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Abstract

Infection and delayed wound healing are two major serious complications related to traumatic
injuries and cause a significant burden to patients and society. Most currently available drug
delivery materials typically carry a single drug, lack protection from drug loading, and face
challenges in on-demand and precisely controlled drug release. Here, we report a flower
(Cirsium arvense)-inspired capsule-integrated multilayer nanofilm (FICIF), synthesized using
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a layer-by-layer self-assembly, for programmed multiple drug co-delivery for trauma (open
fracture as an example) treatments. Our approach allows polypeptide multilayer nanofilms

and innovative impregnated capsules to assemble hierarchical reservoirs with specific drug
binding sites, shielding protection capability, and ordered packing structures. The resultant
FICIF nanocarriers enable sustained and on-demand co-delivery of a unique immune-tuning
cytokine (interleukin 12p70) and a growth factor (bone morphogenetic protein 2) in clinical use,
resulting in extraordinary anti-infection (3 orders of magnitude improved bacterial killing) and
bone regeneration (5 times enhanced bone healing) in treating infected rat femur fractures. The
successful synthesis of these biomimetic high-performance delivery nanocoatings is expected
to serve as a source of inspiration for the development of biomaterials for various clinical
applications.

Graphical Abstract:
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INTRODUCTION

Wars and traffic accidents cause a significant number of open fractures. For instance, in

the recent U.S. military operations, approximately 13% of the more than 52,000 combat
injuries were open fractures.1 There are also more than 150,000 open fractures every year
among U.S. civilians. Overall, open fractures worldwide are increasingly common because
of increased survivability of high energy trauma. Medical and surgical advancements,
including early antibiotic treatment, tetanus prophylaxis, surgical debridement, and fracture
stabilization, have been utilized by orthopedic surgeons to treat open fractures.5-8
Biomedical implants have been widely used, but unfortunately, they usually suffer from
complications, two major ones are implant-associated infection and delayed wound
healing,®-1% which typically result in poor clinical outcome, surgical failure, and even high-
risk disability or death. For instance, military personnel with open fracture infections had a
significantly higher rate of amputation (34.3 vs 15.4%, p = 0.02) and significantly longer
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time to union (11.0 vs8.6 mons, p = 0.001) compared to those injuries without infections.1
As a result, infected military patients showed long hospital stays (average 17.9 days) and
high inpatient resource utilization ($65.2 million) along with $170 million in possible
disability benefits,12 and combat-related infections have led to more deaths than direct
battle-related injuries.13 Therefore, a variety of implants (e.g., for open fracture fixation)
may demand to be anti-infective and/or tissue regenerative, exceeding the traditionally
passive biocompatibility requirements.14-16 Drug delivery materials, which can be coated
on various implants in forms of films, particles, capsules, and so forth.17-19 may achieve
direct action with low toxicity to reduce postoperative complications, providing an effective
strategy to functionalize implants without compromising their original structural and
physicochemical properties.

The layer-by-layer (LbL) self-assembly technique enables highly versatile and facile
synthesis of drug delivery vehicles from various materials (polymers, lipids, particles,
proteins, etc.), and the resultant materials combine nanoscale thickness control, component
diversity, and remarkable assembly flexibility (such as diverse substrates with different
topographies).29-24 Most of the currently developed vehicles for drug delivery, prepared
using the LbL self-assembly technique, are mainly found in the forms of multilayer
nanofilms or capsules.2>-2° The multilayer films typically deliver only one single drug

with a low drug loading capacity. The capsules usually suffer from limited structural
controllability and unsustained burst release despite their improved loading capability. Some
multidrug delivery vehicles have been developed using drugs as components during the

LbL self-assembly; however, the self-assembly process inevitably results in the loss of drug
bioactivity and heavy storage burden. The challenge, therefore, is to develop an innovative
strategy to create delivery vehicles with the capability of multiple drug loading (in particular
protein drugs with stability concerns) and achieve on-demand and sustained release in
programmed sequences to reduce infectious diseases and to promote wound healing.

Inspired by flowers’ self-adaptive pollen spread we see in nature, here, we demonstrate

a facile approach based on LbL self-assembly to create flower-inspired capsule-integrated
nanofilms (FICIF) from biocompatible polypeptides for pH-responsive delivery of protein
drugs. The premise of our design is that the capsule impregnation, capsule deposition,

and shielded nanofilm constitution are tailored to assemble capsule-embedded multilayer
structures with specific drug binding sites and highly ordered packing structures. The
resultant FICIF nanocoatings enabled the co-delivery of various protein drugs with diverse
properties (e.g., positive/negative charge, molecular type, and molecular weight), achieving
a unique I1L-12 loading of 178 pg cm~2 with a desired 10-day release and BMP-2 loading
of 286 ng cm~2 with a long 42-day release. Both Jn vitro cell culture and /in vivorat
fracture studies indicated that drug-loaded FICIF coatings resulted in remarkably high bone
regeneration and osseointegration and significantly reduced bacterial infection.

RESULTS AND DISCUSSION

Flower-Inspired Design.

Natural flowers like Cirsium arvense display a typical structure with a set of stacking
petals wrapping the flower buds, which show a biological function to gradually make sepals
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and then petals open to expose the buds because of temperature and humidity stimuli,
which facilitates buds to transfer pollen (Figure 1a). Inspired by this unique biostructure,
we created capsule-integrated, pH-responsive biomimetic implant nanocoatings via a LbL
self-assembly for multiple drug delivery to reduce the two commonly seen complications
(i.e., infection and delayed healing) of open fractures (Figure 1b). The FICIF nanocoatings
were developed based on two criteria: (i) the coatings can load multiple protein drugs

with different properties any time before their clinical uses and (ii) the coatings must
achieve an on-demand and programmed release of the required drugs (such as anti-infection
and bone healing drugs) upon pathological stimulation. The first requirement was met by
using impregnated capsules, where biocompatible polypeptides (i.e., poly-L-lysine or PL,
poly-L-glutamic acid, or PG) rather than conventional polymers were chosen to prepare

the porous capsule reservoirs (functioning as biomimetic flower buds), in which abundant
polyelectrolytes were impregnated to create specific loading sites for diverse drugs based on
the electrostatic interaction. A unique structural design originating from flower biostructures
was used to satisfy the other criterion—controllable pH-triggered drug release. Diverse
impregnated capsules, as main drug reservoirs, were interspersed in multilayer films in an
elaborate self-assembly density and sequence and with the desirable layers of nanofilms.
These multilayer nanofilms function as flower sepals and petals to separate or cover the
flower bud-like capsules, in order to achieve sustained and on-demand drug release to meet
the pathological responsive requirement. Different from conventional antibiotic approaches,
here, an immune-tuning antimicrobial agent (i.e., interleukin 12p70 or 1L-12)30-32 and a
clinically approved growth factor (i.e., recombinant human bone morphogenetic protein 2
or BMP-2)33:34 were used to reduce infection and to promote healing of trauma injuries;
rapid healing reduces the chances of bacterial colonization thereby contributing to infection
reduction.

Scanning electron microscopy (SEM) imaging indicated that, after impregnation in a PL

or PG solution (3 mg mL™1), the mesoporous pores on CaCO3 template particles (particle
size of ~6 xm) were almost filled up and disappeared (Figure 1c(i,ii)). This change resulted
in obviously decreased surface roughness and generated abundant drug loading sites within
subsequently formed capsules. The impregnation was mainly driven by the capillary effect
of the CaCO3 particle pore channels.3® Figure 1c(iii,iv) presents the typical structures of

the (PL/PG)19 multilayer nanofilms, which possess a shield effect like flower sepals/petals,
and the deposition of (PL/PG)g-shelled microcapsules that are utilized to simulate the
function of flower buds. With increasing deposition of PL/PG bilayers, the film thickness
increased linearly regardless of substrates, showing a bilayer thickness of ~5 nm (Supporting
Information Figure 1). In order to reduce the use of antibiotics and related antibiotic
resistance, a unique immune-tuning cytokine IL-12 was studied for anti-infection. I1L-12
with subunits of IL-12p35 and 1L-12p40 signals through the IL-12 receptors (IL-12R51

and IL-12R32) and stimulates the activities of nonreceptors like Janus kinase 2 (JAK2) and
tyrosine kinase 2 (TYK2),36:37 resulting in the phosphorylation of the signal transducer and
activator of transcription (Figure 1d left). IL-12 drives naive CD4 T cells to differentiate
into TH1 cells and secrete interferon (IFN- ), activating macrophages to destroy bacteria.
BMP-2 was used to stimulate bone regeneration (Figure 1d right), which may also provide a
seal to reduce bacterial attachment therefore reducing infections.
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As shown in Figure 1e, in contrast to the multilayer films (25 pg cm™2 IL-12 and 38.5

ng cm~2 BMP-2), the unique capsule-integration design (flower bud-inspired structures as
drug reservoirs) allowed our FICIF nanocoatings to achieve more than 7 times the loading
capability for both IL-12 and BMP-2 (192 pg cm™2 IL-12 and 315 ng cm™2 BMP-2).
Besides the high drug loadings, the FICIF nanocarriers were prepared in water-based
solutions and can load multiple protein drugs after coating preparation. These features
overcome the limitations of existing cutting-edge drug-delivering implant coatings, which
typically load bioactive drug molecules during coating preparation, and thus inevitably
suffer from the loss of their drug bioactivities during the coating process. Moreover,

the embedded multilayer nanofilms (flower petal-inspired protection/shielding structures)
covered on capsules reduced the typical “burst release” of conventional delivery systems,
and a sustained, programmed, and controllable release (>5 days and >25 days for 80% IL-12
and BMP-2 release, respectively, compared to <1 day and <8 days for the controls, Figure
1f) was achieved. These FICIF nanocoatings loaded with 1L-12 and BMP-2 significantly
improved anti-infection and bone healing (Figure 1g), for example, 5-times enhanced bone
strength and 3 orders of magnitude higher Staphylococcus aureus killing efficacy were
achieved, demonstrating promising clinical applications.

Structural Control and Drug Loading/Release.

Unlike most current drug-loading approaches that use drugs as self-assembly components of
coatings, we mainly utilized two routines—pre-impregnation capacity and capsule density—
to tailor the loading capacity of the FICIF nanocarriers. As illustrated in Figure 2a left, with
increasing incubation time (10-60 min) in a 3 mg mL~1 PL solution, the amount of the PL
polypeptide immobilized in each CaCOg3 particle increased from 1.8 to 5.5 ng and achieved
saturation within 40 min. Their confocal laser scanning microscopy or CLSM images at 10
and 40 min (Figure 2a right) directly confirmed the loading of PLF!TC in CaCOj particles.
The manipulation of capsule density by the control of incubation time in a 5 x 10° particle
mL~1 suspension also enabled the control of drug loading capability. Obviously, the particle
assembly was quite fast at the beginning, and then slowed and achieved 11,850 particle cm=2
within 90 min followed by a plateau (Figure 2b). In dramatic contrast to the conventional
drug delivery systems that typically require complex and tedious structural designs while
having limited applications, these two innovative tailoring strategies were facile and easily
tunable based on specific application requirements. Besides the assembly structures, two
properties (i.e., surface wettability and surface roughness) of FICIF nanocoatings, which
play a vital role in biomedical applications, were also evaluated. Compared to nanocoatings
having PL as the outermost layer [such as L5.5 and L10.5, water contact angles (WCAS):
40-50°], using PG as the outermost coating resulted in significantly decreased WCA to
20-30° because of the numerous carboxy! side groups in the PG polypeptide (Figure

2¢). The coating’s surface roughness increased from 0.03 to 0.12 4m with increasing
deposition of both nanofilms and capsules (Figure 2c). The resultant properties of improved
hydrophilicity and surface roughness of the FICIF nanocoatings provide a desirable platform
to facilitate cell adhesion and proliferation,38:39 revealing their promising tissue engineering
applications.
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After structural tailoring of the FICIF nanocoatings, we further evaluated their delivery
capability for two heat/solvent-sensitive protein drugs of IL-12 and BMP-2 (Figure 2d,e).
The previous antibiotic delivery systems, such as poly(methyl methacrylate)-based bone
cements, usually lack the delivery capability for these drugs because of the inevitable
handling of drugs with heat or denaturing solvents.49-42 In contrast, our FICIF nanocarriers
can deliver IL-12 and BMP-2 molecules with high loading capability and sustained

release, yet without sacrificing their bioactivity. An increase in incubation time in the

drug solutions led to rapid loading of both IL-12 and BMP-2 (Figure 2d,e). For instance,
using Lg/C®/Lg/CC/L1¢/CL/L4q FICIF coatings, the loading of 1L-12 achieved 192 pg cm™=2
within 10 min (Figure 2d), and the BMP-2 reached 315 ng cm~2 within 15 min (Figure

2e). Such a rapid and high-efficiency loading manner for multiple drugs with very different
properties confirmed the remarkable clinical application potential (e.g., desired drugs loaded
just minutes before a surgical implantation). By mimicking the temperature/humidity stimuli
of flower blooming, the drug delivery of the FICIF nanocoatings was manipulated by
external pH. The drug loading was because of the large pH gap above/below the drug
isoelectric point based on the electrostatic attraction caused by net charges, while the

release was triggered by the disappearance of “binding sites” under a pH similar to their
isoelectric point.19 Because of the shield effect of the multilayer nanofilms covered on
capsules, the conventional “burst release” of the drug delivery systems was significantly
reduced. More outside PL/PG layers resulted in a slower drug release. This result was
confirmed obviously by comparing the release profiles of the Ls/CS/Ls/CC/L10/Cl/L5 and
Ls/CG/Ls/CC/L1o/CL/L 1o FICIF nanocoatings, as demonstrated in Figure 2f. The control Lg3
nanofilms and FICIF coatings with like charges as drugs (such as Ls/CC/Ls/CC/L10/C®/L1g
coatings for IL-12 or Ls/CL/Ls/CL/L1/CL/L1g coatings for BMP-2) indicated an obvious
burst release within 1 day along with quite low release amounts (<20 pg cm=2 IL-12 and <35
ng cm~2 BMP-2) (Figure 2f). In contrast, the Ls/C®/Ls/C®/L1¢/CL/L1q FICIF nanocoatings
achieved programmed loadings of 178 pg cm=2 IL-12 within 10 days and 286 ng cm=2
BMP-2 within 42 days, indicating more than 8 times higher release amount and duration,
satisfying the pathological requirements (maximally suppressed anti-infection of 10 days
and physiological bone healing of 6 weeks). In addition, the SEM observation (Figure 2g)
of FICIF nanocoatings after implantation indicated that effective mechanical protection to
the embedded capsules was provided by the multilayer nanofilms, achieving >90% of the
coatings that remained after /n vivo rat femur implantation. The observed high stability was
consistent with other polypeptide nanocoatings, which have also shown high stability both /in
vitroand in vivo.18.19.37

In Vitro Anti-infection and Bone Regeneration.

Besides outstanding loading/release performance, the capability of our FICIF nanocarriers
was further confirmed by their remarkable bone-regeneration properties after BMP-2
loading (Figure 3a—c). The PL/PG polypeptide FICIF coatings offered a pH-triggered,
biocompatible, and fully degradable vehicle for drug BMP-2 delivery to achieve local
therapeutic delivery at the fractures and to overcome the side effects from drug burst-release
and use of nonbiodegradable carriers. As shown in Figure 3a, in contrast to the control
(blank quartz slides), more OB cells were found to attach after 2 h culturing on the FICIF
nanocoatings (unloaded Ls/C®/L1o/CL/L4q or F-1 and Lg/CC/Ls/CC/L4o/CH/Lyq or F-11), and
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BMP-2 loading (loaded F-I and F-I1) resulted in further significantly enhanced cell adhesion
at 4, 8, and 12 h culturing. At 8 h, the cell density on the BMP-2-loaded F-1l FICIF coatings
was 1.2 x 10% cell cm™2, confirming the improved cell adhesion because of the unique
hierarchical coating structure (Figure 2c) and the therapeutic effect of BMP-2 (Figure 2g).
As expected, their cell proliferation within 1-5 days was also significantly improved (Figure
3b). After 5 day culture, the BMP-2-loaded F-11 FICIF coatings achieved a high cell density
(i.e., 3.5 x 104 cell cm~2), which was more than 5 times higher than the control group

(0.68 x 104 cell cm~2). Strikingly, the controlled and sustained BMP-2 release led to a
significantly higher cell viability (>90% on both loaded F-1 and F-11 nanocoatings), reducing
conventional drug toxicity because of high-concentration burst release, compared to those
cultured on the control quartz slides (<75%), as shown in Figure 3c. Compared to OB cells,
the human mesenchymal stem cell (hMSC) showed similar attachment and proliferation
results on different culture substrates (Figure 3d), further demonstrating the benefit of

the BMP-2 delivery using the FICIF nanocoatings. By examining the gene expression of
secreted phosphoprotein 1 (SPPI) and Runt-related transcription factor 2 (RUNX2), we also
cultured hMSCs on different surfaces and assessed their osteogenic potential; the obtained
result is shown in Figure 3e. Benefiting from the BMP-2 delivery, significantly improved
expression of SPP1 and RUNXZ levels was achieved because of the 5 times improved

SPP1 expression and 3 times RUNXZ2 expression on BMP-2-loaded F-I1 culture surfaces in
contrast to the control samples.

Antibiotic resistance has increasingly become one of the leading issues in modern medicine
and poses a huge burden to the public health.#3-46 For instance, in the U.S. alone, infections
from antibiotic resistant bacteria increased 359% between 1997 and 2006,” causing more
than 2 million infections, 23,000 deaths,*8 as well as $55-70 billion economic cost each
year in recent years.*9:°0 Unfortunately, open fractures, especially those commonly seen
among military injuries, have shown substantial contamination with antibiotic resistant
bacteria;>1-33 for instance, alarmingly high percentages (e.g., 32.2%) of open tibia

fracture associated infections from combat injuries have been reported to be associated
with antibiotic resistant bacteria.1l Here, besides the improved bone regeneration, we
innovatively applied IL-12 to tune the host immune responses against bacteria, which was
distinctly different from antibiotic treatments.>* Instead of direct administration of IL-12,
we delivered IL-12 using FICIF nanocarriers to reduce infection in a programmed and
on-demand strategy, realizing both sustained long-term effects and minimal side effects. To
assess the anti-infection capability of the IL-12-loaded FICIF nanocoatings, we performed
in vitro co-culture of immune cells (like macrophages) and clinical S. aureus. The results
(Figure 3f) indicated that the release of exogenous IL-12 enabled significantly improved
capability in killing S. aureus at 24 and 36 h post-treatment. After 36 h, the surviving

S. aureus density on 1L-12-loaded F-11 FICIF nanocoatings was 3 x 103 CFU mL™1, less
than 5% of the control group (6.1 x 10* CFU mL™1). We attributed the enhancement of
macrophages’ bacterial killing to the improved secretion level of interferon (IFN-) from
macrophages because of IL-12 stimuli (Figure 1d).
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In Vivo Anti-infection and Bone Healing.

Infection and delayed wound healing are the two commonly seen clinical challenges in
treating open fractures and other traumatic injuries and have placed a significant burden on
public health. Currently, many studies on antibiotic delivery have been conducted; however,
the /n vivo study, in particular, co-delivery of IL-12 and BMP-2 has never been reported.
Here, we evaluated the /n vivo bone regeneration and anti-infection using BMP-2-and IL-12-
loaded FICIF implant nanocoatings in an open fracture rat model (Supporting Information
Methods). X-ray and micro-CT analyses showed that the BMP-2-loaded coating groups

had a significantly larger callus width and area compared to those of the control group

at postoperative weeks 2 and 4 (Figure 4a,b and Supporting Information Figure. 2), for
example, 25 mm? area and 17 mm width of the F-11 group compared to 18 mm? area

and 13.5 mm width of the controls. Micro-CT results (Figure 4b) revealed that, in contrast
to the control group, significantly greater total bone tissue volume (TV) and high-density
bone volume (BV), but lower BV/TV for the F-11 groups were observed at week 4 after
implantation. At week 6, the TV of the F-I and F-11 groups became lower (such as, from 235
at week 4 to 195 mm? at week 6 for F-11 group). The BV of BMP-2-loaded FICIF groups
remained higher than the control group, while their BV/TV were similar at week 6 after
implantation. The bone mineral density of TV of the F-I1 groups continuously increased
from 450 to 700 HA cm~3, which was lower at week 2 but higher at week 6 compared to
that of the control groups. These results confirmed that, during fracture healing, in contrast
to the control group, because of BMP-2 release, more calluses were formed in the early
stage (before week 3), and the mineralization was enhanced in the later stage (after week 4)
for the BMP-2-loaded F-1 and F-I1 groups (Figure 4c). The biomechanical measure, using

a three-point bending test, further confirmed the better bone regeneration of BMP-2-loaded
FICIF groups (Figure 4d and Supporting Information Figure 3). At week 6, the F-11 group
showed a maximum compressive load of 275 N, a bending stiffness of 540 N mm™, and a
bending energy of 270 N mm, suggesting at least 4 times improvement compared to those of
the control group.

The rat fracture was left open for 1 h, mimicking a trauma patient’s so-called golden

hour, and infection was established by inoculating 100 4L of bacterial inoculum of

102 CFU/0.1 mL S. aureus clinical isolate at the fracture site (Supporting Information
Figure 4). After 6 weeks, bone, muscle, and serum samples were harvested for infection
evaluation (Supporting Information Methods), the obtained results are shown in Figure 4e
and Supporting Information Figure 5. Significantly, the FICIF nanocoatings loaded with
IL-12 resulted in a substantial reduction in infection levels; the F-11 groups had significantly
reduced S. aureus from the bone (2.8 logig CFU g71), muscle (2.6 log;g CFU g~1), and
serum (1.5 logso CFU mL™1). These data further demonstrated that the FICIF implant
nanocoatings successfully delivered antimicrobial 1L-12 to reduce bacteria. Our findings
show that such implant coatings with the capability of multiple drug delivery can serve as a
biocidal layer, indicating intriguing potential applications in bioprotective materials against
increasing threats of emerging infectious diseases.
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CONCLUSIONS

In summary, we have demonstrated an innovative route, based on LbL self-assembly,

to develop unique FICIF nanocarriers to co-deliver multiple protein drugs for reducing
infections and stimulating bone regeneration and osseointegration. Tailoring of the capsule
impregnation, capsule deposition, and shielded nanofilm structures allows polypeptides

to assemble capsule-embedded multilayer structures with specific drug binding sites and
packing structures. Postpreparation loading and programmed release were realized for
multiple protein drugs using the developed unique nanocarriers, achieving high and tunable
loadings of IL-12 of 178 pg cm™2 and BMP-2 of 286 ng cm~2 and sustained and on-demand
release profiles (10 days for IL-12 and 6 weeks for BMP-2). This successful delivery of
unique immune-tuning antimicrobial IL-12 and clinically approved growth factor of BMP-2
enabled 5-times enhanced healing bone strength and 3 orders of magnitude higher S. aureus
killing efficacy. Such bio-inspired encapsulation and delivery materials are expected to offer
exciting opportunities for a variety of applications in medicine.

METHODS

Materials.

Poly-L-lysine (PL) hydrobromide (M, 150-300 kDa), poly-L-glutamic acid (PG) sodium
salt (M, 50-100 kDa), sodium chloride, glutaraldehyde, BMP-2, and BMP-2 enzyme-linked
immunosorbent assay (ELISA) kit were purchased from Sigma-Aldrich (St. Louis, MO).
Disodium ethylenediaminetetraacetic acid (EDTA), IL-12, and IL-12 ELISA kit were bought
from Thermo Fisher Scientific (Fair Lawn, NJ). Calcium carbonate (CaCO3) particles were
obtained from PlasmaChem GmbH (Rudower Chaussee, Berlin, Germany). Stainless steel
Kirschner wires (K-wires) were supplied by Smith & Nephew, Inc. (Memphis, TN). Quartz
microscope slides were purchased from Electron Microscopy Sciences (Hatfield, PA).

LbL Self-Assembly of PL/PG Nanofilms and Capsules.

The preparation of PL/PG multilayer nanofilms was carried out using a dipping robot
(Riegler and Kirstein GmbH, Berlin, Germany). To construct multilayer films, the substrates
(e.g., K-wire, quartz slide, silica wafer, etc.) were alternately immersed in PL and PG
solutions (1 mg mL™1), and the rinsing and drying processes were performed between each
dipping. To prepare polypeptide capsules, CaCO5 particles were immersed in 3 mg mL™2

of PL or PG solutions (3 Torr vacuum pressure, 30 min) to impregnate polyelectrolytes

for drug loading, then PL and PG were alternately deposited onto these particles to form
multilayer shells. Subsequently, the shelled particles were cross-linked (incubated in 25%
glutaraldehyde for 5 h) and CaCO3 removed (incubated in 0.1 M EDTA for 1 h, and then
rinsed with phosphate buffered saline) to obtain PL/PG capsules.

Polypeptide multilayer films integrated with capsules were prepared based on the LbL
self-assembly of multilayer nanofilms and microcapsules; the typical procedure includes: (i)
LbL self-assembly of (PL/PG), nanofilms, (ii) deposition of CaCOj3 particles (density of 5
x 108 particles mL~1) impregnated with PG, (iii) repetition of the processes (i,ii,iv) LbL
self-assembly of (PL/PG), nanofilms, (v) deposition of CaCO3 particles (density of 5 x 108
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particles mL~1) impregnated with PL, (vi) LbL self-assembly of (PL/PG). nanofilms, and
(vii) removal of CaCO3 templates. The obtained capsule integrated nanofilms were ((PL/
PG) /capsule”®) /(PL/PG)/capsulePL/(PL/PG),, simplified as (L /CC),/L4/CL/L, in which
L indicates a PL/PG bilayer, C- and C€ represent PL and PG impregnated capsules, a, 4,
and care the number of PL/PG bilayers, and x is the repetition cycles of L /CC structures.

Characterization.

The morphology of CaCOj3 particles, microcapsules, and nanocoatings was characterized
using SEM (S-4700, Hitachi Ltd. Japan), and their surface roughness was studied

by NanoScope atomic force microscopy (PicoSPM 11, Tempe, AZ). The thickness of
nanocoatings was examined using ellipsometry (M-2000, JA Woollam Co., Lincoln, NE),
and WCA (3 /L) was measured using a SL200B contact angle goniometer (Kino Industry
Co., Ltd., MA). The observation of impregnation of fluorescence-labeled polypeptides was
performed using confocal laser scanning microscopy (CLSM, LSM 510, Zeiss, Thornwood,
NY), and their quantitative loading was measured using a hybrid multimode microplate
reader (Synergy H4, Winooski, VT). The loading and release profiles of BMP-2 and 1L-12
were carried out using ELISA Kits, as described in Supporting Information Methods.

In Vitro and In Vivo Study.

The human osteoblast (OB) cell line CRL-11372 (American Type Cell Culture, Manassas,
VA, cell density of 1 x 104 cell cm~2) was cultured in 24-well culture plates, in which

the quartz slides with and without coatings were placed, for cell adhesion and proliferation
studies. Clinical S. aureus (Ruby Memorial Hospital, Morgantown, WYV, log-phase growth)
was cultured with macrophages to evaluate the anti-infection performance of the IL-12-
loaded FICIF nanocoatings. The cell adhesion, proliferation, and viability were measured
after detaching cells from the substrates and counted using a hemocytometer, while the S.
aureus killing data were obtained by diluting medium samples in 24-well culture plates and
then agar plate counting. /n7 vivo studies using Sprague-Dawley rats were approved by the
Institutional Animal Care and Use Committee, and the detailed procedures are presented

in Supporting Information Methods. The data presented are mean * standard deviation.
Statistical significance was determined using Student’s #test, one-way ANOVA followed by
Tukey’s honestly significant difference test. A pvalue < 0.05 was considered statistically
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Pictures showing the flower blooming of C. arvense for pollen spread in nature. (b)

Schematic demonstrating the capsule-integrated PL/PG multilayer nanocoatings capable
of delivering multiple protein drugs for bone regeneration and anti-infection. (c) SEM
images of (i) CaCO3 template particles, (ii) polypeptide-impregnated CaCOg particles,
(iii) (PL/PG)1g multilayer nanofilms, and (iv) microcapsules assembled on PL/PG films.
(d) Schematic showing the functional mechanism for anti-infection using immune-tuning
antimicrobial agent of IL-12 and bone healing based on the osteogenic growth factor of
BMP-2. The comparison of () loading capacity (IL-12 and BMP-2), (f) release period
(release 80% of their total loading), and (g) bone healing and anti-infection performances
(loaded with IL-12 and BMP-2) between the controls (nanofilms) and capsule-integrated
nanocoatings. *p < 0.05 and **p < 0.01 compared to the control.
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Figure2.
(a) Left, the impregnation of polyelectrolyte (e.g., PL). in CaCOg3 particles incubated

in a polypeptide solution (3 mg mL™1) for various times. Right, CLSM images of the
impregnated CaCOg particles (CaCO3PL) after different incubation times. PL was labeled
using FITC. (b) Left, density of CaCO3PL particles on PL/PG nanofilms incubated in a

5 x 10% particle mL~2 suspension for different times. Right, CLSM images of CaCO3PL
particles assembled on the films at different times. (c) WCA and surface roughness of
various nanocoatings. L5, L5.5, L10, L10.5, and L5/C are (PL/PG)s, (PL/PG)s/PL, (PL/
PG)10, (PL/PG)1o/PL, and (PL/PG)s/capsule coatings, respectively. Loading profiles of (d)
IL-12 and (e) BMP-2 of Ls/CC/Ls/CC/L1o/CL/L1o FICIF coatings. L indicates the PL/PG
bilayer, C represents capsules, and C® and CL are capsulePC and capsulePL, respectively. (f)
Cumulative release profiles of 1L-12 and BMP-2 from different PL/PG nanocoatings with
and without capsules. (g) SEM images of the FICIF nanocoatings on the Kirschner wire
(K-wire) after implantation. *p < 0.05 in (a,b,d,e) compared to the shorter incubation times
(unmarked data points). *p < 0.05 in (c) compared to L5 and L10 films. “p< 0.05 in ()
compared to L5 and L5.5 films.
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Figure 3.
(a) Cell density of OB cells within 12 h cultured on the control (quartz slides),

Ls/CS/L1o/CL/L1g (F-1) and Ls/CC/L5/CC/L41¢/CL/L1o (F-11) nanocoatings loaded without
and with BMP-2. (b) OB proliferation, (c) OB viability, and (d) hMSC proliferation on
various culture substrates at 1, 3, and 5 days. (e) Osteogenic potential of hMSCs cultured
on various culture substrates. Glyceraldehyde-3-phosphate-dehydrogenase was used as the
endogenous control. (f) S. aureus survived (cultured with macrophages) at different times on
the control (quartz slides), Ls/CC/Ls/CC/L1o/CH/L1q (F-11) loaded without and with 1L-12.
*p<0.05in (a) compared to the control and unloaded F-I and F-I1. *p < 0.05 in (b)
compared to the control. “p < 0.05 in (b) compared to the corresponding samples cultured at
1 day. *p < 0.05 in (c—€) compared to the control and unloaded F-1 and F-Il. “p < 0.05 in (d)
compared to the corresponding samples cultured at 1 day. “p < 0.05 in (e) compared to the
loaded F-I. *p < 0.05 in (f) compared to the control and unloaded F-II.
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Figure 4.

(a) Quantification of the area (top) and width (bottom) of the fracture callus (1-6 weeks) in a
rat fracture model after implantation using the control (nanofilms), and drug-loaded F-I and
F-11 nanofilm-coated K-wires. (b) Micro-CT measurements of total bone TV, high-density
BV, BV/TV, and TV density of fractured rat femur 2—6 weeks after implantation with

the control and drug-loaded F-1 and F-11 nanocoatings. (c) Representative images of H&E
staining (left) in mid-sagittal section of the fracture callus 2—6 weeks after implantation
(control and F-11 groups) with quantitation (right) of bone fractions. (d) Biomechanical

test of maximum compressive load, bending stiffness, and bending energy of the fractured
rat femurs, and (e) infection of the rats 6 weeks after implantation with the control and
drug-loaded F-1 and F-11 nanocoatings. The bones studied in (d) were from fracture callus
and the muscles in (e) were from surrounding the fracture. *p < 0.05, **p < 0.01 compared
to the control. “p < 0.05 compared to the F-1 group. 77is shown in parentheses for each

group.
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