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Abstract

Implant osteoinduction and subsequent osteogenic activity are critical events that need 

improvement for regenerative healing of large craniofacial bone defects. Here we describe the 

augmentation of the mineral content of a class of mineralized collagen scaffolds under 

development for craniomaxillofacial bone regeneration via the inclusion of zinc ions to promote 

osteogenesis in vitro. Zinc is an essential trace element in skeletal tissue and bone, with soluble 

zinc being shown to promote osteogenic differentiation of porcine adipose derived stem cells. We 

report the development of a new class of zinc functionalized scaffolds fabricated by adding zinc 

sulfate to a mineralized collagen-glycosaminoglycan precursor suspension that was then freeze 

dried to form a porous biomaterial. We report analysis of zinc functionalized scaffolds via imaging 

(scanning electron microscopy), mechanical testing (compression), and compositional (x-ray 

diffraction, inductively coupled plasma mass spectrometry) analyses. Notably, zinc-functionalized 

scaffolds display morphological changes to the mineral phase and altered elastic modulus without 

substantially altering the composition of the brushite phase or removing the micro-scale pore 

morphology of the scaffold. These scaffolds also display zinc release kinetics on the order of days 

to weeks and promote successful growth and pro-osteogenic capacity of porcine adipose derived 

stem cells cultured within these zinc scaffolds. Taken together, we believe that zinc functionalized 

scaffolds provide a unique platform to explore strategies to improve in vivo osteogenesis in 

craniomaxillofacial bone injuries models.
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1. Introduction

Craniomaxillofacial bone injuries arise from a diverse set of congenital defects as well as 

oncologic or traumatic injuries. Trauma-related craniomaxillofacial injuries, both those 

experienced by civilians [1–3] as well as high-energy impact injuries experienced by 

Warfighters [4, 5], present particular clinical challenges. Trauma-related craniomaxillofacial 

bone injuries are often large and complex in size and geometry, and cannot be repaired with 

external fixtures alone[6]. Most often clinical treatment utilizes autografts, bone taken from 

a secondary site in the patient with the defect, or allografts, bone taken from a human donor 

[7–9]. Autografts are limited by the size of the defect area as well as concerns associated 

with secondary site morbidity. Bone allografts raise concerns about disease transmission, 

rejection, and lot-to-lot variability that may impact graft integration and healing [10]. Thus, 

there is a clinical need for alternative solutions to address critically sized craniomaxillofacial 

defects.

Strategies to improve regenerative healing of such bone defects often seek to employ a 

biomaterial template. The collagen and calcium phosphate mineral nano-crystallites 

associated with the bone extracellular matrix have inspired a wide range of collagen-mineral 

composite biomaterials [11–13]. Our laboratory has recently developed a mineralized 

collagen-glycosaminoglycan scaffold that promotes osteogenesis and mineral deposition in 
vitro without the addition of exogenous factor (e.g. BMP2) [14, 15]. Here, calcium salts 

added to a suspension of collagen and glycosaminoglycans in phosphorous acid lead to 

precipitation of a brushite form of calcium phosphate into the collagen network that is 

subsequently lyophilized to form a porous foam. A portion of the calcium and phosphate 

ions incorporated into the mineralized scaffolds are released during culture and are believed 

to accelerate osteogenesis[16]. Craniofacial bones rely on intramembranous ossification 

processes, and the mineralized collagen scaffold has been previously shown to promote 

osteogenesis in vitro and also to enhance regenerative healing of craniofacial bone injuries 

(rabbit calvarial; sub-critical sized porcine mandible) [17–19]. However, as with most tissue 

engineering biomaterials, the need to enhance osteogenic capacity increases with the size 

and complexity of craniomaxillofacial trauma. These challenges are heightened given the 

increasing technical and regulatory challenges associated with the delivery of growth factors 

to enhance bone healing (e.g., BMP2) [12].

Zinc is an essential trace element found primarily in skeletal tissue and bone [20, 21]. Zinc 

is an important mediator of bone development and growth. Hojyo et al. found that mice with 

a knockout for Zrt-and Irt-like protein 14 (ZIP14) - a zinc transporter - had shorter long 

bones and exhibited dwarfism compared to wildtype mice[22]. Similarly, zinc deficiency in 

humans is related to stunted bone development and dwarfism[23]. In vitro studies have 

shown that zinc ions improve stem cell osteogenesis and increase mineral deposition in 
vitro[24, 25]. Recent work by Bertels et al. identified a critical dose range (0.04 – 0.08 mM) 

of zinc sulfate that when added to osteogenic media enhanced adipose derived stem cell 

mineral nodule formation in two-dimensional culture [26]. Importantly, the response was 

biphasic, with zinc sulfate concentrations above 0.08 mM detrimental to cell growth.
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In this manuscript we describe the incorporation of zinc into the mineralized collagen 

scaffold via addition of zinc sulfate into the mineralized collagen suspension prior to 

lyophilization. We report dose-dependent influences of zinc incorporation on scaffold 

mechanical and structural properties, composition and organization of scaffold mineral 

phase, rate of zinc release, and resultant changes in in vitro activity of adipose derived stem 

cells.

2. Materials and Methods

2.1. Scaffold Fabrication

Mineralized collagen-glycosaminoglycan (Mineralized) and mineralized collagen-

glycosaminoglycan-zinc scaffolds (Zinc) were fabricated via lyophilization from 

mineralized collagen and mineralized collagen zinc precursor suspensions. The mineralized 

collagen suspension was created as previously described by homogenizing type I collagen 

(1.9 weight per volume, Sigma Aldrich, St. Louis, Missouri USA), chondroitin-6-sulfate 

(0.84 weight per volume, Sigma Aldrich), and calcium salts (calcium hydroxide and calcium 

nitrate, Sigma Aldrich) in mineral buffer solution (0.1456M phosphoric acid/0.037M 

calcium hydroxide) [16, 27]. The mineralized collagen zinc suspension was prepared in the 

same manner, with zinc sulfate (Sigma Aldrich) added simultaneously with the calcium 

salts. Three mineralized collagen zinc scaffold variants were created, inspired by data from a 

previous study from our group[16] that quantified the release rates of calcium and phosphate 

ions from mineralized collagen scaffolds. We created three zinc scaffold variants estimated 

to generate soluble zinc ion concentrations within the scaffold below and above the 0.08mM 

zinc ion concentration found by Bertels et al.[26] to enhance adipose derived stem cell 

activity in two-dimensional culture. The final zinc scaffold variants contained 0.5 mg/mL 

(1X Zinc), 2.5 mg/mL (5X Zinc), or 5 mg/mL (10X Zinc) of added zinc sulfate. Precursor 

suspensions were stored at 4°C and degassed prior to lyophilization.

Scaffolds were subsequently fabricated via lyophilization using a Genesis freeze-dryer 

(VirTis, Gardener, New York USA) [28]. Briefly, 100uL of precursor suspension was 

pipetted into each well of a custom 144-well polysulfone mold (6mm diameter, 7mm tall 

wells). Scaffolds were then fabricated by freezing the suspension via cooling from 20°C to 

−10°C at a constant rate of 1°C/min followed by a temperature hold at −10°C for 2 hours. 

The frozen suspension was then sublimated at 0°C and 0.2 Torr, resulting in a porous 

scaffold network. After fabrication, all scaffolds used for cell culture were sterilized via 

ethylene oxide treatment for 12 hours utilizing an AN74i Anprolene gas sterilizer (Andersen 

Sterilizers Inc., Haw River, North Carolina USA) in sterilization pouches [16, 29, 30]. All 

subsequent handling steps leading to studies of cell activity were performed in a sterile 

manner.

2.2. Scanning Electron Microscopy and Pore Size Quantification

Dry scaffolds specimens were cut into semi-cylinders and placed on carbon tape, sputter 

coated with gold/palladium, and imaged using a Philips XL30 ESEM-FEG (FEI Company) 

at 5kV with a secondary electron detector. Alternatively, critical point drying (CPD) was 

performed using a Samdri-PVT-3D (Tousimis, Rockville, Maryland USA) to prepare 
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hydrated and cell-seeded scaffolds prior to SEM imaging [31]. Briefly, scaffolds were placed 

in formalin for 24 hours and then the aqueous media in hydrated scaffolds was sequentially 

replaced with ethanol and then liquid CO2. The specimens were then held above 6.895 kPa 

and 31°C to remove the CO2 as a gas with minimal structural deformation.

Quantification of scaffold pore size was performed using a previously described stereology 

method [32, 33]. Briefly, cylindrical scaffold specimens were embedded in 

glycomethacrylate (Polysciences Inc., Warrington, Pennsylvania USA) then sectioned (10 

μm slices) in both transverse and longitudinal planes. Sections were stained with aniline blue 

(Thermo Fisher Scientific Inc, Waltham, Massachusetts USA) then imaged using a 

NanoZoomer Digital Pathology System (Hamamatsu, Japan). A linear intercept macro was 

then employed to calculate pore size and pore aspect ratio from histology specimens [34, 

35].

2.3. X-Ray Diffraction & Unit Cell Analysis

Scaffolds were prepared for x-ray diffraction (XRD) compositional analysis by freeze-

drying the mineralized collagen or mineralized collagen zinc precursor suspensions directly 

in XRD sample holders. Pure zinc sulfate was used as a positive control. Powder XRD data 

were collected on a Rigaku MiniFlex 600 diffractometer (SN BD63000258–03). 

Measurements employed Ni-filtered Cu Ka (λ = 1.54178Å) radiation from a copper sealed 

tube with 40kV voltage and 15mA current in the Bragg-Brentano geometry. Diffraction 

patterns were measured over the range of 3–100° 2θ by step scanning at a rate of 1s/0.02°. 

Scaffolds were prepared for unit cell analysis using the same method described above, but 

with a silicon standard added to each precursor suspension prior to freeze-drying. The 

silicon standard provided a calibrant to correct the patterns for sample displacement effects. 

All patterns were corrected and analyzed for comparison of unit cell parameters between 

scaffold variants, with unit cell refinements performed using TOPAS (Version 4.2. Bruker 

AXS, Inc., Madison, Wisconsin, USA).

2.4. Quantification of Zn, Ca, and P in freeze-dried scaffolds

Freeze-dried scaffold specimens (samples between 0.5 and 14 milligrams) were analyzed via 

inductively coupled plasma mass spectrometry (ICP-MS) and inductively coupled plasma 

optical emission spectrometry (ICP-OES). ICP-MS was used to detect zinc in our scaffolds, 

while ICP-OES was used to detect calcium and phosphorus. Dry samples were transferred to 

a digestion tube, then digested with concentrated nitric acid (67–70%) followed by 

automated sequential microwave digestion in a CEM Mars 6 microwave digester (CEM 

Microwave Technology Ltd., North Carolina, USA). The final product was a clear aqueous 

digest which was diluted to a volume of 25mL using DI water. This solution was then 

introduced to inductively coupled plasma-mass spectrometer (NexION™ 350D ICP-MS, 

PerkinElmer, USA) for the elemental analysis in a standard mode. Digestion and ICP-MS/

ICP-OES analysis parameters are in Supplemental Tables 1–3.

2.5. Zinc Ion Release

The release of zinc ions from mineralized zinc (vs. mineralized) scaffolds was monitored for 

up to 28 days in culture. Hydrated scaffolds (6mm diameter, 3mm height) were placed in 1 
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milliliter phosphate buffered saline (PBS) + 1% bovine serum albumin at 37°C for up to 28 

days. Aliquots were collected every day for the first 7 days of release followed by every 3 

days until day 28, with media replaced after each aliquot collection. Zinc ion release was 

quantified using ICP-MS. A volume of 0.5mL of the sample was transferred to a digestion 

tube. Sample degradation and zinc analysis were performed as described above.

2.6. Scaffold Mechanical Properties

Stress-strain curves of the non-hydrated scaffolds were generated using an Instron 5943 

mechanical tester (Instron, Norwood, MA) using a 100 N load cell under dry conditions. 

Samples were compressed at a rate of 2 mm/min with the Young’s Modulus determined 

from the stress-strain curves using conventional analysis methods for low-density open-cell 

foam structures such as the collagen scaffolds [36–40].

2.7. Porcine Derived Adipose Stem Cell Culture

Primary porcine derived adipose stems cells (pASCs) were used for all in vitro cell 

experiments and were a gift from Dr. Matthew Wheeler (University of Illinois). pASCs were 

chosen as they have been shown to have robust and well defined osteogenic capabilities [41]; 

pASCs were also used to identify a dose range of zinc ions to be added into cell culture 

media (0.04 – 0.08 mM) to enhance osteogenesis. Further, we have previously used a 

porcine mandibular defect model to evaluate the regenerative capacity of our mineralized 

collagen scaffolds [18, 26, 41]. Cells were expanded in T175 flasks (Fisher Scientific, 

Hampton, New Hampshire USA) until passage 6 and cultured in complete mesenchymal 

stem cell growth media (Low glucose DMEM + L-glutamine, 10% fetal bovine serum, 1% 

antibiotic-antimycotic) at 37°C and 5% CO2 until confluent. Once confluent, pASCs were 

seeded (100,000 cells/scaffold for 7-day experiment, 80,000 cells/scaffold for 56-day 

experiment) onto mineralized and zinc-functionalized scaffolds using a static seeding 

method used in our laboratory previously [14, 31, 42]. Cell seeded scaffolds were cultured in 

mesenchymal stem cell growth media at 37°C and 5% CO2 for up to 56 days (cell activity), 

with media changed every 3 days.

2.8. Cell Metabolic Activity & Cell Number

The metabolic activity and total cell number in scaffold specimens was measured using 

alamarBlue and Hoechst assays, respectively, via fluorescent spectrophotometer (Tecan 

Infinite F200 Pro, Mannedorf, Switzerland). Cell seeded scaffolds were incubated in a 10% 

alamarBlue solution (Invitrogen, Carlsbad, California USA) for 90 minutes at 37°C under 

moderate shaking. The active ingredient in the alamarBlue reagent, resazurin, is reduced to a 

compound that is highly fluorescent when added to metabolically active cells[16, 43]. The 

relative cell metabolic activity was determined from a standard curve generated with known 

pASC concentrations and reported as a fraction of initial seeding cell count and normalized 

by the initial seeding density (i.e. experimental value of 1 indicate the metabolic activity of 

the number of cells originally seeded onto the scaffold). The total number of pASCs within a 

scaffold specimen was quantified via a Hoechst assay. Briefly, cell-seeded scaffolds were 

rinsed in PBS to remove dead, unattached cells[33] then digested in papain (4.8 mg/mL, 

Sigma Aldrich) at 60°C for 18–24 hours. Lysates were then incubated with Hoechst 33258 

dye (Invitrogen) to fluorescently label double-stranded DNA that could be quantified via a 
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fluorescent spectrophotometer, then translated into cell count through a standard curve of 

known pASC numbers.

2.9. RNA Isolation and Gene Expression Characterization

RNA was isolated from scaffolds using 1% beta-mercaptoethanol lysis solution and the 

RNeasy Plant Mini Kit (Qiagen, Venlo, Netherlands), then was reverse transcribed using a 

QuantiTect Reverse Transcription Kit (Qiagen) and a BioRad S1000 thermal cycler (BioRad, 

Hercules, California USA). Real-time PCR reactions were carried out in duplicate, using 10 

ng of cDNA and either QuantiTect SYBR Green (BioRad) or Taqman (ThermoFisher, 

Waltham, Massachusetts USA) primers. Primers were chosen because they’re validated for 

both selectivity and efficiency during PCR; however, the difficulty in finding validated 

primers for all targets in porcine cells with one system led to the use of both SYBR Green 

and Taqman systems. A Quantitect SYBR green PCR kit (Qiagen) or Taqman PCR kit 

(ThermoFisher) – depending on primer type – along with an Applied Biosystems 7900HT 

Fast Real-Time PCR System was used to perform the real-time PCR. Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was used as a housekeeping gene, with both Taqman 

and SYBR green primers for GAPDH used to compare between primer types. Gene 

expression profiles were obtained for Collagen 1 (Col1A), osteocalcin (OCN), bone 

morphogenic protein 2 (BMP2), transcription factor Sp7 (Osterix), runt-related transcription 

factor 2 (RunX2), zinc transporter 7 (ZnT7), Zrt- and Irt-like protein 1 (ZIP1), and ZIP13 

(Table 1). Taqman primers (ThermoFisher) were used for Col1A, OCN, BMP2, Osterix, and 

ZnT7 while SYBR green primers (BioRad) were used for RunX2, ZIP1, and ZIP13.

2.10. Micro Computed Tomography

The mineral content of mineralized collagen vs. mineralized collagen zinc scaffolds was 

assessed via micro-computed tomography (micro-CT). Cell-seeded and unseeded control 

scaffolds were examined after 28 and 56 days in culture and compared to an unseeded 

control scaffold (day 0). All samples were fixed in 10% formalin (Polysciences, Warrington, 

Pennsylvania USA), with scans performed using a MicroXCT-400 (Zeiss, Oberkochen, 

Germany). Scans consisted of 721 images performed at 40 kV and 8 watts. Total particle 

count and particle size (area) were obtained using the “analyze particles” function in ImageJ. 

Image stacks were imported into ImageJ, converted to 16-bit binary images, and converted 

into black and white images using the Shanbhag automatic thresholding method [44, 45]. 

Within the analyze particles settings, we set the particle size as “0-Infinity” (pixels2; ~364 

pixel is 6mm) and circularity as “0.00–1.00.” This allows the counting of particles at any 

size and any circularity (i.e. shapes other than spheres will be counted).

2.11. Statistics

All statistical analyses were done in Origin Pro. All experiments were performed with at 

least n=6 samples per group, except for gene expression analysis which was performed with 

n=5 samples per group. Normality and equal variance were determined using Shapiro-Wilk 

and Brown-Forsythe, respectively. One-way ANOVA was used for normal data with equal 

variance followed by Tukey-HSD post-hoc analysis. A t-test with Welch correction was used 

for normal data without equal variance. Finally, Kruskal-Wallace with post-hoc analysis was 
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used for non-normal data. Significance reported for p < 0.05. All error bars reported are +/− 

standard error unless otherwise noted.

3. Results

3.1. Addition of zinc sulfate alters the morphology of the mineral phase

Scanning electron microscopy (SEM) analysis revealed that all scaffolds (Mineralized; 1X 

Zinc, 5X Zinc; 10X Zinc) displayed an open pore network (Fig. 1A). Stereology analysis 

revealed a minimal influence of zinc incorporation on scaffold pore size (Table 2), with the 

10X Zinc scaffolds having significantly reduced pore size than the other scaffold variants. 

We subsequently examined the effect of zinc incorporation on the morphology of the 

resultant mineral content. The fabrication conditions for the mineralized collagen suspension 

result in the formation of a brushite mineral phase within the scaffold[14], under higher 

magnification the mineralized collagen scaffold control in this experiment exhibits the 

conventional plate-like mineral architecture of brushite mineral (Fig. 1B). However, 

incorporation of zinc ions leads to the formation of elongated, needle-like mineral 

precipitates, with crystal elongation increasing with increasing concentrations of zinc sulfate 

added to the precursor suspension (Fig. 1B).

3.2. Addition of zinc sulfate does not alter composition of the mineral phase

Due to the observed differences in the micron-scale morphology of the mineral deposits in 

the zinc functionalized scaffolds vs. the conventional mineralized collagen scaffold, we 

performed in depth compositional analysis of all scaffold variants. Despite the 

morphological differences, X-ray diffraction (XRD) indicates brushite is present in all 

scaffold variants (Fig. 2A). The XRD pattern associated with the zinc functionalized 

scaffolds is different from the pattern observed for pure zinc sulfate, and there are peaks 

present in the zinc sulfate spectra that are not present in the zinc functionalized scaffolds 

(Fig. 2B; red arrows). Further, unit cell analysis of brushite crystals within the scaffolds 

revealed the brushite lattice parameters (a, b, and c) as well as the beta angle of brushite 

(β=116.4°) do not deviate with increasing amounts of zinc sulfate (Fig. 2C).

3.3. Zinc-functionalized scaffolds can be tuned to alter mechanical properties and the 
release of zinc ions

We subsequently quantified the efficiency of zinc incorporation, the effect of zinc inclusion 

on scaffold mechanical properties, and release kinetics of zinc ions from the scaffold. 

Inductively coupled plasma mass spectrometry (ICP-MS) indicated that ~50% of zinc added 

to the mineralized collagen suspension was present in the freeze-dried scaffold (Fig. 2D).

Furthermore, the amount of calcium (Ca) and phosphorus (P) precipitated into the 

mineralized scaffold was not altered by the inclusion of zinc ions (Fig. 2E). Unconfined 

compression tests revealed that inclusion of zinc ions impacted scaffold elastic modulus, 

with 5X Zinc and 10X Zinc scaffolds showing significantly higher elastic modulus than the 

traditional mineralized and 1X Zinc scaffolds (Fig. 2F). The zinc ions incorporated into the 

scaffold mineral phase are released form the scaffold over extended culture, and this was 

previously observed for the calcium and phosphate components of the mineral phase [14]. 
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ICP-MS analysis revealed steady release of zinc ions through 28 days in culture (37°C) into 

a model culture media (PBS + 1% BSA). This release was dependent on the dose of zinc 

incorporated into the scaffold (Fig. 3), with significant differences between all groups 

beginning at Day 4.

3.4. Zinc sulfate addition does not negatively impact cell activity at early time points

We subsequently examined the attachment and activity of porcine adipose derived stem cells 

(pASCs) within the zinc functionalized scaffold variants. We observed cell attachment and 

spreading on all scaffold variants after 7 days in culture (Fig. 4A, white arrowheads). We 

compared the number of attached pASCs and the metabolic activity of the cell seeded 

constructs over 7 days between groups to confirm that inclusion of zinc ions was not 

detrimental to stem cell activity. While there were some significant differences in cell 

number and metabolic activity between groups (notably increased metabolic activity for 5X 

and 10X Zinc scaffolds at Day 4), there was no significant differences in metabolic activity 

or cell number between groups by Day 7 (Fig. 4B). We decided to remove the 1X Zinc 

variant from subsequent long-term in vitro experiments because the metabolic activity 

observed for this group did not differ from the mineralized scaffold at any timepoint, the cell 

number for this group was lower than the mineralized scaffold at all timepoints, and there 

was no difference in elastic modulus when this group was compared to the mineralized 

scaffold.

3.4. Zinc functionalized scaffolds support long term pASC activity in vitro as well as 
signatures of osteogenic differentiation in the absence of osteogenic supplements

We subsequently performed an additional 8-week in vitro experiment, with cell-seeded 

scaffolds maintained in growth (not osteogenic) media. All scaffolds supported pASC 

proliferation and metabolic health. The 5X Zinc variant had the highest metabolic activity by 

Day 56 compared to the mineralized and 10X Zinc groups (Fig. 5A.) The 5X Zinc variant 

had the greatest pASC expansion, and this was especially noticeable at Days 14, 28, and 56 

(Fig. 5B). Curiously, we observed a significant decrease in cell number after Day 7 in the 

10X Zinc variant (Fig. 5B). This effect was not seen in the short term cell activity screen 

(Fig. 4); further, cell number and activity in the 10X Zinc variant rebounded by Day 56, and 

while not as strong as the 5x Zinc variant were consistent with results observed with our 

conventional mineralized collagen scaffold. Analysis of gene expression profiles displayed 

that all scaffold variants supported osteogenic activity of the seeded pASCs, despite the lack 

of osteogenic supplements (Fig. 6). Notably, zinc functionalized scaffolds supported 

increased levels of COL1A2 (5X Zinc: Day 4), BMP2 (10X Zinc: Day 1) and RUNX2 (5X 

Zinc: Day 7). pASCs in zinc functionalized scaffolds also exhibited trends towards increased 

expression of the osteoblast-specific transcription factor OSTERIX (OSX; 5X Zinc: Days 4, 

7; 10X Zinc: Days 1, 4, 7), the bone protein osteocalcin (BGLAP: 5X Zinc: Day 4; 10X 

Zinc: Days 1, 4, 7), and BMP2 (5X Zinc: Days 1, 4; 10X Zinc: Day 4).

Interestingly, zinc functionalized scaffolds did not have increased expression of zinc 

transporters ZNT7, ZIP1, and ZIP13 compared to the mineralized scaffolds, except ZNT7 

expression at Day 1 (Fig. 6). Additionally, there is an interesting trend in which ZNT7 

expression increases until Day 7 in all scaffold variants and then decreases to Day 56 while 
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ZIP13 expression decreases until Day 7 in all scaffold variants and then increases to Day 56 

(Supp. Fig. 3).

3.5. Zinc-functionalized scaffolds support new mineral deposition

In addition to metabolic health and gene expression, we evaluated the extent of mineral 

formation in pASC seeded scaffolds over the course of the 56-day experiment via micro-CT, 

comparing new mineral formation to unseeded scaffold controls (Fig. 7). Zinc functionalized 

scaffold controls had more and larger particles than mineralized scaffold controls at Day 0 

(Fig. 7A–C). All scaffold had more particles at Day 28 and 56 compared to Day 0 controls 

(except for 5X Day 28 unseeded group) (Fig. 7B). We observed significantly more particles 

present in all scaffolds at Day 56 vs. to 28, showing mineral deposition over time. Further, 

5X and 10X Zinc scaffolds contained more particles than unseeded controls by Day 56, 

though the particles were significantly smaller compared to Day 0 controls (Fig. 7C).

4. Discussion

This works builds on our recent development of a calcium phosphate mineralized collagen 

scaffold for craniomaxillofacial bone repair applications. Previously we have reported 

control over mineral weight percent (0–80%) and phase, pore size (100–250 μm), 

mechanical stiffness, and rate at which a portion of the calcium phosphate mineral is eluted 

from the scaffold as an osteogenic signal [16, 28, 34, 46, 47]. We identified a 40 weight 

percent calcium phosphate variant that promotes human mesenchymal stem cell osteogenic 

differentiation in the absence of osteogenic supplements (BMP-2, osteogenic media)[16, 46, 

48, 49] as well as a mechanism for scaffold induced osteogenesis: activation of canonical 

(Smad1/5/8)[15] and Smad-independent (ERK½, Akt, p38 MAPK) BMP receptor signaling 

pathways[50]. While the mineralized collagen scaffold shows promising results in both in 

vitro osteogenesis and in vivo regeneration studies [18, 29], the inclusion of bioactive factors 

to further enhance osteogenesis and matrix production may be particularly important for 

large, geometrically complex craniomaxillofacial defects. Recently, studies begun to explore 

the use of mineral additives such as strontium and zinc to aid regenerative therapies for 

musculoskeletal injuries [51]. And with recent efforts examining the use of soluble zinc to 

aid osteogenesis [24, 52–54], including enhancing osteogenic differentiation of pASCs [26], 

here we examine incorporation of zinc ions into the mineral phase of a mineralized collagen 

scaffold and its influence on scaffold biophysical properties and pASC activity.

With the addition of zinc sulfate into the mineralized scaffolds, we did not observe a loss of 

the open pore network of the scaffold (Figure 1A) nor significant differences in mean pore 

size in the 1X and 5X Zinc variants (Table 2). However, we observed significant differences 

in the mineral microstructure, with zinc functionalized scaffolds presenting elongated crystal 

structures while traditional mineralized scaffolds present flattened, plate-like crystal 

structures commonly associated with brushite (Figure 1B). These findings inspire ongoing 

efforts to interrogate changes in cell interactions with elongated brushite crystallites, 

particularly their role in macrophage-scaffold interactions where material anisotropy may be 

instructive [55]. Interestingly, X-ray diffraction (XRD) analysis confirmed the mineral 

content of all scaffold variants was brushite (Figure 2A–B). Unit cell analysis confirmed 
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these findings, showing no change in brushite unit cell characteristics with increasing 

concentrations of zinc in the scaffold (Figure 2C). Zinc modified scaffolds (5X and 10X 

Zinc groups) also exhibited increased overall modulus (Fig. 2F); while moduli is reported 

for non-hydrated scaffolds we have previously shown that while hydration alters the absolute 

values of reported moduli it does not alter relative differences in moduli between groups [34, 

40]. These data suggest the inclusion of sufficient zinc content (5x, 10x) can significantly 

enhance scaffold elastic modulus, although the role of the added zinc is unclear (overall 

increase in scaffold relative density, targeted effect of shifts in calcium phosphate 

morphology) and subject to future characterization. While the modulus of all scaffold 

variants is suboptimal for in vivo use, separate efforts by our group have described 

incorporating polymeric support frames into the scaffold to form a collagen-polymer 

composite with increased compressive strength [30, 56] and radial conformal fitting 

capabilities [56] that contribute to improved craniofacial bone repair in a Yorkshire pig 

mandible defect model [18].

We quantified the weight percent of zinc, calcium, and phosphorous incorporated into the 

freeze-dried scaffold structure (Figure 2D–E). We observed no relationship between 

incorporated zinc and the brushite weight percent (Figure 2E), suggesting the inclusion of 

zinc ions does not alter the amount of brushite precipitated into the scaffolds. Thus, observed 

differences in XRD peak intensity are likely a result of preferred crystal orientation, not 

brushite concentration. Plate-like and needle-like crystals result in different peak intensities 

due to differences in shape and direction of crystal growth. Together, these data suggest that 

the addition of zinc into our precursor suspension alters how brushite is precipitating within 

the scaffold. These morphological changes we see are consistent with work done by Madsen 

and Pederson, in which they tested the effects of metal ions on brushite formation [57, 58]. 

In this work they found that zinc was the only ion that caused aggregates of brushite to form, 

and these aggregates look like the brushite crystal morphology present in our freeze-dried 

zinc functionalized scaffolds. From our ICP-MS analysis, we observed approximately fifty 

percent of zinc added to the collagen suspension (across all zinc concentrations) was 

incorporated into the final scaffold (Figure 2D). Furthermore, we observed zinc release 

curves from the mineralized collagen scaffolds that showed dose-dependence (Fig. 3). 

Interestingly, we created zinc scaffold variants with the goal of matching ion concentrations 

near the 0.04mM concentration recently identified by Bertels et al. to promote pASC 

osteogenesis in 2D tissue culture [26]. We calculated the amount of zinc included into our 

scaffolds based on previous efforts that characterize release of calcium and phosphate ions 

from the mineralized collagen scaffold [14]. While the observed zinc release in this 

experiment was below this target, we still observed an influence of zinc on enhanced pASC 

metabolic activity and cell number, setting the stage for future efforts to identify an optimal 

range for zinc inclusion into three-dimensional scaffolds for bone repair.

A critical finding from this work is that zinc incorporation does not have negative 

consequences on porcine adipose derived stem cell (pASC) activity. pASCs have previously 

been shown to have strong osteoinductive properties [41, 59–62], making them intriguing 

targets for craniofacial bone repair applications. pASCs were able to attach and spread on all 

scaffold variants (Figure 4A), with no significant differences with the addition of zinc ions. 

Further, we observed no short-term negative consequences in terms of altered metabolic 
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activity or cell number due to the incorporation of zinc at any tested dose (Figure 4B). Due 

to the low concentration of released zinc, largely similar short-term cell response compared 

to the mineralized scaffold, and the less robust elongated zinc deposits in the 1X zinc variant 

(Supp. Fig. 1), we chose to remove this group from the extended (8-week) cell activity 

experiment. Over an elongated culture period, the 5X zinc scaffold group displayed the 

highest metabolic activity and cell number by Day 56. The 5X Zinc variants had the highest 

metabolic activity as early as Day 7, with significant differences occurring by Day 28 

(Figure 5). High cell number and increased metabolic activity are important for clinical 

applications, because we want to see cell proliferation quickly in our defect area in addition 

to high cell metabolic activity.

Analysis of gene expression profiles across the extended culture reveal a signature that zinc 

modified scaffolds support pASC osteogenesis. Genes important for bone remodeling and 

osteogenesis (i.e. all genes besides the zinc transporters – ZNT7, ZIP1, and ZIP13) were 

upregulated at all timepoints, indicating addition of zinc does not negatively impacting the 

cells ability to deposit collagen matrix and early osteoblast differentiation [63–65]. 

Examining zinc transporters, we observed that as ZNT7 expression decreased after Day 7, 

ZIP13 expression increased, consistent with previous finding that ZnTs decrease cytosolic 

zinc concentrations while ZIPs increase cytosolic zinc concentrations [66]. Higher 

expression of ZIP1 and ZIP13 in mineralized and 5X zinc scaffolds suggests cells are trying 

to transport zinc into their cytosol. With the highest ZnT7 in 10X and 5X Zinc variants, cells 

are likely decreasing their cytosolic zinc content at earlier timepoints as compared to cells 

within conventional mineralized scaffolds. These finding motivate future study of a larger 

selection of zinc transporters via both PCR and Western Blot which would provide more 

information about the zinc transport in our zinc functionalized scaffolds. While recent work 

using pASCs shows the osteogenic benefit of zinc ions motivated this study to examine the 

behavior of pASCs on zinc-functionalized scaffolds, the relative difficulty of finding porcine 

PCR primers and Western Blot antibodies motivate future studies to examine the role of 

zinc-functionalized scaffolds using human mesenchymal stromal cells and examining the 

broad array of identified zinc transporters in human cells [66].

Analysis of mineral deposits via microcomputed tomography (micro-CT) showed increasing 

number of mineral deposits for all scaffold variants from Day 28 to 56. However, the sizes of 

particles shifted substantially, with increasing particle size for mineralized scaffolds but 

decreasing in zinc functionalized scaffolds (relative to Day 0 control). Drivers for changes in 

particle size include cell mediated deposition, but also shifts due to the release of mineral 

from the scaffold. Previous studies of mineralized scaffolds showed significant release of Ca 

and P ions from the scaffolds [16]. Given the particle size of zinc functionalized scaffolds 

was significantly different (needle-like deposits vs. conventional Brushite plates), the 

challenge of comparing overall changes in mineral particle size as a function of time (and 

mineral release) is difficult. While this work focuses on the development and thorough 

characterization of a novel class of zinc functionalized mineralized collagen scaffolds for 

craniofacial bone regeneration application, an important future stage of this work is in depth 

in vivo analysis of bone repair. We have recently completed initial evaluation of bone 

regeneration induced via the mineralized collagen scaffolds using both a rabbit calvarial 

defect [29] and a porcine mandible defect model [18]. In these models the mineralized 
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collagen scaffold promoted robust bone regeneration, and we identified a role for the 

scaffold in both promoting osteogenic differentiation and bone synthesis but also acting to 

inhibit osteoclast activity [67, 68]. The enhanced cell activity identified within zinc-

functionalized mineralized collagen scaffolds suggest that an essential next step for these 

materials is functional assessment via these robust preclinical models.

5. Conclusions

A key challenge for biomaterials designed for craniomaxillofacial bone regeneration is the 

capacity to promote robust osteoinduction, biomaterial driven cell recruitment, osteogenic 

differentiation, and new matrix biosynthesis. Here we report modification of a mineralized 

collagen scaffold under development for craniomaxillofacial bone repair via inclusion of 

zinc ions as an osteogenic supplement. We report the effects of zinc supplementation on 

scaffold biophysical and compositional properties as well as the results of in vitro cell 

activity experiments. Notably, zinc-functionalized scaffolds retain the brushite phase of 

calcium phosphate mineral, but displayed altered mineral microstructure, increased elastic 

moduli, and with in vitro testing reveal the zinc-functionalized scaffold can enhanced the 

overall number and cell metabolic activity of pASCs seeded within the scaffold. Together, 

these findings suggest the zinc-functionalized mineralized collagen scaffold provides a 

biomaterial platform to investigate in vitro the role of zinc inclusion on osteogenic signal 

transduction via calcium and zinc ion transporters as well as to examine new bone formation 

via a series of established porcine and rabbit craniofacial bone defect models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Scanning electron microscopy images of mineralized zinc scaffolds show alterations in 
crystal microstructure.
(A) There are no noticeable changes to pore structure across scaffold variants, but there are 

noticeable changes in crystal aggregates in 5X and 10X zinc groups. (B) The addition of 

zinc alters the brushite microstructure within the scaffolds from plate-like crystals to 

elongated needle-like structures. (Top: Magnifications – 800X, 800X, 600X, 600X; Bottom: 

Magnifications – 12,000X, 12,000X, 10,000X, 8000X; 16-bit Tiff images; Cropped to size 

only).
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Figure 2: Compositional and mechanical analysis of zinc-functionalized mineralized scaffolds.
(A) X-ray diffraction patterns of mineralized and zinc functionalized scaffolds indicate 

brushite is present in all variants. (B) X-ray diffraction data from 2A overlaid with zinc 

sulfate diffraction pattern. Additional peaks present in zinc sulfate are not present in zinc 

functionalized scaffolds (red arrows). (C) Unit cell analysis of brushite within each scaffold 

variant, indicating that increasing zinc concentration does not change unit cell parameters. 

(D) ICP-MS analysis of zinc in scaffolds. Approximately 50% of zinc added into slurry is in 

scaffolds. All groups are significantly different from one another at p<0.05. (E) ICP-OES 

analysis of calcium and phosphorus content in each scaffold demonstrate no relationship 

between inclusion of zinc and the overall amount of calcium phosphate in the scaffold. (F) 
Elastic modulus for each scaffold variant. *: significance reported at p<0.05.
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Figure 3: Zinc ion release.
Zinc ion release quantified using ICP-MS for all scaffold variants: Mineralized, 1X Zinc, 5X 

Zinc, and 10X Zinc. *: significance between all groups reported at p<0.05.
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Figure 4: Short-term cell morphology and activity on mineralized and zinc scaffolds.
(A) SEM images of seeded scaffolds show healthy cell spreading and morphology on all 

variants. (B) Metabolic activity for porcine derived adipose stem cells on all scaffold 

variants. No significant differences were seen between mineralized and 1X zinc groups for 

any timepoint. (C) Cell number showed no significance impact of zinc concentration on cell 

number by Day 7. (Magnifications – 2,400X, 2,500X, 2,400X, 2,500X; 16-bit Tiff images; 

Cropped to size only). *: significance at p<0.05 for indicated groups. ^: significance at 

p<0.05 compared to mineralized scaffold. **: significant at p<0.05 compared to all groups. 

N.S.: no significance between indicated groups.
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Figure 5: Long-term cell metabolic activity and cell number.
(A) Metabolic activity of pASCs showing the 5X Zinc variant has the highest cell activity at 

Day 56. (B) Overall number of attached pASCs showing the 5X Zinc variant has the highest 

cell number starting at Day 7, becoming significant by Day 28. *: significance at p<0.05 for 

indicated groups. ^: significance at p<0.05 compared to mineralized scaffold. **: significant 

at p<0.05 compared to all groups. N.S.: no significance between indicated groups.
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Figure 6: Gene expression profiles for osteogenesis and zinc transporters.
All scaffolds display upregulated genes related to osteogenesis – COL1A2, BGLAP, BMP2, 

OSX, and RUNX2 – and more dynamic expression profiles of zinc transporters – ZNT7, 

ZIP1, and ZIP13. See Supplemental Figure 2 for long-term gene expression profiles. ^: 

significance at p<0.05 for indicated groups. ^: significance at p<0.05 compared to 

mineralized scaffold. **: significant at p<0.05 compared to all groups. N.S.: no significance 

between indicated groups. #: significant (p<0.05) decrease compared to Day 1 within 

experimental group. §: significant (p<0.05) increase compared to Day 1 within experimental 

group.
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Figure 7: Micro-CT analysis of mineral remodeling over longe-term in vitro culture.
(A) Representative images (middle slice from each image stack) of mineralized, 1X Zinc, 

and 5X Zinc scaffolds along with unseeded controls. Diameter of scaffold is 6mm (dotted 

white line). (B) Average particle count representative of mineral nodules apparent within the 

scaffold. Overall, number of nodules increased from Day 28 to Day 56. All groups had 

significantly more particles than the unseeded Day 0 controls by Day 56. (C) Average 

particle size within scaffolds, showing mineralized scaffolds display larger particles 

compared to their unseeded Day 0 controls while the zinc functionalized scaffolds display 

significantly smaller particles compared to their unseeded Day 0 controls. *: significance at 

p<0.05 for indicated groups. N.S.: no significance between indicated groups.
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Table 1.

PCR primers and supplier.

Transcript Supplier Assay ID

GAPDH ThermoFisher (Taqman) Ss03375629_u1

COL1A2 ThermoFisher (Taqman) Ss03375009_u1

BGLAP ThermoFisher (Taqman) Ss03373655_s1

BMP2 ThermoFisher (Taqman) Ss03373798_g1

OSTERIX ThermoFisher (Taqman) Ss03373734_s1

ZNT7 ThermoFisher (Taqman) Ss03819782_s1

GAPDH Bio-Rad (SYBR Green) qSscCED0017494

RUNX2 Bio-Rad (SYBR Green) qSscCID0002170

ZIP1 Bio-Rad (SYBR Green) qSscCED0016809

ZIP13 Bio-Rad (SYBR Green) qSscCED0011005
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Table 2.

Pore size of zinc functionalized scaffold normalized to mineralized scaffolds (62 ± 1 μm).

Mineralized 1x Zinc 5x Zinc 10x Zinc

Normalized Pore Diameter 1.00 0.93 0.98 0.85

Standard Error (±) 0.02 0.01 0.02 0.01
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