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Abstract
Biocompatible synthetic polymers have demonstrated advantageous pharmacokinetic properties as
compared to small molecular agents. Incorporation of low molecular weight therapeutics and imaging
agents into biocompatible polymers can optimize their pharmacokinetic properties with improved
efficacy of therapy and diagnostic imaging, respectively. We have applied the concept of drug
delivery to design safe and effective contrast agents for magnetic resonance imaging (MRI) and used
biomedical imaging in non-invasive evaluation of drug delivery and image-guided therapy. We
summarize here the recent progress in our research on biodegradable macromolecular MRI contrast
agents, non-invasive visualization of in vivo drug delivery of polymeric conjugates with contrast
enhanced MRI, and contrast enhanced MRI guided photodynamic therapy. The preliminary results
have shown that biocompatible polymers can be used as an effective platform for drug delivery and
biomedical imaging. Safe and effective imaging agents can be designed by using the concept of
polymeric drug delivery. Biomedical imaging can be used as a non-invasive method for the evaluation
of in vivo drug delivery of polymeric drug delivery systems. The combination of drug delivery and
biomedical imaging can result in image-guided therapies, which include tumor detection, therapy
and non-invasive evaluation of therapeutic responses.

Biocompatible and water-soluble polymers have demonstrated unique pharmacokinetic
properties, including prolonged blood circulation and tissue retention, and preferential
accumulation in lesions with blood vessel hyperpermeability, because of their large sizes.
Biocompatible synthetic polymers have been used as a platform for the modification of
pharmacokinetics of small molecular therapeutics and imaging agents to improve their efficacy
in drug delivery and molecular imaging [1,2]. The conjugation of therapeutics to biocompatible
polymers prolongs in vivo drug retention time, increases drug bioavailability, reduces systemic
toxicity and enhances therapeutic efficacy [3,4]. The incorporation of imaging agents into
biocompatible polymers prolongs their retention in the tissues of interest with increased
concentrations, which allows more accurate disease detection and characterization [5,6]. For
example, the incorporation of a magnetic resonance imaging (MRI) contrast agent into a
macromolecule would increase its blood circulation time for effective contrast enhanced
cardiovascular imaging and tumor imaging [7,8].

Both drug delivery and molecular imaging can benefit from the large sizes and unique
pharmacokinetic properties of biomedical polymers. However, the applications of biomedical
polymers in these areas are not mutually exclusive. In fact, the concept of drug delivery can
be applied in molecular imaging to design and develop effective and specific imaging agents
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and probes. Molecular imaging provides a non-invasive tool for visualization of real-time
pharmacokinetics of polymeric drug delivery systems after labeling with appropriate imaging
agents or probes [9,10], which can unveil the complicated mechanisms of in vivo drug delivery
and its correlation to pharmacodynamics. Thus, the combination of drug delivery and molecular
imaging on the same polymer platform will result in more effective therapeutic regimens—
image-guided therapies, which include earlier and more accurate diagnosis, efficacious
treatment, rapid and non-invasive assessment of responses to the therapies, and personalized
patient care.

The applications of biomedical polymers in drug delivery and molecular imaging are broad
and comprehensive. Various polymeric drug delivery systems have been previously reviewed
in numerous publications [1,3,11–13]. Polymers have been used in the design and development
of novel imaging agents for various imaging modalities, including computed tomography (CT)
[14], MRI [5], single photon emission computed tomography (SPECT) [15], positron emission
tomography (PET) [16], ultrasound [17] and optical imaging [18]. We summarize here our
recent research progress using biomedical polymers as a platform for both drug delivery and
molecular imaging, including biodegradable macromolecular MRI contrast agents; non-
invasive visualization of in vivo drug delivery of polymeric conjugates with contrast enhanced
MRI; and bifunctional polymeric conjugates for image-guided photodynamic therapy.

1. Polymer Gd(III) chelate conjugates with a disulfide spacer as
biodegradable macromolecular MRI contrast agents

Magnetic resonance imaging (MRI) is a non-ionization imaging modality, which relies on the
difference in the longitudinal or transverse relaxation rates (1/T1 or 1/T2) of water nuclei
(mainly protons) of different tissues [19]. MRI provides three-dimensional, high-resolution
images of soft tissues. In many cases, a contrast agent is used to enhance the image contrast
between normal tissue and diseased tissue for accurate diagnosis. MRI contrast agents are
paramagnetic metal chelates, e.g. Gd(III), Fe(III) and Mn(II) complexes, and ultrasmall
supermagnetic iron oxide, which are able to alter the relaxation rate of the surrounding water
protons, resulting in image contrast enhancement [20]. Clinically available MRI contrast agents
are mostly low molecular weight Gd(III) chelates, including Gd-DTPA, Gd-DOTA and their
derivatives. These agents have a transient plasma retention time and cannot effectively
differentiate diseased tissue from normal tissues. These low molecular weight contrast agents
have been incorporated into biomedical polymers to modify their pharmacokinetics, thus
improving the image contrast enhancement. [2,5,7,8].

Although these macromolecular contrast agents have demonstrated superior efficacy in
cardiovascular and cancer MR imaging in preclinical studies, their clinical development is
limited because of potential toxicity related to their slow excretion. Toxicity of an imaging
agent is much more problematic in biomedical imaging than that of an anti-cancer agent in
drug delivery. The strategy of drug delivery is to maintain anticancer drugs in tumor tissue for
a sufficiently prolonged period at an efficacious concentration. This strategy may not be
suitable for the design and development of imaging agents and probes, supposedly because
they should not have any pharmacological effects. Gd(III) ions are highly toxic and long-term
tissue retention of macromolecular MRI contrast agents may result in release of toxic Gd(III)
ions due to metabolism. Various macromolecular MRI contrast agents have been prepared by
conjugating the gadolinium chelates to the biodegradable macromolecules, including
polyamino acids [21], polysaccharides [22] and proteins [23]. However, biodegradation of
these biomedical polymers is an enzymatic process that mainly occurs in cellular lysosomal
compartments. Since MRI contrast agents are extracellular agents, degradation and excretion
of macromolecular MRI contrast agents based on these biodegradable polymers are still too
slow for clinical development.
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We have recently introduced a biodegradable disulfide spacer in the polymer Gd(III) chelate
conjugates to develop a novel class of biodegradable macromolecular MRI contrast agents with
rapid excretion of Gd(III) chelates. Literature suggests that the disulfide spacer can be gradually
cleaved in the plasma by the endogenous thiols including cysteine and glutathione (reduced
form) via thiol-disulfide exchange reaction [24]. However, the in vivo degradation of the
disulfide bonds is much more complicated than mere thiol-disulfide exchange reaction. The
cleavage of the disulfide spacer might also involve enzymatic and oxidative reactions because
of high oxygen concentration in the blood plasma. Further studies are required to unravel the
detailed degradation mechanism of the disulfide spacer. Nonetheless, the disulfide spacer
resulted in the rapid excretion of Gd(III) chelates of a prototype biodegradable macromolecular
MRI agent, poly(L-glutamic acid)-cystamine-(Gd-DO3A), in an animal model as compared to
a corresponding conjugate with a non-degradable spacer [25].

Poly(L-glutamic acid)-cystamine-(Gd-DO3A) demonstrated strong contrast enhancement in
the blood and tumor, but excreted more rapidly than poly(L-glutamic acid)-1,6-hexanediamine-
(Gd-DO3A) a polymer conjugate with non-degradable spacer [25]. Figure 1 shows the three
dimensional maximum intensity projection (3D MIP) MR images of mice bearing MDA-
MB-231 breast carcinoma xenografts before and at various time points after injection of the
contrast agents at a dose of 0.04 mmol-Gd/kg. The dynamic MR images clearly revealed the
contrast enhancement of the agents in the blood, tumor and liver, which could be correlated to
the pharmacokinetic profile of the agents. The disulfide bonds were relatively stable initially
and strong contrast enhancement with poly(L-glutamic acid)-cystamine-(Gd-DO3A) was
observed in the blood for at least 60 minutes. Gradual degradation of the spacer in the conjugate
then resulted in release of Gd(III) chelates and more rapid blood signal decrease than poly(L-
glutamic acid)-1,6-hexanediamine-(Gd-DO3A). The contrast enhancement in various organs
and tissues could also be viewed in two-dimensional MR images with high spatial resolutions,
which showed dynamic and heterogeneous contrast enhancement in tumor tissues. There was
no significant difference between the conjugates with different spacers in contrast enhanced
tumor imaging.

Targeted MRI contrast agents for the specific detection of molecular biomarkers can be
prepared by the incorporating a targeting agent into the polymeric contrast agents. For example,
the incorporation of a cyclic RGD peptide into poly(L-glutamic acid)-cystamine-(Gd-DO3A)
resulted in a targeted MRI contrast agent for the detection of αvβ3-integrin, an angiogenesis
biomarker [26].

The conjugation of an MRI contrast agent to biomedical polymer can effectively modify its
pharmacokinetic properties. The introduction of an extracellular degradable disulfide spacer
facilitates the excretion of the Gd(III) chelates in the conjugates. It would be a useful lead to
design and develop suitable safe and effective biodegradable macromolecular MRI contrast
agents.

2. Non-invasive visualization of in vivo drug delivery of polymer conjugates
The conjugation of anticancer drugs to biomedical polymers modifies their pharmacokinetics
and tumor targeting efficiency, resulting in improved therapeutic efficacy. The
pharmacokinetics, biodistribution and tumor targeting efficiency of the polymer conjugates
are traditionally evaluated using blood and urine sampling, and surgery-based methods. These
methods are sometimes invasive and a large number of animals are also required in preclinical
studies. Moreover, the pharmacokinetic data obtained with surgical methods cannot accurately
reflect true real-time biodistribution in tissues. Molecular imaging provides a non-invasive tool
for continuous visualization of pharmacokinetics of polymer drug conjugates in a small number
of experimental animals after they are labeled with imaging probes or contrast agents. Non-
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invasive visualization has a potential to provide valuable information for understanding the in
vivo drug delivery mechanisms, which is critical for the design of more efficacious drug
delivery systems.

Figure 1 shows that the pharmacokinetics of polymeric MRI contrast agents can be visualized
by contrast enhanced MRI, which may also have a potential for noninvasive evaluation of
pharmacokinetics of polymer drug conjugates. We have labeled N-(2-hydroxypropyl)
methacrylamide copolymers (PHPMA) and poly(L-glutamic acid), two of the commonly used
carriers for drug delivery, with a stable MRI contrast agent Gd-DO3A to explore the potential
[27,28]. The structures of the conjugates are shown in Figure 2 and their physico-chemical
characteristics are listed in Table 1. Three different molecular weights with a narrow molecular
weight distribution for each conjugate were investigated in athymic nude mice bearing MDA-
MB-231 human breast carcinoma xenografts to study the structure and size effect of the
conjugates on their pharmacokinetics and tumor targeting efficiency. Three-dimensional MR
images of mice were acquired in the same groups of mice before and at various time points
after the injection of the conjugates at a dose of 0.03 mmol-Gd/kg. Pharmacokinetics and
dynamic biodistribution of the conjugates were clearly visualized in these images.

2.1. MR imaging of PHPMA-GFLG-(Gd-DO3A) conjugates
MR signal intensity indirectly reflects the concentration of the conjugates in the organs or
tissues. Bright signal indicates high concentration of the conjugates with similar relaxivities
[29]. Strong contrast enhancement was observed in the liver and blood in the heart through the
first minute post-injection for all conjugates. The signal gradually faded away depending on
the size of the conjugates. Figure 3 shows the representative T1-weighted coronal MR images
of tumor bearing mice, before and at various time points after the injection of the PHPMA-
GFLG-(Gd-DO3A) conjugates with three different molecular weights (28, 60 and 120 kDa) at
a dose of 0.03 mmol-Gd/kg. Size-dependent pharmacokinetics and biodistribution in blood,
major organs and tumor tissues of the conjugates was observed in the dynamic MR images.
The low molecular weight conjugate (28 kDa) had a shorter blood circulation time than the
conjugates with high molecular weights (60 and 120 kDa). Rapid blood clearance was observed
for the 28-kDa conjugate in the MR images. Strong signal in the urinary bladder indicated the
excretion of the conjugate via renal filtration. Prolonged blood circulation was seen for the
conjugates with higher molecular weights. The 120-kDa conjugate had more prolonged blood
circulation than 60-kDa conjugate and was still visible in the blood 72 hours post-injection,
while no enhancement was seen for the 60-kDa conjugate. The dynamic MR images also
showed that the 60-kDa conjugates was slowly excreted via renal filtration and accumulated
in the urinary bladder. Moreover, the dynamic distribution of the conjugates in the liver showed
similar size-dependent dynamic patterns as in the blood. The conjugate with higher molecular
weight had a higher and more prolonged liver accumulation in the liver. The contrast
enhancement in the lung was low as compared to other organs, possibly due to the presence of
air.

The MR images revealed size-dependent, dynamic and heterogeneous distribution of the
conjugates in tumor tissue, Figure 3. Detailed analysis on 2D spin-echo MR images of the
tumor tissues showed that significant contrast enhancement was first observed at the tumor
periphery post injection for all conjugates, and then gradually in the tumor interstitium,
indicating that the distribution of the conjugates started at the tumor periphery and gradually
diffused in the inner tumor tissue [27]. The 28-kDa conjugate had a short blood circulation
time and its accumulation was limited to the tumor periphery. The conjugates with higher
molecular weights had more prolonged blood circulation and more of the conjugates
accumulated in the inner tumor tissue over time than the 28-kDa conjugate. Also, the higher
molecular weight conjugate resulted in more significant and prolonged accumulation in the
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tumor tissue than the conjugate with a lower molecular weight. The 120-kDa conjugate appears
more effective in tumor targeting than the conjugates of lower molecular weights. The 28-kDa
conjugate is least effective in tumor targeting among three conjugates. This observation is
consistent with the results obtained from conventional pharmacokinetics [30,31], which
validates that contrast enhanced MRI is effective for non-invasive evaluation of polymeric
drug conjugates. Moreover, contrast enhanced MRI provides detailed information on the
dynamic distribution of the conjugates, while conventional pharmacokinetics only provides
average distribution data.

2.2. MR imaging of poly(L-glutamic acid)-(Gd-DO3A) conjugates
Poly(L-glutamic acid) also showed similar size-dependent pharmacokinetics and tumor
distribution in contrast enhanced MRI [28]. Figure 4 shows representative T1-weighted coronal
images of mice through the heart, liver and tumor tissue before and at various time points after
injection of the conjugates with molecular weight of 28, 60 and 87 kDa. Poly(L-glutamic acid)
conjugates of high molecular weight had longer blood circulation than the conjugates with low
molecular weight. Tumor distribution of the poly(L-glutamic acid) conjugates was also
heterogeneous. The conjugate of 87 kDa had the longest blood circulation among the
conjugates and significant enhancement was still observed at 24 hours post-injection. The
longer blood circulation of the poly(L-glutamic acid) conjugates with high molecular weights
(87 and 60 kDa) resulted in more prolonged accumulation in both tumor periphery and
interstitium as compared to the 28-kDa conjugate. The difference between the conjugates with
molecular weights of 60 and 87 kDa was not significant based on detailed analysis of signal
intensities. Accumulation of the high molecular weight conjugates gradually increased across
tumor and remained for a prolonged period.

2.3. Comparison between of HPMA copolymer conjugates and poly(L-glutamic acid)
conjugates

Contrast enhanced MRI revealed that both HPMA copolymer and poly(L-glutamic acid)
conjugates showed size dependent pharmacokinetics and tumor targeting efficiency. HPMA
copolymers are neutral and non-degradable drug carriers, and poly(L-glutamic acid) is an
anionic and biodegradable drug carrier. It would be interesting to study the structural effect on
pharmacokinetics and tumor targeting efficiency by comparing the polymer conjugates with
similar molecular weight distribution. PHPMA-GFLG-(Gd-DO3A) and poly(L-glutamic
acid)-(Gd-DO3A) with molecular weights of 60 and 28 kDa had similar molecular weight
distribution, Figure 5. MR signal intensities in the blood, liver and tumor with these conjugates
were analyzed and compared to study the structural effects.

Although MR signal intensity is not linearly correlated to the concentration of the Gd(III)
chelates in the conjugates, the comparison of dynamic MR signal intensities of the conjugates
would provide qualitative or semi-quantitative information about the structural effect of
polymeric conjugates on in vivo drug delivery. In order to minimize the variations in different
animals caused by MR noise, relative signal intensities were calculated as the ratios of the
signal intensities after injection of the conjugates to those before injection in the same regions
of interest. High relative signal intensity would represent high concentration of the conjugates.

The dynamic changes of the relative signal intensities in the blood for PHPMA-GFLG-(Gd-
DO3A) and poly(L-glutamic acid)-(Gd-DO3A) are shown in Figure 6. The HPMA copolymer
conjugates showed more prolonged high signal intensities in the blood than poly(L-glutamic
acid) conjugates of the similar molecular weight distribution or hydrodynamic volume,
indicating that HPMA copolymer conjugates had longer blood circulation than the poly(L-
glutamic acid) conjugates with the same molecular weights. This might be attributed to the fact
that poly(L-glutamic acid) is biodegradable and in vivo degradation of the conjugates may
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facilitate its clearance. Although the MRI contrast agent was conjugated to the HPMA
copolymer via a degradable tetrapeptide spacer, the spacer was located at side chains and the
degradation of the spacer might be much slower than the poly(amino acid) backbone due to
steric hindrance. It appears that the non-degradable HPMA copolymer conjugates also had
more prolonged liver retention than the poly(L-glutamic acid) conjugates of same molecular
weights, Figure 6.

Prolonged blood circulation of the non-degradable HPMA copolymer conjugates resulted in
more prolonged high retention in tumor tissues than poly(L-glutamic acid) conjugates of the
similar molecular weight. Figure 7 shows the dynamic changes of the relative signal intensities
of the conjugates in the tumor periphery and interstitium. The 28-kDa HPMA copolymer
conjugate demonstrated higher accumulation in both tumor periphery and interstitium than the
28-kDa poly(L-glutamic acid) conjugate. The accumulation of both conjugates returned almost
to background level at 24 hours post-injection. There was no significant difference in tumor
accumulation for the conjugates of 60 kDa in the first 4 hours post-injection. However, the 60-
kDa HPMA copolymer conjugate demonstrated much high tumor accumulation at 24 hours
post-injection that the 60-kDa poly(glutamic acid) conjugates. These results suggest that the
non-degradable HPMA copolymer conjugates may be more effective for tumor targeting than
the biodegradable poly(L-glutamic acid) conjugates.

These preliminary studies showed that contrast enhanced MRI allows non-invasive
visualization of pharmacokinetics of the paramagnetically labeled polymer conjugates with
high spatial resolution. Dynamic and heterogeneous distribution of the conjugates in tumor
tissue was clearly revealed in the contrast enhanced MR images. As compared to the
conventional biopsy-based pharmacokinetic studies, the observations with MRI are made
continuously in the same group of experimental animals and the number of animals used is
greatly reduced in the study. The observations on the size and structural effect on
pharmacokinetics and tumor targeting efficiency of polymer conjugates with contrast enhanced
MRI were consistent to what have been reported with conventional pharmacokinetic methods
[30,31]. The limitations of contrast enhanced MRI are its low sensitivity and poor accuracy in
quantitative measurements of the concentration of contrast agents. MRI technologies such as
T1 and T2 mapping may provide quantitative measurements. However, currently available
quantitative MRI technologies are time consuming and sensitive to motion artifacts, and need
further improvements for practical applications. A combination of multiple imaging
modalities, including positron emission tomography (PET)-MRI and single photon emission
computed tomography (SPECT)-MRI, could provide accurate quantitative assessment of
pharmacokinetics and biodistribution with high anatomic resolution for labeled polymer drug
conjugates.

3. Bifunctional polymer conjugates for contrast enhanced MRI guided
photodynamic therapy

The conjugation of imaging agents or anticancer drugs to biomedical polymers improves their
pharmacokinetics and tumor targeting efficiency, resulting in more accurate tumor detection
and better therapeutic efficacy. Both imaging agents and anticancer drugs can be loaded onto
the same polymer platform to prepare bifunctional conjugates for image-guided therapy.
Photodynamic therapy (PDT) is an efficacious modality for cancer treatment [32–33], which
involves the administration of a photosensitizer and its activation with light irradiation at the
tumor tissue. PDT has been approved for the treatment of malignant diseases, particularly the
superficial tumors [34–36]. Treatment of interstitial lesions with photodynamic therapy is
limited by the requirement of accurate light irradiation of the target. Bifunctional polymer
conjugates containing a photosensitizer drug and an imaging agent will allow accurate
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localization of interstitial lesions with diagnostic imaging, which provides guidance for light
irradiation to the lesions to achieve specific and maximum therapeutic efficacy.

As shown in previous sections, contrast enhanced MRI with polymeric MRI contrast agents is
effective in tumor imaging and allows non-invasive tracking of the tumor accumulation of
labeled conjugates. MRI provides high-resolution anatomic images of soft tissues and has been
used to guide local destruction of cancerous tissues with ablations, including radiofrequency
ablation, thermoablation, cryoablation and laser ablation [37,38]. The combination of contrast
enhanced MRI with photodynamic therapy would provide accurate localization of interstitial
lesions, guiding specific light irradiation to the tumor tissue in photodynamic therapy. The
concept and feasibility of contrast enhanced MRI have been demonstrated by using a
bifunctional polymer conjugate containing an MRI contrast agent Gd-(DO3A) and a
photosensitizer mesochlorin e6 (Mce6), poly-(L-glutamic acid)-(Gd-DO3A)-(Mce6) conjugate
[39].

The bifunctional conjugate resulted in significant contrast enhancement in tumor tissue in the
athymic nude mice bearing MDA-MB-231 human breast carcinoma xenografts, Figure 8. Poly
(L-glutamic acid)-(Gd-DO3A) was used as a non-therapeutic control. The gradual and
heterogeneous tumor accumulation of the bifunctional conjugates was also visualized by
contrast enhanced MRI, which could assist the determination of timing for laser irradiation to
achieve the best therapeutic outcome. As shown in the contrast enhanced MR images, high
accumulation of the conjugate was observed with first few hours in the tumor periphery, where
tissue was highly angiogenic, and the conjugate then gradually diffused into inner tumor tissue.

Two treatment strategies with photodynamic therapy were used based on the dynamic tumor
distribution of the conjugate revealed by MRI. The tumor tissues were irradiated with a 650
nm diode laser at 2 hours post-injection to treat the angiogenic tumor tissue when the peripheral
vasculature had a relatively high concentration of the conjugate. A second treatment was
performed at 18 hours post-injection to further enhance the therapeutic efficacy when more
conjugate accumulated in inner tumor tissues. The treatments resulted in higher survival of the
mice treated with bifunctional conjugate than those treated with the control. One mouse in the
treatment group died 3 days after the treatment for unknown reasons and the rest five mice
survived for at least 60 days. Four mice in the control group died within 45 days post-treatment
and only two mice survived up to 60 days. Histological studies at the end of experiments
demonstrated that the tumor tissue in the treatment group had much lower density of viable
cells than those in the control group and the tumor tissues in the control group were more viable
than those treated with photodynamic therapy.

Tumor response to the therapy can be non-invasively evaluated by dynamic contrast enhanced
MRI with polymeric MRI contrast agents, which can determine physiological properties of
tumor tissues based on fractional blood volume and hyperpermeability to macromolecules of
tumor blood vessels [40–42]. Vascularity, the density of tumor microvessels, and tumor blood
vessel permeability are important parameters for assessing response of tumor tissues to
therapies. It has been demonstrated in animal models that dynamic contrast enhanced MRI
with macromolecular contrast agents can effectively and non-invasively evaluate tumor
response to various therapies [42]. We have shown in a preliminary study that contrast
enhanced MRI with a biodegradable macromolecular MRI contrast agent can effectively assess
tumor response to photodynamic therapy. The results from dynamic contrast enhanced MRI
correlate well with the tumor growth curve after the treatment. The tumors in the treatment
group have much lower uptake of the contrast agent than the tumors in the control group.

In summary, the conjugation of anticancer drugs or imaging agent to biomedical polymers
modifies their pharmacokinetics and improves their tumor targeting efficiency for more
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efficacious cancer treatment and more accurate tumor detection. Molecular imaging provides
an effective tool for non-invasive and continuous evaluation of in vivo drug delivery of polymer
drug conjugates in real time. The combination of drug delivery and molecular imaging on the
polymer platform can be used for image-guided therapy. Bifunctional polymer conjugates
containing an MRI contrast agent and a photosensitizer are promising for MRI guided
photodynamic therapy in cancer treatment. Dynamic contrast enhanced MRI with
macromolecular MRI contrast agents has a potential for non-invasive evaluation of tumor
responses to therapies. Biocompatible polymers are an effective platform for drug delivery and
molecular imaging.
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Figure 1.
Contrast enhanced 3D (MIP) MR images of mice bearing tumors using PGA-cystamine-(Gd-
DO3A) (top) and PGA-1,6-diaminohexane-(Gd-DO3A) (bottom) at a dose of 0.04 mmol-Gd/
kg. The images were taken before contrast (a), and 5 (b), 15 (c), 30 min (d), 1 (e), 2 (f), 4 (g),
7 (h), and 24 h (i) postinjection. Arrow points to tumor.
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Figure 2.
The chemical structures of PHPMA-GFLG-(Gd-DO3A) (a) and poly(L-glutamic acid)-(Gd-
DO3A) (b) conjugates.
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Figure 3.
Coronal MR images of mice injected with PHPMA-GFLG-(Gd-DO3A) (GFLG) conjugates
with molecular weights of 28, 60 and 120 kDa before contrast (a) and at 1 min (b), 10 min (c),
20 min (d), 1 hour (e), 4 hour (f), 24 hour (g), 48 hour (h), and 72 hour (i) after the injection
of the conjugates at a dose of 0.03 mmol-Gd/kg. The arrows point to the heart (1), liver (2) and
tumor (3).
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Figure 4.
Coronal MR images of mice injected with poly(L-glutamic acid)-(Gd-DO3A) conjugates with
molecular weights of 28, 60 and 87 kDa before contrast (a) and at 1 min (b), 10 min (c), 20
min (d), 1 hour (e), 4 hour (f), and 24 hour (g) after the injection of the conjugates at a dose of
0.03 mmol-Gd/kg. The arrows point to the heart (1), liver (2) and tumor (3).
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Figure 5.
Size exclusion chromatograms of PHPMA-GFLG-(Gd-DO3A) (thick lines) and poly(L-
glutamic acid)-(Gd-DO3A) (thin lines) conjugates.
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Figure 6.
Relative signal intensities (SI) of the PHPMA-GFLG-(Gd-DO3A) and poly(L-glutamic acid)-
(Gd-DO3A) conjugates in the blood (28 kDa, A and 60 kDa, B) and the liver (28 kDa, C and
60 kDa, D) at various time points after the injection of the conjugates at a dose of 0.03 mmol-
Gd/kg.
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Figure 7.
Relative signal intensities (SI) of the PHPMA-GFLG-(Gd-DO3A) and poly(L-glutamic acid)-
(Gd-DO3A) conjugates in the tumor periphery (28 kDa, A and 60 kDa, C) and interstitium (28
kDa, B and 60 kDa, D) at various time points after the injection of the conjugates at a dose of
0.03 mmol-Gd/kg.
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Figure 8.
Representative 2D Spin echo images of tumors in mice receiving 0.05-mmol Gd3+/kg PGA-
(Gd-DO3A)-Mce6 (top panel), PGA-(Gd-DO3A)-Mce6 (lower panel), and PGA-(Gd-DO3A)
(bottom panel) before (a) and at 2min (b), 30 min (c), 2 hours (d), and 18 hours (e) post injection.
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