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Abstract

Biodegradable materials, such as collagen scaffolds, are used extensively in clinical medicine for
tissue regeneration and/or as an implantable drug delivery vehicle. However, available methods to
study biomaterial degradation are typically invasive, destructive, and/or non-volumetric.
Therefore, the objective of this study was to investigate a new method for nondestructive,
longitudinal, and volumetric measurement of collagen scaffold degradation. Gold nanoparticles
(Au NPs) were covalently conjugated to collagen fibrils during scaffold preparation to enable
contrast-enhanced imaging of collagen scaffolds. The X-ray attenuation of as-prepared scaffolds
increased linearly with increased Au NP concentration such that > 60 mM Au NPs provided
sufficient contrast to measure scaffold degradation. Collagen scaffold degradation kinetics were
measured to increase during in vitro enzymatic degradation in media with an increased
concentration of collagenase. The scaffold degradation kinetics measured by micro-CT exhibited
lower variability compared with gravimetric measurement and were validated by measurement of
the release of Au NPs from the same samples by optical spectroscopy. Thus, Au NPs and CT
synergistically enabled nondestructive, longitudinal, and volumetric measurement of collagen

scaffold degradation.
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Introduction

Natural (e.g., collagen) and synthetic (e.g., polylactide-co-glycolide) polymers are used
extensively in clinical medicine as scaffolds for tissue regeneration and/or implantable vehicles
for drug delivery [1-3]. The biomaterial degradation rate is critical and often designed to match
the rate of tissue regeneration and/or control the rate of drug release [4]. However, common
methods for measuring biomaterial degradation in vitro or in vivo, such as gravimetric analysis
[5-9], mechanical testing [5-8], molecular weight characterization by gel permeation
chromatography [7-9], histology [8], and hydroxyproline assay [6,10], are destructive and
invasive. Thus, in vitro measurements require multiple samples at multiple time points incubated
in physiological media that may not recapitulate in vivo behavior, while in vivo measurements
require excision of implants in multiple animals at multiple time points [5,8,9].

Non-invasive, longitudinal, and volumetric measurement of biomaterial degradation in
vivo would be highly advantageous but remains uncommon. Noninvasive assessment of
biomaterial degradation in vivo is possible with fluorescent labels and optical imaging systems
[11-13], but is typically restricted to two-dimensional (2D) imaging and subcutaneous implants
due to limited light transmission through tissue. Contrast-enhanced magnetic resonance imaging
enables noninvasive, volumetric assessment of biomaterial degradation in vivo with high
sensitivity [14-16], but is limited by availability and acquisition time [16]. Various acoustic
imaging methods are also gaining interest [17-19], but have various limitations including 2D
imaging, low spatial resolution, low tissue contrast, and tissue depth [16,19].

X-ray computed tomography (CT) provides high spatiotemporal resolution and deep tissue
imaging, but has been limited to in vifro imaging of biomaterial degradation [20,21] due to low

tissue contrast [16]. Biodegradable polymers and calcium phosphates exhibit similar X-ray
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attenuation as soft tissue and mineralized tissue, respectively. However, contrast-enhanced CT can
be used to overcome this limitation [16], and was recently demonstrated for scaffolds comprising
nanoparticles (NPs) physically entrapped within an agarose or alginate matrix [22]. NPs are
advantageous in providing a greater mass per particle, and thus greater X-ray contrast, compared
with small molecules and chelates, because X-ray contrast is primarily governed by the mass
concentration of the contrast agent [23]. Importantly, gold (Au) NPs have become a widely
investigated X-ray contrast agent in preclinical research, due to exhibiting high X-ray attenuation,
biocompatibility, and facile surface functionalization for bioconjugation [23], which can be
leveraged to covalently link Au NPs to protein-based scaffold biomaterials.

Therefore, the objective of this study was to investigate nondestructive, longitudinal, and
volumetric measurement of collagen scaffold degradation by contrast-enhanced CT using Au NPs.
Au NPs were surface functionalized with mercaptosuccinic acid (MSA) and covalently conjugated
to type I collagen fibrils during scaffold fabrication (Fig. 1). The degradation kinetics of collagen
scaffolds were measured longitudinally by contrast-enhanced micro-CT due to the release of Au
NPs upon enzymatic degradation in vitro. Measurements by micro-CT were compared to

measurements on the same samples by gravimetric analysis and optical spectroscopy.

Results and discussion

Collagen scaffold preparation and characterization

Au NPs were synthesized using the citrate reduction method, surface functionalized with MSA via
Au-thiol bonding, and covalently conjugated to type I collagen fibrils via carboxyl-to-amine
crosslinking  using  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide = (EDC) and n-

hydroxysuccinimide (NHS) (Fig. 1). Collagen scaffolds were subsequently prepared by
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condensing collagen fibrils conjugated with Au NPs, mixing with paraffin microspheres as a
porogen, compression molding, leaching the porogen to create porosity, and crosslinking by
EDC/NHS chemistry. The use of collagen fibrils modified by conjugation with Au NPs required
no alterations to previously established methods for preparing cytocompatible collagen scaffolds
[24,25]. Therefore, similar strategies are readily envisioned for conjugating Au NPs to other
protein- and polysaccharide-based degradable biomaterials, such as albumin, alginate, chitosan,
elastin, fibrin, and silk fibroin [26].

As-prepared collagen scaffolds exhibited a hierarchical structure with a microarchitecture
comprising collagen struts and porosity (Fig. 2a). Scaffold porosity was uniformly distributed,
spherical, and interconnected (Fig. 2a, 3a,b). The total scaffold porosity was measured by micro-
CT to be ~90 and ~80% by volume in wet and dry scaffolds, respectively. Importantly, ~99% of
the pore volume was interconnected. The mean (+ standard deviation) pore diameter was measured
by micro-CT as 280 (70) and 200 (70) um in wet and dry scaffolds, respectively. Differences in
the porosity and mean pore diameter between wet and dry scaffolds were due to scaffold shrinkage
during critical point drying, and were consistent with previous reports [27,28].

The nanostructure of the collagen scaffold matrix comprised collagen fibrils and
conjugated Au NPs (Fig. 2b,c). Au NPs were uniformly distributed throughout the overall scaffold,
as evidenced by uniform X-ray contrast observed qualitatively in micro-CT (Fig. 2a, 3a), and
within the collagen matrix, as evidenced in transmission electron microscopy (TEM) (Fig. 2b,c,
3¢). Some agglomeration of Au NPs was evident but the majority were observed as individual NPs
(Fig. 3d). The mean (£ standard deviation) diameter of individual Au NPs in the collagen matrix
was measured to be 15.7 (1.6) nm. Importantly, Au NPs were spatially associated with collagen

fibrils (Fig. 2b) and not the space in between collagen fibrils. This observation suggests that Au
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NPs were covalently conjugated to collagen fibrils and not merely trapped in between collagen
fibrils during scaffold preparation.

Collagen scaffolds were prepared with varying concentrations of Au NPs to determine a
suitable concentration for contrast-enhanced micro-CT (Fig. 4). The X-ray attenuation of collagen
scaffolds increased linearly with Au NP concentration (p < 0.0001), as expected, and was strongly
correlated (R? = 0.95). Scaffolds containing at least 60 mM Au NPs exhibited significantly greater
X-ray attenuation compared with phosphate buffered saline (PBS) (p < 0.005, #-test vs. 58 HU),
which exhibits X-ray attenuation comparable to that of soft tissue, and reached ~1000 HU with
80 mM Au NPs (Fig. 4). Thus, the X-ray contrast of collagen scaffolds was able to be tuned by
increasing the concentration of Au NPs in the scaffold.

Based on these results, collagen scaffolds were prepared with 80 mM Au NPs for
subsequent enzymatic degradation experiments in order to retain sufficient contrast for detection
and quantification over the entire time course of complete enzymatic degradation. Concentrations
greater than 80 mM Au NPs could be expected to provide even greater X-ray contrast, and could
be necessary for contrast-enhanced imaging of biocomposite scaffolds containing calcium
phosphate fillers or adjacent to bone. However, beam hardening may also become more prominent
with greater than 80 mM Au NPs, resulting in a greater possibility of imaging artifacts and thus

error in measuring the segmented scaffold volume [29].

Collagen scaffold degradation kinetics

Collagen scaffold degradation kinetics were measured longitudinally in media containing 0, 0.3,
and 0.5 mg/ml collagenase by the segmented scaffold volume using contrast-enhanced micro-CT,
the cumulative release of Au NPs into the media using inductively-coupled plasma optical

emission spectroscopy (ICP-OES), and the scaffold mass using gravimetric analysis (Fig. 5).
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Collagen scaffolds exhibited no measurable degradation (Fig. 5a,c), and minimal (~5 %) release
of Au NPs (Fig. 5b), over 9 days in the absence of collagenase. These results confirmed that
collagen fibrils were covalently crosslinked and that Au NPs were covalently conjugated to
collagen fibrils. The scaffold degradation kinetics increased with an increase in collagenase
concentration (Fig. 5, p <0.0001, GLM), as expected. The scaffold degradation kinetics were
modeled using a three-parameter logistic equation (Table 1). Increased collagenase concentration
resulted in a decreased degradation half-life (#59), increased growth rate parameter (a), and
decreased inflection point (b).

The collagen scaffold degradation kinetics measured by micro-CT were compared with
measurements by ICP-OES and gravimetric analysis on the same specimens. Both micro-CT and
ICP-OES measurements exhibited similar variability, which was significantly lower than that for
gravimetric analysis (Fig. 5, Table 1). Overall, differences between measurement methods were
not statistically significant (p = 0.48, GLM). However, the degradation half-life measured by ICP-
OES was 11 and 23% greater than that measured by micro-CT for a collagenase concentration of
0.3 and 0.5 mg/ml, respectively (Table 1) . It is not surprising that the scaffold volume and mass
decreased more rapidly than Au NPs were released from the scaffold considering that the scaffold
and/or scaffold fragments had to be collected by centrifugation at each time prior to imaging.
Therefore, these results verified that enzymatic degradation of collagen scaffolds was
accompanied by the release of Au NPs into the supernatant media. These results also suggest that
micro-CT measurements of the scaffold degradation kinetics were more precise compared with
gravimetric analysis and were validated by ICP-OES.

Micro-CT images were acquired at relatively low spatial resolution (100 pm voxel size) in

order to replicate in vivo imaging, which did not permit segmentation of the scaffold
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microarchitecture (Fig. 5a). Instead, the entire scaffold volume was segmented from surrounding
media, as is common for in vivo imaging, for contrast-enhanced micro-CT measurements of
scaffold degradation in vitro (Fig. 5a). However, even this may not always be practical or feasible
for longitudinal in vivo imaging. Therefore, scaffold degradation was also measured by the mean
X-ray attenuation within a fixed, overall volume of interest (VOI) to further replicate possible in
vivo imaging methods. The mean X-ray attenuation measured by micro-CT within the fixed,
overall VOI decreased linearly and was strongly correlated (R>=0.84) with the cumulative
degradation determined from the segmented scaffold volume in micro-CT (Fig. 6). This result
suggests that measurements of the mean X-ray attenuation within a fixed VOI can serve a suitable
surrogate for the segmented scaffold volume if necessary when imaging in vivo, even when the

selected VOI is larger than the actual scaffold volume.

Limitations and opportunities

Au NPs were a logical choice for the contrast agent in this study, due to exhibiting high X-ray
attenuation, biocompatibility, and facile surface functionalization for bioconjugation [23]. Au NPs
may also be encapsulated with a silica shell loaded with fluorophores to enable bimodal imaging
by fluorescence and CT [30]. Other NP contrast agents with multifunctional capabilities [31-33]
may also be utilized provided the surface chemistry is amenable to molecular functionalization
with appropriate ligands for crosslinking to the biomaterial. Importantly, collagen scaffolds and
extracellular matrix conjugated with Au NPs were previously shown to exhibit cytocompatibility
as good or better than crosslinked collagen scaffolds alone [34,35]. Moreover, Au NPs of
comparable size, surface functionalization, and dose were readily cleared from soft tissues in mice
within 1-2 days after administration and were accumulated primarily in the liver and spleen with

no evidence of cytotoxicity for up to 28 days after administration [36]. Therefore, these studies
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suggest that Au NPs are well-suited for use in vivo but also indicate a need for careful experimental
design to account for any concomitant effect of the NP contrast agent and its clearance on the
behavior under investigation.

The in vitro model of enzymatic collagen scaffold degradation demonstrated the feasibility
of nondestructive, longitudinal, and volumetric measurement of collagen scaffold degradation by
contrast-enhanced CT using conjugated Au NPs, and further suggested potential utility for non-
invasive, in vivo imaging. However, this model was only intended to recapitulate plausible in vivo
behavior for proof-of-concept and was not intended to fully recapitulate in vivo degradation
kinetics and mechanisms. For example, the scaffold degradation rate in this study was highly
accelerated; collagen scaffolds lacking conjugated Au NPs, but otherwise identical to those in this
study, were not yet fully degraded after 12 weeks subcutaneous implantation in mice [25].

Further work is therefore required to demonstrate this new method in an in vivo model of
scaffold degradation, such as subcutaneous ectopic [5,10-13,25,37], intramuscular ectopic
[11,12,38,39] or orthotopic [8,39-41] animal models. Moreover, further work is also required to
determine if conjugated Au NPs can enable contrast-enhanced imaging of the degradation of
biomaterials which also contain X-ray attenuating calcium phosphate fillers or invading calcified
tissue. In this case, emerging multi-energy CT imaging techniques can enable discrimination and
quantification of the calcium phosphate fillers or calcified tissues versus contrast agents even when
spatially coincident [42]. Last, further work is required to determine if the minimal (~5 %) release
of Au NPs (Fig. 5b) observed in the absence of collagenase was due to degradation of collagen
scaffolds that was below the measurement sensitivity of micro-CT or the passive release of non-

conjugated Au NPs.
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In summary, contrast-enhanced CT enabled nondestructive, longitudinal, and volumetric
measurement of the degradation kinetics of a low-attenuating biomaterial (e.g., natural or synthetic
polymer), for the first time to our knowledge, by covalently conjugating Au NPs to the scaffold
biomaterial such that the Au NPs were only released upon enzymatic degradation. Nondestructive
and longitudinal measurements are highly advantageous to reduce the number samples and animals
required to achieve sufficient statistical power. Noninvasive measurements are similarly highly
advantageous to eliminate the need for excision of implanted biomaterials, but require further
validation. Nonetheless, the results of this study suggest that contrast-enhanced micro-CT can
provide a powerful new tool for studying the effects of molecular structure or composition
[11,13,21], crosslinking treatments [6,10,43], cell seeding [37,41], and growth factor delivery [38-
40], among other factors, on biomaterial degradation, as well as the effects of biomaterial
degradation rate and/or drug release on tissue regeneration [7,8,38-41,44], in both in vitro and in
vivo models. Over the last two decades, micro-CT imaging systems have becoming widely
available and micro-CT imaging methods have become well-established [45]. Therefore, the
approach demonstrated in this study provides a simple, widely-available, and useful tool which

may be advantageous for preclinical research investigating tissue regeneration and drug delivery.

Conclusions

Au NPs were covalently conjugated to collagen scaffolds to enable nondestructive, longitudinal,
and volumetric measurement of enzymatic degradation using contrast-enhanced micro-CT. The
X-ray attenuation of as-prepared scaffolds increased linearly with increased Au NP concentration
such that > 60 mM Au NPs provided sufficient contrast to measure scaffold degradation. Collagen

scaffold degradation kinetics were measured to increase during in vitro enzymatic degradation in

Page 10 of 36



Page 11 of 36

198
199
200
201
202

203

204

205

206
207
208
209
210
211
212
213
214

215

216

217

218

Nanoscale

media with an increased concentration of collagenase. The scaffold degradation kinetics measured
by micro-CT exhibited lower variability compared with gravimetric measurement and were
validated by measurement of the release of Au NPs from the same samples by optical spectroscopy.
Thus, Au NPs and CT synergistically enabled nondestructive, longitudinal, and volumetric
measurement of collagen scaffold degradation, which may be advantageous for preclinical

research investigating tissue regeneration and drug delivery

Experimental methods

MSA-Au NP synthesis and characterization

Au NPs were prepared by the citrate reduction method using methods previously described in
detail [46,47]. Briefly, 0.1 g gold (III) chloride trihydrate (HAuCly-3H,O, >99.9%, Sigma-
Aldrich) was added to 500 mL deionized (DI) water and brought to a boil under stirring. Once
boiling, 0.5 g sodium citrate (C¢HsNa3;O7-:2H,0, ACS reagent, Sigma-Aldrich) was added. The
solution was boiled for 20 min, removed from heat, stirred overnight, and readjusted to 500 mL
after reaching ambient temperature. As-prepared Au NPs were surface-functionalized with
mercaptosuccinic acid (MSA, C4HgO4S, 97%, Sigma-Aldrich) by adding 15 mL of 10 mM MSA
in DI water to 500 mL of 0.5 mM Au NPs [25]. MSA-functionalized Au NPs (MSA-Au NPs) were
concentrated to ~50 mM by centrifugation at ~11,000g for 1 h. MSA-Au NPs were previously

reported to exhibited a mean (+standard deviation) particle diameter of 13.2 (0.9) nm [47].

Collagen scaffold fabrication and conjugation

Collagen scaffolds were prepared by compression molding and porogen leaching, adapting

previously established methods [24,25]. Bovine type I collagen (lyophilized fibrous powder,
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Advanced Biomatrix) was added to 25 mL of DI water at a concentration of 4 mg/ml. MSA-Au
NPs were added to the collagen solution in amounts calculated to yield a Au concentration of 0,
20, 40, 60, or 80 mM within the final total scaffold volume, assuming a density of 1.23 g/cm? for
condensed collagen [48] and 0.8 g/cm? for the paraffin porogen, and homogenized (Polytron PT
2100, Kinematica AG) at 19,000 rpm for 10 min. Note that for scaffolds comprising 80 mM Au
NPs, 15.8 mg Au NPs was added for every 100 mg collagen such that the final collagen matrix
contained ~13.6 wt% or ~1.0 vol% Au NPs.

The mixture of collagen fibrils and MSA-Au NPs was collected and concentrated by
centrifugation at ~11,000g for 30 min, and the supernatant was decanted. Paraffin microspheres,
300-425 um in diameter, were prepared using methods previously described in detail [24]. 585 mg
of paraffin microspheres was added to the concentrated collagen slurry and mixed thoroughly. The
resulting slurry containing concentrated collagen fibrils, MSA-Au NPs, and paraffin microspheres
was compression molded at 1 MPa for 3 min to form cylindrical pellets 6 mm in diameter and
~6 mm in height. As-molded pellets were sectioned to 3 mm in height and a biopsy punch was
used to remove cylindrical pellets 3 mm in diameter. These pellets were washed four times with
100% hexane for 12 h per wash and twice with 100% ethanol for 8 h per wash to remove the
paraffin microspheres, resulting in porous scaffolds. Scaffolds were subsequently crosslinked for
12 h under gentle stirring in an 80% solution of ethanol in DI water containing 20 mM 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich) and 8 mM n-hydroxysuccinimide
(NHS, Sigma-Aldrich) [24,49]. The resulting crosslinked scaffolds were rinsed with 100% ethanol
and stored in either 100% ethanol or sterile 1X phosphate buffered saline (PBS), depending on

subsequent use described below, until further use.
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Characterization of as-prepared scaffolds

Micro-CT. The microarchitecture of collagen scaffolds conjugated with 80 mM Au NPs was
characterized by micro-CT (Skyscan 1172, Bruker) in either air or DI water. As-prepared scaffolds
were fixed with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer. Dried scaffolds were
dehydrated in a graded series of ethanol concentrations (50-100%) over 2 days before critical point
drying (EM CPD300, Leica) in 100% ethanol. Micro-CT images were acquired at 34 kVp and
210 pA with no beam filtration, 1200 projections at 1100 ms integration time, and a 2.35 um
isotropic voxel size. Wet scaffolds were stained with 1% osmium tetroxide in distilled water for
60 min before and after treating with 0.5% thiocarbohydrazide in DI water for 30 min [50]. Micro-
CT images were acquired at 44 kVp voltage and 222 pA current with 0.5 mm aluminum beam
filtration, 1200 projections at 950 ms integration time, and a 3.42 um isotropic voxel size.
Three-dimensional (3D) images were reconstructed using the Feldkamp algorithm [51]
(NRrecon v1.7.3.1, Bruker). The total scaffold porosity (vol%) was measured after segmenting
images with a global threshold determined from the image intensity histogram and removing
objects comprising less than 75 pixels in any image slice with a despeckle filter (CTan v1.16.4.1,
Bruker). The pore interconnectivity, or percent open porosity, was measured as a percent of the
total scaffold porosity. The pore size distribution was measured from 2D image slices of
representative dry (n = 1719 pores) and wet scaffolds (n = 1296 pores) (Imagel v1.49, National
Institutes of Health). The pore size distribution was also measured from a 3D reconstruction of a
representative dry scaffold (n = 502 pores) after applying a median filter, segmenting porosity,
applying an erosion filter (10 pixel ball kernel) and watershed separation (marker extent = 4), and

assuming spherical pores (Avizo v9.0, FEI).
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The effect of the Au NP concentration on the X-ray attenuation of collagen scaffolds was
measured by micro-CT (uCT-80, Scanco Medical AG) at 70 kVp and 144 pA, with 0.5 mm
aluminum beam filtration, 720 projections at 800 ms integration time, and a 10 um isotropic voxel
size. As-prepared collagen scaffolds were dried and imaged in air within Eppendorf tubes. A
cylindrical volume of interest (VOI), ~3 mm in diameter and height (~21 mm?), was used for
analysis of the entire scaffold volume including the collagen matrix and porosity. The mean linear
attenuation coefficient (cm™') measured for each scaffold VOI was converted to Hounsfield units
(HU) using an internal sample calibration for air (-1000 HU) and water (0 HU) in the same image
acquisition. The measured X-ray attenuation of collagen scaffolds with varying concentration of
Au NPs was reported as the mean (£ standard deviation) of four replicates per group and modeled
using linear least squares regression (JMP 13, SAS Institute, Inc.). The mean X-ray attenuation of
scaffolds was compared to PBS, as a surrogate for soft tissue, using one-sample Student’s 7-tests
with a hypothesized mean of 58 HU, which corresponded to the measured X-ray attenuation of

PBS. The level of significance for all tests was set at p < 0.05.

Electron microscopy and tomography. The nanostructure of collagen scaffolds conjugated with
80 mM Au NPs was characterized by transmission electron microscopy (TEM) and electron
tomography. As-prepared scaffolds were fixed with 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer, dehydrated in a graded series of ethanol concentrations (50-100%) over 2 days,
embedded in epoxy (EMbed 812, Electron Microscopy Sciences), and sectioned to 80 nm
thickness using an ultramicrotome (Ultracut UCT, Leica). Sections were placed on copper grids
and stained with a saturated uranyl acetate solution in 50% ethanol for 5 min followed by
Reynolds’ lead citrate stain [52] for 3 min. Sections were imaged by TEM (JEM-1200EX, JEOL

Ltd.) at 80 kV accelerating voltage.
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Electron tomography was performed using a scanning transmission electron microscope
(STEM, Titan 80-300, FEI) operating at 300 kV accelerating voltage with a convergence angle of
6.24 mrad and a high angle annular dark field (HAADF) detector. A tilt series of image projections
was acquired every 2° from -65° to +75°, aligned via cross-correlation, and reconstructed using a
simultaneous iterative reconstruction method (SIRT) with 20 iterations (Inspect 3D, v4.0, FEI).
The dispersion and agglomeration of Au NPs within the collagen matrix was measured and
visualized by color coding the volume of individual and agglomerated NPs within 3D images

(Avizo v9.2, FEI).

In vitro enzymatic degradation of collagen scaffolds

Collagen scaffolds conjugated with 80 mM Au NPs were incubated at 37°C in media (Dulbecco’s
PBS with MgCl, and CaCl,, Sigma-Aldrich) containing 0, 0.3, or 0.5 mg/ml bacterial (Clostridium
histolyticum) collagenase (Collagenase B, >0.15 Wiinsch U/mg, Roche Diagnostics GmbH) as an
in vitro model of enzymatic degradation. Scaffolds were placed in individual 1.5 mL Eppendorf
tubes containing the incubation media. For each longitudinal time point, the media was separated
from the scaffold and/or scaffold fragments by centrifugation at 500g for 1 min and collected for
analysis by inductively-coupled plasma optical emission spectroscopy (ICP-OES), as described
below. The wet weight of the remaining scaffold was measured, fresh media lacking collagenase
was added to the tube, the scaffold was imaged by micro-CT as described below, and then
additional fresh media containing collagenase was added to the tube for continued degradation.
Note that scaffolds from all groups were first incubated in media not containing collagenase for
24 h to establish the initial (day 0) time point. Longitudinal measurements were subsequently taken

every 24 h until the scaffold was fully degraded. Scaffold degradation was measured
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gravimetrically by the difference in scaffold weight relative to the initial scaffold weight on day 0,

such that the measurement bounds were 0 to 100 wt%.

Micro-CT. The degradation kinetics of collagen scaffolds was measured by micro-CT (nCT-80,
Scanco Medical AG) at 70 kVp and 144 pA, with 0.5 mm aluminum beam filtration, 125
projections at 800 ms integration time, and a 100 um isotropic voxel size chosen to replicate in
vivo imaging methods. Scaffolds were imaged while submerged in 50 uL PBS within Eppendorf
tubes. Noise in grayscale images was reduced using a Gaussian filter (sigma = 0.8, support = 1).
The overall VOI for analysis included the entire volume of the media containing the scaffold and/or
scaffold fragments (~90-140 mm?). The scaffold volume was segmented from media using a fixed
global threshold of 110, which corresponded to a linear attenuation of 0.88 cm™! or ~830 HU.
Scaffold degradation was measured by the difference in segmented scaffold volume relative to the
initial scaffold volume on day 0, such that the measurement bounds were 0 to 100 vol%. Scaffold
degradation was also measured by the mean X-ray attenuation (HU) within the overall VOI to
replicate possible in vivo imaging methods. The two measurement methods were correlated by

linear least squares regression (JMP 13).

ICP-OES. The Au concentration in as-prepared solutions of Au NPs and in supernatant media
during in vitro enzymatic degradation of collagen scaffolds was measured using ICP-OES
(Optima 7000, Perkin Elmer) after digesting samples in 3% aqua regia (3 parts HCI to 1 part
HNOs). Calibration curves were created by diluting certified standard Au solutions (Assurance
Grade, SPEX CertiPrep). Scaffold degradation was measured by the cumulative release of Au into
the media relative to the total amount of Au in the scaffold, such that the measurement bounds

were 0 to 100 wt% Au.
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Degradation kinetics. The percent scaffold degradation measured by micro-CT, ICP-OES, and
gravimetric analysis at each longitudinal time point was reported as the mean (+ standard
deviation) of five replicates. Scaffold degradation kinetics were modeled by non-linear least

squares regression (JMP 13) using a three-parameter logistic equation,

C
Y= +exp(—a(t—b)

where y is the scaffold degradation (%), a is the growth parameter (days™'), b is the inflection
parameter (days), and ¢ is the asymptote parameter (%), and ¢ is time (days). The scaffold
degradation half-life (#50) and 95% confidence interval were also determined from the model.
Differences in the degradation kinetics between groups (collagenase concentration and
measurement method) were examined by multivariate analysis of variance using a generalized
linear model (GLM) with a binomial distribution and logit link function, while accounting for
sample replicates as a factor in the model (JMP 13). The level of significance for all tests was set

at p < 0.05.
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Table 1: Non-linear least squares regression of the measured collagen scaffold degradation

kinetics (Fig. 5) using a three-parameter logistic model (Eq. 1) where a is the growth parameter

(days™), b is the inflection parameter (days), ¢ is the asymptote parameter (%), R? is the correlation

coefficient, and 75 is the scaffold degradation half-life. The standard error of fitting parameters

and the 95% confidence interval of #s5, are shown in parentheses.

Collagenase
Concentration ~ Method a (days™) b (days) ¢ (%) R? tso (days)
(mg/ml)

Micro-CT  1.10(0.09) 3.19(0.09) 92.41(1.73) 0.97 3.34(3.19-3.50)

0.3 ICP-OES  0.89(0.08) 3.60(0.12) 95.37(2.39) 0.96 3.71(3.52-3.90)
Gravimetric 2.55 (1.18) 2.09 (0.17) 81.63 (3.73) 0.73 2.27 (1.89-2.64)

Micro-CT ~ 2.06 (0.18) 1.21(0.05) 98.25(1.01) 0.97 1.22(1.14-1.31)

0.5 ICP-OES  1.56 (0.10) 1.47 (0.05) 96.86(0.88) 0.98 1.50 (1.42-1.59)
Gravimetric  7.29 (164)  0.96 (0.93) 88.46 (5.40) 0.42 1.00(0.71-1.28)
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Figure Captions

Fig. 1 Schematic diagram showing conjugation of MSA functionalized Au NPs to type I collagen.
(a) Thiol groups on MSA were covalently linked to Au NP surfaces and (b) carboxyl groups on
MSA were covalently linked to amine groups on collagen molecules using EDC/NHS chemistry,

such that Au NPs were released only upon enzymatic degradation of collagen scaffolds.

Fig. 2 Hierarchical structure of collagen scaffolds covalently conjugated with 80 mM Au NPs. (a)
Representative grayscale micro-CT image slice showing the collagen scaffold microarchitecture
in a transverse cross-section. Representative TEM micrographs of the collagen matrix showing (b)
collagen fibrils, which are oriented horizontally, conjugated with Au NPs, which are spatially

associated with collagen fibrils, and (c) the conjugated Au NPs at higher magnification.

Fig.3 Quantitative 3D characterization of the microarchitecture and nanostructure of a
representative collagen scaffold covalently conjugated with 80 mM Au NPs. 3D micro-CT
reconstructions showing (a) the scaffold microarchitecture, including orthogonal grayscale image
slices, and (b) the segmented pore structure, including the distribution of pore volumes. (¢) 3D
electron tomography reconstruction of a thin section from the collagen matrix showing segmented

Au NPs, including the distribution of NP aggregates, (d) which was also plotted as a histogram.

Fig. 4 (a) Representative grayscale micro-CT image slices of collagen scaffolds containing 0, 20,
40, 60, and 80 mM Au NPs. Scale bar = 1 mm. (b) The measured X-ray attenuation of scaffolds
increased linearly with increased Au NP concentration (p < 0.0001) and was strongly correlated
(R?>=0.95). Scaffolds containing at least 60 mM Au NPs exhibited significantly greater X-ray
attenuation than PBS (p < 0.005, #-test vs. 58 HU), which was chosen to be representative of soft

tissue. Note that scaffolds were imaged in air and the VOI for (b) included the entire scaffold
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volume inclusive of porosity (air). Thus, scaffolds without Au NPs exhibited the attenuation of air,

approximately -1000 HU.

Fig.5 Collagen scaffold degradation kinetics in media containing 0, 0.3, and 0.5 mg/ml
collagenase was measured longitudinally in vitro by (a) the segmented scaffold volume using
contrast-enhanced micro-CT, including representative grayscale micro-CT image slices for
selected time points (scale bar = 1 mm), (b) the cumulative release of Au NPs into the media using
ICP-OES, and (c) the scaffold mass using gravimetric analysis. Error bars show one standard
deviation of the mean (n = 5/group/time point). Error bars not shown lie within the data point. The
scaffold degradation kinetics increased with an increased concentration of collagenase in the media
(p <0.0001, GLM), as expected; scaffolds exhibited no degradation and minimal (~5 %) release
of Au NPs in the absence of collagenase. The scaffold degradation kinetics were modeled by non-

linear least squares regression using a three-parameter logistic equation (Table 1).

Fig. 6 The mean X-ray attenuation (HU) measured by micro-CT within a fixed VOI, including
the entire volume of the media containing the scaffold and/or scaffold fragments, decreased
linearly and was strongly correlated (R? = 0.84) with the cumulative degradation determined from
the segmented scaffold volume in micro-CT. Note that the x-axis corresponds to all longitudinal
measurements in Fig. 5a for enzymatic scaffold degradation in media containing 0.3 and 0.5 mg/ml
collagenase. Measurements for media containing 0 mg/ml collagenase were omitted for clarity as
these scaffolds did not exhibit degradation and all data points were thus clustered at approximately

0 vol% cumulative degradation and 100 HU.
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Fig. 1 Schematic diagram showing conjugation of MSA functionalized Au NPs to type I collagen. (a) Thiol

groups on MSA were covalently linked to Au NP surfaces and (b) carboxyl groups on MSA were covalently

linked to amine groups on collagen molecules using EDC/NHS chemistry, such that Au NPs were released
only upon enzymatic degradation of collagen scaffolds.
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Fig. 2 Hierarchical structure of collagen scaffolds covalently conjugated with 80 mM Au NPs. (a)
Representative grayscale micro-CT image slice showing the collagen scaffold microarchitecture in a
transverse cross-section. Representative TEM micrographs of the collagen matrix showing (b) collagen
fibrils, which are oriented horizontally, conjugated with Au NPs, which are spatially associated with collagen
fibrils, and (c) the conjugated Au NPs at higher magnification.
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Fig. 3 Quantitative 3D characterization of the microarchitecture and nanostructure of a representative
collagen scaffold covalently conjugated with 80 mM Au NPs. 3D micro-CT reconstructions showing (a) the
scaffold microarchitecture, including orthogonal grayscale image slices, and (b) the segmented pore
structure, including the distribution of pore volumes. (c) 3D electron tomography reconstruction of a thin
section from the collagen matrix showing segmented Au NPs, including the distribution of NP aggregates, (d)
which was also plotted as a histogram.
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Fig. 4 (a) Representative grayscale micro-CT image slices of collagen scaffolds containing 0, 20, 40, 60,
and 80 mM Au NPs. Scale bar = 1 mm. (b) The measured X-ray attenuation of scaffolds increased linearly
with increased Au NP concentration (p < 0.0001) and was strongly correlated (R% = 0.95). Scaffolds
containing at least 60 mM Au NPs exhibited significantly greater X-ray attenuation than PBS (p < 0.005, t-
test vs. 58 HU), which was chosen to be representative of soft tissue. Note that scaffolds were imaged in air
and the VOI for (b) included the entire scaffold volume inclusive of porosity (air). Thus, scaffolds without Au
NPs exhibited the attenuation of air, approximately -1000 HU.

164x160mm (300 x 300 DPI)



Nanoscale Page 32 of 36

(a) Micro-CT

—~ 120

X

3100 ———————— ;""“’"'"E“E"ﬁ
S 8ot ¢ 3 g

@©

° 60 § [Collagenase]
o ® 0.5 mg/ml
] 40f { o 0.3 mg/ml

o ]

z 20} } 0 mg/ml

E 0"'—-§-—i——l——i——-i——-i——!——l——-T
O

20 1 1 1 1 1 ] ] 1
0 1 2 3 4 5 6 7 8 9

Time (Days)
E 1000
g >
0! 0 =
o
Day 0 Day 3 Day 6 Day 9 -1000

Fig. 5 Collagen scaffold degradation kinetics in media containing 0, 0.3, and 0.5 mg/ml collagenase was

measured longitudinally in vitro by (a) the segmented scaffold volume using contrast-enhanced micro-CT,

including representative grayscale micro-CT image slices for selected time points (scale bar = 1 mm), (b)
the cumulative release of Au NPs into the media using ICP-OES, and (c) the scaffold mass using gravimetric

analysis. Error bars show one standard deviation of the mean (n = 5/group/time point). Error bars not
shown lie within the data point. The scaffold degradation kinetics increased with an increased concentration
of collagenase in the media (p < 0.0001, GLM), as expected; scaffolds exhibited no degradation and minimal
(~5 %) release of Au NPs in the absence of collagenase. The scaffold degradation kinetics were modeled by
non-linear least squares regression using a three-parameter logistic equation (Table 1).
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Fig. 5 Collagen scaffold degradation kinetics in media containing 0, 0.3, and 0.5 mg/ml collagenase was

measured longitudinally in vitro by (a) the segmented scaffold volume using contrast-enhanced micro-CT,

including representative grayscale micro-CT image slices for selected time points (scale bar = 1 mm), (b)
the cumulative release of Au NPs into the media using ICP-OES, and (c) the scaffold mass using gravimetric

analysis. Error bars show one standard deviation of the mean (n = 5/group/time point). Error bars not

shown lie within the data point. The scaffold degradation kinetics increased with an increased concentration
of collagenase in the media (p < 0.0001, GLM), as expected; scaffolds exhibited no degradation and minimal
(~5 %) release of Au NPs in the absence of collagenase. The scaffold degradation kinetics were modeled by

non-linear least squares regression using a three-parameter logistic equation (Table 1).
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Fig. 5 Collagen scaffold degradation kinetics in media containing 0, 0.3, and 0.5 mg/ml collagenase was

measured longitudinally in vitro by (a) the segmented scaffold volume using contrast-enhanced micro-CT,

including representative grayscale micro-CT image slices for selected time points (scale bar = 1 mm), (b)
the cumulative release of Au NPs into the media using ICP-OES, and (c) the scaffold mass using gravimetric

analysis. Error bars show one standard deviation of the mean (n = 5/group/time point). Error bars not
shown lie within the data point. The scaffold degradation kinetics increased with an increased concentration
of collagenase in the media (p < 0.0001, GLM), as expected; scaffolds exhibited no degradation and minimal
(~5 %) release of Au NPs in the absence of collagenase. The scaffold degradation kinetics were modeled by
non-linear least squares regression using a three-parameter logistic equation (Table 1).
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Fig. 6 The mean X-ray attenuation (HU) measured by micro-CT within a fixed VOI, including the entire
volume of the media containing the scaffold and/or scaffold fragments, decreased linearly and was strongly
correlated (R? = 0.84) with the cumulative degradation determined from the segmented scaffold volume in

micro-CT. Note that the x-axis corresponds to all longitudinal measurements in Fig. 5a for enzymatic
scaffold degradation in media containing 0.3 and 0.5 mg/ml collagenase. Measurements for media
containing 0 mg/ml collagenase were omitted for clarity as these scaffolds did not exhibit degradation and
all data points were thus clustered at approximately 0 vol% cumulative degradation and 100 HU.
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Gold nanoparticles and computed tomography were used synergistically to enable

nondestructive, longitudinal, and volumetric measurement of collagen scaffold degradation.
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