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Introduction
Implantable, three-dimensional (3D) polymer scaffolds have been drawing attention from
various disciplines because of their unique properties [1–6]. There are several methods of
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fabricating biocompatible and biodegradable polymer scaffolds [7–12]. These implantable
3D scaffolds, made of various materials, such as lactide and glycolide polymers [1, 5, 6],
poly(glycerol sebacate) [7], silk fibroin [10], and poly(propylene fumarate) [8, 13, 14], have
been adapted for numerous biomedical studies. Efficient drug delivery, with a controlled
drug-release manner at the targeted site, is one of the major applications for polymer
scaffolds in biomedical research [15–24]. Numerous polymer scaffold candidates have been
developed as drug-releasing matrices for in vitro and, potentially, in vivo use. For example,
chitosan/hydroxyapatite composite scaffolds have shown a reduced initial burst, followed by
a constant release of tetracycline hydrochloride in vitro [15]. Calcium alginate beads coated
with silk fibroin showed improved shell stability and controlled release of BSA and FITC-
Insulin model drug proteins [18]. Hydroxyapatite scaffolds have been reported to
successfully release ceftriaxone drug molecules in a controlled manner due to their well-
defined porous surface structure [21]. The drug delivery and release applications of hydrogel
scaffolds, further developed by infusion with chitosan, have been recently reviewed [24].
Combining the advantages of each unique scaffold system may develop the optimized
attributes that are critical in drug delivery applications: drug-loading capacity, controllable
drug release rate; flexibility of drug loading; feasibility of drug delivery and release
imaging; and quantitative assessment of loaded and released drug molecules on the scaffold.

The use of 3D poly(propylene fumarate) (PPF) scaffolds as a drug-release matrix is
relatively new, but is a promising application in several aspects. First of all, the highly
porous structure of PPF scaffolds provides sizable drug-loading spaces. Furthermore, a
photo-crosslinked PPF scaffold is able to retain its initial porosity and mechanical properties
for 18–32 weeks in vitro [25], and its degradability can be controlled by adjusting
fabrication parameters, such as PPF molecular weight and photoinitiator content [26]. This
ability to control PPF degradation may benefit certain applications that require the extended
drug release. Although PPF scaffolds are generally recognized for their potential use in bone
replacement [27, 28], PPF scaffolds have other advantages such as their biocompatibility,
tunable porous surface area, and degradation time, which may promote them as an optimized
platform to release drugs in a controlled manner. However, there are also a few innate
limitations of the PPF scaffold for drug delivery applications. The direct incorporation of
water-soluble drug molecules into the scaffold is challenging due to the hydrophobicity of
PPF. Loaded drugs might be degraded by certain fabrication processes, for instance, the salt
porogen leaching step [29]. Therefore, an alternative approach for PPF scaffolds to carry
over a drug molecule is required.

There have been efforts to utilize nanoparticles as drug carriers and to embed a drug-
nanoparticle complex in a scaffold matrix [30]. However, simultaneous detection and
quantification of released drug-nanoparticles from these scaffold matrices has not been
studied in detail, since most of the detection methodologies rely on only a single method of
detection (e.g., fluorescence imaging or absorption spectroscopy), which may be difficult to
apply to the detection of discrete nanoparticles and drug molecules.

Rapid improvements in magnetic resonance imaging (MRI) instrumentation and techniques
have led to increased spatial resolution (up to 50–100 μm for rodent in vivo imaging). In
addition, a variety of novel nanoparticles designed for MRI can enhance the MRI contrast
even further, making it possible to image cellular and molecular events non-invasively and
co-register these events with 3D anatomical structures. Recently, MRI was also suggested
for studying drug release non-invasively from liposomes [31] using iron oxide-based
nanoparticles and gadolinium-based agents [31, 32]. In addition to the more traditional MRI
contrast mechanisms, which rely on the longitudinal relaxation (T1) and transverse
relaxation (T2) of water protons [33], a new type of MRI contrast has been developed that
relies on direct chemical exchange of protons with bulk water. A variety of organic and
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organo-metallic compounds have a sufficient number of protons (called “exchangeable
protons”) with suitable chemical exchange rates and chemical shifts to be detected
sensitively. Once a sample is inside the magnetic field, these exchangeable protons can be
“magnetically tagged” using a radiofrequency pulse, called a saturation pulse, which is
applied at the exchangeable proton’s resonance frequency. The tagged protons exchange
with the protons of surrounding water molecules, and, consequently, reduce the MRI signal
from the water protons and enhance the MRI contrast. The exchangeable protons are
replaced with fresh protons and the same saturation process is repeated. After several
seconds of this process, the effect becomes larger and larger (a so-called “saturation
amplification”), and very low concentrations of agents can be detected through the water
signal. Hence, these agents are called Chemical Exchange Saturation Transfer (CEST)
contrast agents[34]. The main advantage of CEST-MRI is that bio-organic molecules, such
as proteins, can be used for increasing the MRI contrast [35–37]. These can be used to
image controlled drug release with minimal invasiveness in real time.

Here we report on the use of porous PPF scaffolds loaded with doxorubicin (DOX)-coated
iron oxide and manganese oxide nanoparticles as a vehicle for sustained anti-cancer drug
release. Using nanoparticles as a drug carrier contributes to more efficient loading of drug
molecules onto the PPF scaffold. It also allows monitoring the release of drug-nanoparticle
complexes from the PPF scaffold surface via changes in MRI contrast and absorption
spectra in a media containing scaffold pieces. In addition, as a proof-of-concept experiment,
it was demonstrated that the diamagnetic CEST contrast agent, protamine sulfate (PS), can
also be used directly, without nanoparticle carriers, to monitor release from the PPF
scaffolds by MRI. This report about drug-delivering 3D PPF scaffolds, with a sustained
release rate and bimodal imaging (fluorescence and magnetic resonance) capabilities,
suggests this new system may potentially be used in various biomedical applications.

Materials and Methods
Synthesis and characterization of iron oxide nanoparticles (IONP) and manganese oxide
nanoparticles (MONP)

IONP and MONP with amine functional groups on their surfaces were prepared using silane
conjugation chemistry and a surface exchange method previously reported elsewhere [38,
39]. Briefly, both nanoparticles, each dispersed in non-polar organic solvent, were
synthesized by the thermal decomposition of a Fe-oleate and Mn-oleate complex [40]. Then,
a coating of IONP and MONP with porous silica was achieved using a sol-gel reaction of
tetraethyl orthosilicate (TEOS) in an aqueous solution containing CTAB and Fe3O4 (or
MnO) nanoparticles. First, Fe3O4 (or MnO) nanoparticles in chloroform were poured into 1
mL of 0.55 M aqueous cetyltrimethylammonium bromide (CTAB) solution, and the
resulting solution was stirred vigorously for 30 min. Forming an oil-in-water microemulsion,
the mixture was heated up to 60ºC and kept at that temperature for 10 min under stirring in
order to evaporate the chloroform. The resulting transparent solution of Fe3O4(or MnO)/
CTAB was added to a mixture of 9 mL of water and 60 μL of 2 M NaOH solution, and the
mixture was heated up to 70ºC under stirring, followed by the addition of 0.1 mL of
tetraethylorthosilicate (TEOS) and 0.6 mL of ethylacetate [39]. In the middle of the reaction,
for amine functionalization of the surface, 10 μL of APTES was added and the solution was
stirred for 3 h. The porous silica-coated Fe3O4 (or MnO) nanoparticles were washed with
ethanol to remove unreacted species, and then were redispersed in 5 mL of ethanol. A JEM
2100 transmission electron microscope (JEOL, Tokyo, Japan) was used to characterize the
size and shape of synthesized nanoparticles.
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Doxorubicin coating of nanoparticles
The anti-cancer drug doxorubicin (Dox) was attached to IONP and MONP by its
electrostatic interaction with the negatively charged porous silica surface of the
nanoparticles. 1 mg/mL of each nanoparticle batch was dispersed in PBS, and 1 mM Dox
was mixed with the nanoparticles and incubated for 1 hr. Next, 9 mL of PBS was added to
the Dox and nanoparticle mixture and centrifuged at 3000g for 5 min to precipitate the Dox-
coated nanoparticles. After the supernatant was aspirated, the Dox-coated nanoparticles
were washed two more times with phosphate buffered saline (PBS). Finally, the Dox-
nanoparticle solution was resuspended in 1 mL of PBS. The amount of Dox coated on the
nanoparticles was calculated by measuring the difference in absorption at 480 nm between
the Dox stock solution and the supernatant after 1 h incubation with the nanoparticles.

PPF scaffold fabrication and characterization
PPF was synthesized as previously described [8, 41]. Purified PPF with a number average
molecular weight of 1,260 Da was used for porous scaffold fabrication. PPF was first mixed
with 0.5 wt% of a photoinitiator, bis(2,4,6-trimethylbenzoyl) phenylphosphine oxide
(BAPO, Ciba chemical), and NaCl crystals (>500 μm) were added to the PPF/BAPO
mixture as a porogen. The PPF/BAPO/NaCl mixture was packed into glass cylinder molds
of 6.3 mm in diameter and radiated with UV light for 2 hr for photo-crosslinking.
Crosslinked PPF was retrieved and cut into disks of 5 mm in thickness. Salt crystals were
leached out in water for 72 hr and porous PPF scaffolds were air-dried overnight.

Dox-nanoparticle incorporation into the PPF scaffold
Two methods were adapted in order to incorporate the Dox-nanoparticles into the PPF
scaffold matrix. In the surface-coating method, Dox-nanoparticles were adsorbed onto the
surface of the PPF scaffold. Drops of 0.1 mM of Dox-IONP or Dox-MONP were placed on
the surface of PPF scaffolds with a 6.3 mm of diameter and a 5.0 mm thickness. The coated
scaffolds were dried in a vacuum chamber for 30 min. The presence of the Dox coating on
the PPF scaffolds was confirmed by UV light (350 nm) excitation, generating orange (560
nm) emission from Dox on the surface of the scaffolds.

The pre-mixing method was performed by adding Dox-nanoparticles (0.1 mM) to the PPF/
BAPO/NaCl mixture before photo-cross-linking. A mixture of Dox-nanoparticles and PPF
was thoroughly stirred to obtain a well-distributed Dox-nanoparticles. Next, the PPF/particle
mixture was processed to fabricate porous scaffolds in the manner described above.

Time-lapse study of Dox-nanoparticles release from PPF scaffolds
PPF scaffolds bearing Dox-nanoparticles on the surface, by either the surface-coating or pre-
mixing method, were placed in 2 mL tubes containing PBS or cell culture media. Tubes
were kept at 37ºC in an incubator, and 10 μL of supernatant in each tube was then sampled
at the designated time point for the analysis of MRI contrast. Tubes were stored in an
incubator until each time point was reached. Three sets of independent samples were tested
at each time point.

MRI analysis of PPF scaffolds and released Dox-nanoparticles
MR images of the PPF scaffolds in solution or the supernatants of a sample containing a
PPF scaffold coated with Dox-nanoparticles were obtained at different time points using an
11.7 T Bruker Avance system equipped with a 15 mm birdcage RF coil. T1 and T2
relaxation times were measured using a modified MSME protocol [42]. The typical settings
for T2 measurements were as follows: 128 × 128 matrix size; 3000 ms repetition time (TR);
echo time (TE); series of 6.4, 12.8, 19.2, 25.6, 32.0, 38.4, 44.8, 51.2, 57.6, 64.0, 70.4, and
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76.8 (ms), number of averages=2. The typical settings for T1 measurements were as follows:
matrix size 64 × 64 pixels, 6.4 ms TE; and TR series of 10000, 6000, 4000, 3000, 1500,
1000, 800, 400, and 200 (ms). All data processing was performed using custom-made codes
in Matlab (ver. R2009a, Mathworks, Natick, MA).

MRI quantification of released Dox-nanoparticles
The amount of Dox-nanoparticles released from the scaffold was calculated by measuring
the MR contrast in the solution at each time point. A decreased T2 relaxation time in the
sampled solution from a tube containing a Dox-IONP-coated PPF scaffold was due to
released IONP. Using a standard curve relating the amount of nanoparticles and the 1/T2
relaxation rate, the amount of nanoparticles at a certain incubation time point was calculated.
In a similar manner, the amount of Dox-MONP in the solution was calculated using a
standard curve between the mass of MONP and the 1/T1 relaxation rate. The release of Dox-
nanoparticles was confirmed by measuring the Dox absorption spectra of the sampled
solution at each time point. The intensity of the signature Dox absorption peak at 480 nm
was used to estimate the amount of Dox in the solution.

Drug efficacy test against PC12 cells
Scaffolds carrying drug nanoparticles were incubated with a monolayer of PC12 cells in six-
well plates. After 48 hr incubation, the culture medium (100 μL) was removed from each
well. Cell Titer-Blue solution (Promega, Madison, WI) (100 μL) was added to each well and
the plates were incubated for 3 hr. The uorescence was quantified with an excitation
wavelength of 560 nm and an emission wavelength of 590 nm. The percent of cell survival
was calculated by normalizing the uorescence intensity of the samples to the fluorescence
intensity of the control.

Attachment of protamine sulfate to PPF scaffolds
Protamine sulfate (PS, Sigma-Aldrich, St. Louis, MO) in PBS (1 mg/mL) was surface-
coated onto a PPF scaffold by adsorption following the procedure as described above. PPF
scaffolds with protamine sulfate (PS) were incubated in a tube with PBS at 37ºC, and 10 μl
of supernatant from each tube was obtained at pre-determined time points for CEST imaging
and quantification of released CEST molecules at each time point. A 5 mg/mL protamine
sulfate solution sample was also used as positive control.

CEST MRI quantification of released protamine sulfate in solution
All samples described above were transferred into capillaries (inner diameter: 1.1 mm) and
immobilized in a home-made high-throughput MR sample holder [43]. CEST MRI images
were acquired at 310 K using an 11.7 T Bruker Avance system equipped with a 15 mm
sawtooth RF coil. Each series of MRI studies, including z-spectra and B0 mapping
acquisition, took 1 hour and 8 min. A modified RARE sequence (TR=6.0 sec, effective TE =
16.5 ms, RARE factor =16, slice thickness=1 mm, FOV=14×14 mm, matrix size=128×32,
resolution= 0.11×0.44 mm2, and NA=2), including a magnetization transfer (MT) module
(one CW pulse, saturation power = 4.7 μT, pulse duration 4sec) was used to acquire CEST-
weighted images from −5 ppm to 5 ppm (step= 0.2 ppm) around the water resonance (0
ppm). The absolute water resonant frequency shift was measured using a modified Water
Saturation Shift Reference (WASSR) method[44], using the same parameters as in CEST
imaging, except TR=1.5 sec, saturation pulse duration= 500 ms, saturation power =0.5 μT,
and a sweep from −3 ppm to 3 ppm (step= 0.1ppm). Data processing was performed using
custom-written scripts in Matlab. Z-spectra were calculated from the mean of ROI for each
sample after the pixelwise B0 correction using WASSR spectra [43]. CEST contrast was
quantified using MTRasym = (S−Δω – S+Δω)/ S(−5ppm) and was computed at each offset, Δω.
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The amount of PS was measured using a bicinchoninic acid (BCA) assay according to the
manufacturer’s instructions (Thermo Scientific (Pierce) 23227).

Drug loading capacity estimation
A PPF scaffold piece was placed in a 2 mL centrifuge tube, and 100 μl of either 0.1 mM
Dox-IONP or Dox-MONP was dropped onto the scaffold. After the Dox-nanoparticle
suspension was completely dried and coated on the scaffold, the scaffold piece was removed
and 1 mL of PBS was added to the tube to dissolve any residual Dox-nanoparticles. The
amount of residual Dox in PBS was calculated using the absorption spectra of Dox
molecules as described above. The amount of loaded drug was calculated by subtracting the
residual amount from the initial amount of Dox molecules. The loading capacity was
determined as the weight of the loaded drug/weight of the scaffold × 100% [45]
(Supplementary Material, Table S2). The loading capacity of PS on a scaffold was estimated
by measuring the difference between the initial loading amount of PS (5 mg) to the scaffold
and residual amount of PS left in a tube. The residual PS in a tube was re-dissolved in PBS,
and then measured using a BCA assay.

Results and Discussion
Synthesis and characterization of IONP and MONP

The overall procedure for developing a drug-releasing PPF scaffold system is illustrated in
Figure 1.

Both IONP and MONP were surface-modified with porous silica to enhance their water-
solubility and minimize leakage of the core ions. Representative transmission electron
microscopy (TEM) images of both types of nanoparticles showed well-dispersed, spherically
shaped particles with an average particle diameter of 40 and 70 nm for IONP and MONP,
respectively (Figure 2B).

TEM imaging revealed that both IONP and MONP were stable in water and did not form
aggregates. While the IONP have superparamagnetic characteristics, thereby shortening the
transverse relaxation (T2) of water protons, the MONP are paramagnetic, shortening the
water proton longitudinal relaxation (T1) [42, 46]. As described in Figure 2C and 2D,
MONP shortens the T1 in a concentration-dependent manner with a T1 relaxivity (R1) of
0.61 mM−1s−1 at 11.7 T.

Fabrication and characteristics of the porous PPF scaffold
The porous PPF scaffold has a large surface area that can retain a significant number of
molecules. The porosity and pore size of the scaffold was relatively high, while maintaining
the physical matrix so that the scaffold could be degraded gradually in solution at
physiological conditions.

The porous structure of the PPF scaffold is clearly shown in SEM images (Figure 3A).
Premixed nanoparticles (Figure 3B) and surface-coated nanoparticles (Figure 3C) and their
aggregates on the PPF porous scaffold are all clearly visible in the SEM images. It is notable
that the PPF scaffold is clearly visible on T2-weighted MR images (Figure 3D), which
indicates the potential for their use in in vivo imaging.

Surface modification of the PPF scaffold with Dox-coated magnetic nanoparticles
To examine the drug releasing capability of the PPF scaffold system, a chemotherapeutic
agent, Doxorubicin (Dox), was incorporated into the PPF scaffolds via nanoparticles. Dox
was coated onto the surface of the nanoparticles, and the Dox-nanoparticle complexes were
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subsequently incorporated into the PPF scaffolds, either by electrostatic attachment or by
pre-mixing into the PPF resin before cross-linking in the fabrication process (Supplementary
Material, Figure S2A and S2B). PPF scaffolds that were either surface coated or pre-mixed
with Dox-nanoparticles were incubated in PBS, and the PBS supernatant was sampled to
analyze the trace of released nanoparticles in the solution (Supplementary Material, Figure
S2C). The presence of Dox was confirmed by measuring fluorescence from the surface of
the PPF scaffolds (Supplementary Material, Figure S2D). The loading capacity of Dox on
the surface of single PPF scaffold was estimated as 9.18 % for the Dox-IONP and 8.81 %
for the Dox-MONP (Supplementary Material, Table S2).

Quantification of released drug-nanoparticles
Figure 4A–D shows the release of the Dox-coated nanoparticles for the PPF scaffolds after
incubation for 48 h, with MRI. It can be seen that the Dox-coated IONP shorten the T2 of
the surrounding solution, indicating release of the drug (Figure 4A, B). Similar results were
observed for the Dox-MONP coated scaffold (Figure 4C, D) where the released drug led to a
reduction in the T1 of the surrounding solution

Close monitoring of the release by sampling the surrounding solution at different time points
reveals the different magnitudes of signal change for pre-mixed and surface-coated particles
(Figure 4E, F). The surface coating method of incorporating nanoparticles to the scaffold
released more particles faster than the pre-mixing approach at short time periods (within 24h
incubation). The ratio between mixed and coated can be further used to fine-tune the release
rate of the drug in order to fit different treatment regimes.

Calculating the release rate
The release profiles of Dox-IONP or Dox-MONP were calculated based on the relaxivity
data obtained from the MR images (Supplementary Material, Figure S3). The drug release
kinetics for the coated Dox-IONP or Dox-MONP were compared with the modeling results
(supporting information) and showed a steep increase in the amount of released particles at
an early incubation time period (up to 24 h). At later times, the profile maintains a constant
level of particle mass until 30 days after incubation.

UV-VIS absorption spectroscopy was performed to quantify the amount of Dox in the
solution, either free or attached to the nanoparticles, after either IONP or MONP were
released from each PPF scaffold carrying the nanoparticles (Supplementary Material, Figure
S4). The release profiles of both Dox-IONP and Dox-MONP in Figure S4 were comparable
to the profiles of the nanoparticles released from the scaffolds as measured with MRI in
Figure S3. UV-VIS absorption spectra confirmed the appearance of Dox absorption (490
nm) in the solution due to its release from the scaffold. The amount of solution released Dox
reached 592.2 ng in 1 ml of PBS after 48 h incubation (for Dox-MONP) as measured by
using a fluorescence intensity of released Dox molecules in the solution. (Supplementary,
Material Figure S4). The results showed an increasing amount of Dox, corresponding to the
trend of released nanoparticles in the solution (after the same period of incubation
(Supplementary Material, Figure S4). Cell viability assay demonstrated that incorporation of
Dox into either IONP or MONP had no effect on the anti-cancer activity of the drug
(Supplementary Material, Figure S5).

Quantifying protein release from PPF scaffolds
In order to demonstrate the versatility of the PPF scaffolds in regulating the release of drugs
and the feasibility of using PPF scaffolds in other systems, we studied the kinetics of the
release of protamine sulfate (PS), a small cationic protein, as a model system for protein and
polypeptide release. Protamine has a high content of arginine residues, each with two
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exchangeable protons that can be detected via chemical exchange saturation transfer (CEST)
MRI [47]. The guanidine proton exchanges at 1.8 ppm from the water peak and the amide
proton exchanges 3.6 ppm.

PS was coated on the surface of the PPF scaffold by adsorption. The loading capacity of PS
molecules on the scaffold was estimated as 8.15% (Supplementary Material, Table S2). The
MTRasym (measure of the CEST contrast) increased with incubation time at the irradiation
frequency offset of 1.8 ppm (Figure 5). Based on the plot in Figure 5a–b, sustained release
was observed for the first 24 hours.

In order to validate the CEST MRI measurements, imaging data from the first 12 hours were
compared with protein measurements, using a BCA protein assay. Samples at eight
consecutive time points were obtained from the solution containing a PPF scaffold coated
with PS. PS in a range of 0–1.5 mg (in 1 mL of PBS) was used as a standard curve
(Supplementary Material, Figure S6). Figure 5C illustrates the release profile of PS in the
first 12 hours, as was measured both with CEST MRI and with the BCA assay. An excellent
correlation (R2=0.997) was found for the two methods (Supplementary Material, Figure S7).
Figure 5D shows the calculated mass of PS released into the solution, as calculated using the
standard curves (Supplementary Material, Figure S7). These findings indicate that CEST
MRI represents a novel technique that yields results similar to a conventional biochemical
protein assay. Consequently, CEST MRI can be used to monitor release from the scaffold
without intermediate metallic compounds.

MRI has been used extensively in the last two decades for anatomical, functional, and
dynamic imaging. Rapid improvements in MRI instrumentation and techniques have led to
increased spatial resolution (up to 50–100 μm for rodent imaging in vivo). The detection of
drug carrying nanoparticles using MRI relies on the contrast in the MRI signal between the
tissue of interest and its surrounding tissue, which can be further enhanced using contrast
agents. These agents can be used for monitoring drug release from transplanted scaffolds
with an anticipated resolution of 100 μm. However, in vivo, unlike in a tube, the diffusion
rate of these agents will be most likely be more restricted by the extracellular matrix. On the
other hand, immune cells can facilitate the removal of certain agents from the tissue.
Therefore, further detailed characterization of the behavior of the different agents in vivo is
required for in vivo translation.

Conclusions
This study shows that biodegradable 3D porous PPF scaffolds can be used for sustained
drug release. Furthermore, a released drug (Dox) can be monitored both with MRI and with
optical imaging, which allows quantification of the release rate without compromising the
drug’s cytotoxic effect. Here we also demonstrate, for the first time, that CEST MRI can be
used to monitor the release of bio-polymers (such as proteins) directly and in real time. This
new approach has the potential to help monitor the controlled release of drugs, growth
factors, and cytokines, which is particularly important for tailoring individual treatments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustration of the procedure for fabrication of PPF scaffolds and
approaches for loading drug-coated nanoparticles
Drug-coated nanoparticles were released in the medium from the scaffold. The release
kinetics was studied by measuring the amount of nanoparticles in the solution using MRI
contrast. The efficacy of the drug-coated nanoparticles released in the medium was
measured by co-culturing the scaffolds with cells.
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Figure 2. Characterization of IONP and MONP
TEM images of IONP (A) and MONP (B). The mean diameter of the nanoparticles was 40
and 70 nm for IONP and MONP, respectively. (C) Plot of normalized MR intensity versus
repetition time for MONP. (D) 1/T1-weighted MR color map of MONP.
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Figure 3. Characterization of the scaffold
(A) SEM image showing the surface of the two control scaffolds. The left panel shows the
porous structure; the right panel the clean surface. (B) SEM image showing the attachment
of nanoparticles on the scaffold mixed with the nanoparticles. Large aggregates of
nanoparticles have been adsorbed to the surface of the PPF scaffolds. (C) SEM image of
Dox-carrying nanoparticles, which have been attached to the surface of the scaffolds after
the scaffolds are coated with the particles. (D) MRI of a sample tube containing several
small pieces of PPF scaffold (5 mm thickness) in PBS. Black arrow: porous structured PPF
scaffold. White arrow: capillary containing water as a control.
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Figure 4. Quantification of drug release using MRI signal changes
T2 relaxation map of control scaffold (A), and PPF scaffolds coated with IONP (B). T1
relaxation map of control scaffold (C) and PPF scaffolds coated with MONP (D). All the
maps were acquired after 48 h incubation at 37ºC in PBS. Plots of 1/T2 (E) and 1/T1 (F)
relaxation in the solution versus the length of scaffold incubation. Both 1/T2 and 1/T1
shortening were proportional to the amount of Dox-coated nanoparticles that had been
released from each scaffold.
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Figure 5. Release of PS from PPF scaffolds, as measured with CEST MRI
(A) Plot of MTRasym versus irradiation frequency offset. The solution surrounding the PPF
scaffold coated with PS was sampled at different time points: red solid circle ( ): 6 hours;
green solid square ( ): 12 hours; black open triangle (△): 24 hours; blue open circle ( ):
72 hours. Solid line=5 mg/mL protamine sulfate; dashed line=PBS. (B) The MTRasym at
1.8 ppm shows an increase with incubation time due to the release of PS from the PPF
scaffolds. Inset: MTRasym map showing CEST signal intensity corresponding to the plot in
B0, which provides direct visualization of the released PS into the solution. (C) Samples at
different time points were measured with CEST MRI (red circle, ) and BCA assay (black
hyphen symbol -; average ± standard deviation, n=3). (D) The mass of PS released from the
3 scaffold disks (mean weight of disk= 41.8±0.54 mg, as in C above) placed in 1 mL of PBS
as calculated using a standard curve. Plots in C and D represent data from two independent
measurements.
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