mineral. In 
another set of experiments, 1.0%  125 I VEGF of the total VEGF was used 
as a tracer to study VEGF binding and release on the 2 nd  layer while 
un-labeled BMP-2 was incorporated on the 1 st  layer mineral. Specifi cally, 
5.0 mg mineral coated HA MPs bound with two growth factors (1.0% 
 125 I BMP-2/VEGF or BMP-2/0.5%  125 I VEGF) were incubated in 1.0 mL 
TBS at 37 °C and in an incubator. At each predetermined time point, 
the amount of growth factor released was measured by counting 
the radioactivity in the release medium using a Gamma Counter as 
described previously. In addition, the loss of BMP-2 during the formation 
of the 2 nd  layer of coating was tracked by measuring the radioactivity of 
mSBF collected during coating formation. 

  Modulating BMP-2/VEGF Release from Multilayered Mineral Coating 
by Varying the Coating Thickness : The thickness of the 2 nd  layer mineral 
coating was varied by changing the incubation time in mSBF during 
the creation of this layer. After the binding of BMP-2 on the 1 st  mineral 
layer, the BMP-2-bound MCMs were incubated in 4.2 m M  mSBF for 
additional 0 (no second layer), 0.5, and 5 days to form the 2 nd  layers of 
mineral coating with different thicknesses. The morphology of coating 
with different thicknesses were observed using LEO 1530 fi eld emission 
scanning microscopy (FESEM, Zeiss, Germany) after being sputter-
coated with gold. Then, a series of binding and release studies were 
performed as described previously. 

  Statistical Analysis : All quantitative results are expressed as means ± 
standard deviations. Statistical differences were analyzed using analysis 
of variance (ANOVA), and  p  < 0.05 was considered signifi cant.  

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

adaptable growth factor delivery system. Growth factors could 
be released with controllable kinetics based on the intrinsic 
properties of the mineral coating layers. Controlled release fea-
tures that were achieved by varying coating properties included: 
i) elimination of burst release, ii) control over the release 
kinetics of single growth factors, and iii) independently tun-
able control over release of two growth factors from the same 
delivery system. This injectable microparticle-based delivery 
platform has potential for use in numerous applications in the 
fi eld of tissue engineering and regenerative medicine.   

 5.     Experimental Section 
  Mineral Coated Microparticles (MCMs) Preparation in mSBF : 

Hydroxyapatite microparticles (HA MPs) were obtained from Plasma 
Biotal LTD (Derbyshire, UK). The particle size of the HA MPs was 
between 3–5 µm in diameter. To form the mineral coating on HA MPs, 
the particles were incubated in modifi ed simulated body fl uid (mSBF) at 
37 °C with 4.2, 25 or 100 m M  HCO 3  −  for 7 days with continuous rotation. 
The mSBFs were prepared by adding the following reagents into 
deionized water in the order shown: 141 m M  NaCl, 4.0 m M  KCl, 0.5 m M  
MgSO 4 , 1.0 m M  MgCl 2 , 4.2, 25, or 100 m M  NaHCO 3 , 20.0 m M  HEPES, 
5.0 m M  CaCl 2 , and 2.0 m M  KH 2 PO 4  (all detailed mSBF formulations 
are shown in Table S-1, Supporting Information). The pH of mSBFs 
was then adjusted to 6.80. In particular, each 100 mg HA MP particles 
was incubated in 50 mL mSBF in a conical tube to form the mineral 
coatings. The mSBFs were refreshed daily throughout the entire coating 
process in order to maintain consistent ion concentrations for mineral 
coating growth. After 7 days of incubation, the MCMs were rinsed with 
deionized water and lyophilized (Figure  1 ). 

 Fluoride-doped MCMs were prepared by modifying the mSBF with 
sodium fl uoride. Three different mSBF formulations were used to tailor 
the intrinsic properties of the coatings: 4.2 m M  NaHCO 3  mSBF, 100 m M  
NaHCO 3  m-SBF, and 4.2 m M  NaHCO 3  mSBF without magnesium. 
For each formulation, 500 µL NaF (100 m M ) were added into 50 mL 
mSBF to obtain 1 m M  NaF in the fi nal solution. The fl uoride-containing 
mSBFs were then used to form the fl uoride-doped MCMs by incubating 
the particles in various mSBFs for 7 days with daily mSBF refresh. The 
fl uoride-free MCMs were collected and lyophilized after washing with 
deionized water. 

  MCMs Characterization : The morphology and composition of the 
MCMs were examined by scanning electron microscopy (SEM), Fourier 
transform infrared (FTIR) spectroscopy, and X-ray diffraction (XRD). 
The surface morphology of the MCMs was observed by LEO 1530 fi eld 
emission scanning microscopy (FESEM, Zeiss, Germany) after sputter-
coating with gold. FTIR was employed to analyze the composition of the 
mineral coating on MCMs using an Equinox 55 spectrometer (Bruker 
AXS, Germany). The FTIR spectra of the samples were recorded from 
400 to 2000 cm −1  in transmission mode using potassium bromide 
pellets. The phase composition of the mineral coating was identifi ed by 
XRD with a Hi-Star X-ray diffractometer with CuKα radiation. 

 The stability of the MCMs was evaluated by monitoring the amount of 
calcium released into Tris buffered saline (TBS, pH 7.40). Briefl y, 5.0 mg 
of the MCMs was incubated in 1.0 mL TBS in a 1.5 mL Eppendorf tube 
at 37 °C. The releasing buffer was collected from the tube at various 
predetermined time points and 1.0 mL fresh TBS was refi lled into the 
tube. The calcium amount released from the particles was quantifi ed by 
an Arsenazo III based assay. Briefl y, 5 µL of sample was mixed with 195 µL 
of 0.4 m M  Arsenazo III in 20 m M  Tris buffer (pH 7.40). The amount of 
calcium was then detected by measuring absorbance at 615 nm using a 
Molecular Device microplate reader, and the concentration was calculated 
by a set of standards with predetermined calcium concentrations. 

  Binding and Release of BMP-2 from MCMs : Radiolabeled BMP-2 ( 125 I 
labeled BMP-2, Perkin Elmer, Waltham, MA) was used in this study 
to determine the binding and subsequent release of BMP-2 from the 
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