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Abstract
To image implant-surrounding activated macrophages, a macrophage-specific PET probe was
prepared by conjugating folic acid (FA) and 2,2′,2″,2‴-(1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetrayl) tetracetic acid (DOTA) to polyethylene glycol (PEG) and
then labeling the conjugate with Ga-68. In vivo PET imaging evaluations demonstrate that the
probe is able to detect foreign body reactions, and more importantly, quantify the degree of
inflammatory responses to an implanted medical device. These results were further validated by
histological analysis.
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Implantable medical devices play an important role in the practice of contemporary
medicine. Unfortunately, medical device-associated complications, such as bleeding,
inflammation, infection and fibrosis, may cause implant failure. 1 In fact, many medical
implants are surrounded by a substantial number of phagocytes, including
polymorphonuclear leukocytes and macrophages [MΦ]/ monocytes.1-3 In addition,
inflammatory responses and products have been shown to cause the degradation and failure
of many implantable devices and the dissolution of surrounding tissue, including surgical
mesh, degradable implants/scaffolds, soft tissue filler, encapsulated cell implants,
implantable sensors, temporomandibular, and other joint implants.4-11 It is well established
that the accumulation of macrophages serves as a good assessment for the extent of foreign
body reactions to medical implants.1,12 Although conventional methods like tissue biopsy
and histological evaluation have been used for assessing implant-associated MΦ responses,
they are invasive, semi-quantitative, time-consuming and not applicable for continuous real
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time monitoring. Therefore, there is a need for the development of new tools and methods
for detecting and monitoring MΦ responses at the implant site in the clinical setting.

Recent development of in vivo imaging systems has attracted great interest in different
research fields, including cancer, neurological disorders, and inflammatory diseases. Most
recently, research efforts have been expended on the development of optical imaging probes
for non-invasive and real-time monitoring of macrophage-based inflammatory responses in
vivo. For instance, antibody-based probes (FITC-mAb F4/80) have been tested for their
ability to detect MΦ accumulation surrounding biomaterial implants, although they are
limited by sensitivity.13 To improve sensitivity, near-infrared imaging probes were
developed to target activated MΦ via folate receptors.14 However, limited penetration depth
of light, as well as attenuation and scattering of light by tissues, hinder the optical imaging
probes from eventual clinical applications.

To address these issues, in this study, we synthesized a macrophage-specific PET probe to
assess device-mediated inflammatory responses. PET imaging was chosen since it is a
quantitative, highly sensitive, tomographic clinical imaging modality without limitation of
penetration depth.15 In addition, 18-fluoro-2-deoxyglucose (FDG) PET probes have been
used to detect persistent foreign body reactions induced by mesh prostheses.16 Given the
fact that activated MΦs possess a large number of folic acid (FA) receptors,14 we chose FA
as the targeting ligand for the PET imaging probe design. To improve the probe’s water
solubility and prolong its circulation time in the blood, polyethylene glycol (PEG) was
introduced into the probe as described in previous studies.17,18 Basically, the probe is
composed of three structural components: MΦ-targeting FA, PEG spacer, and radioisotope
Ga-68 moiety. To the best of our knowledge, the application of macrophage-specific PET
imaging in detection and assessment of foreign body reactions in vivo has not been reported
before.

The MΦ -specific PET probe (68Ga-DOTA-PEG-FA) was prepared according to a modified
procedure (Fig.1).19,20 It should be noted that although α- and γ-carboxylic acid groups of
folic acid could be activated, the reactivity of the γ-carboxylic acid group to an amine group
is much higher.21 Thus, conjugation of folic acid into PEG should be generated
predominantly via the γ-carboxylic acid. The conjugate (DOTA-PEG-FA) was first
synthesized. FTIR (Fourier transform infrared spectroscopy) spectrum of the conjugate
shows characteristic IR absorption peaks of FA at 1600, 1695, and 1498 cm−1, indicating
conjugation of FA moieties into PEGs.22 Average molecular weight of the conjugate was
measured to be around 6,000 by using MALDI-TOF MS (Matrix assisted laser desorption
ionization time-of-flight mass spectrometry). The PET probe was then obtained by radio-
labeling the conjugate with radioisotope (68Ga). The radiochemical yield was 78% as
determined by using radio-HPLC. After purification, the radiochemical purity was higher
than 99% and the specific activity was 63 GBq/μmol. 68Ga-DOTA-PEG-FA had the same
retention time as its respective conjugate at 20.5 min (Fig. 2).

The freshly synthesized 68Ga-DOTA-PEG-FA probe was then evaluated in two animal
models of medical implant-triggered inflammation.23 Poly-lactic acid (PLA) and poly (N-
isopropylacrylamide) (PNIPAM) particles were prepared as previously described,14 and
used as model implantable devices. One day after subcutaneous implantation, 68Ga-DOTA-
NH-PEG-NH-FA was injected intravenously for PET imaging. Figure 3(a) shows the fused
transaxial and coronal imaging for the material-implanted mice. The PET signals were
higher from the PLA sites than from the PNIPAM sites. Quantitative imaging analysis
shows that the standardized uptake value (SUV) of the PLA site was 1.8 times higher than
that of the PNIPAM site (Fig.3(b)), indicating that the PET probe can detect implant-
triggered acute inflammation. More importantly, the degree of implant-mediated acute
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inflammatory responses can be quantitatively assessed by the PET probe enabled
noninvasive imaging method. Histological analyses (H&E stain: hematoxylin and eosin
stain) of the implant-surrounding tissues demonstrate that the PLA implant indeed triggered
more inflammatory cells than PNIPAM (Fig.3(c)).

Since many medical devices, such as joint implants, are implanted in the submuscular space,
the validation of the PET probe was further assessed using the SiO2 particles intramuscular
implantation model. The micro CT (Computed tomography) and PET images were captured
3 hour after probe injection. As shown in Fig.4(a), the SiO2 implant site was clearly
visualized by the probe, while the control site was barely visible. Quantitative imaging
analysis indicated a 4-fold uptake increase at the SiO2 implant site compared to the control
site (Fig.4 (b)). H&E staining revealed that more inflammatory cells were recruited to the
SiO2 (Fig. 4 (c)).

In summary, the PET imaging studies have shown that 68Ga-DOTA-PEG-FA is an effective
PET probe for detection of implant-associated MΦ and associated foreign body reactions.
These results suggest that the imaging probe can potentially be translated for detecting
immune responses to various medical implants, including surgical mesh, degradable
implants/scaffolds, soft tissue encapsulated cell implants, implantable sensors, and
temporomandibular and other joint implants.
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Fig. 1.
Chemical structure of the probe (68Ga-DOTA-PEG-FA).
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Fig. 2.
HPLC analysis of 68Ga-DOTA-PEG-FA (upper, radio peak) and DOTA-PEG-FA (lower,
UV peak at 254 nm).
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Fig. 3.
In the subcutaneous implantation model, mice were implanted with either PLA or PNIPAM
particles at 24 hours prior to MΦ probe administration. After probe injection for 3 hours, the
animals’ whole body images were taken. (a) Fused transaxial and coronal slices for PLA and
PNIPAM implants. (b) The SUV values were calculated for PLA and PNIPAM implants. (c)
Optical images of H&E stained tissue slices containing PLA- and PNIPAM-implants.
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Fig. 4.
In the intramuscular implantation model, mice were administered with either SiO2 particles
or saline (as control) at 24 hours prior to MΦ probe injection. After probe injection for 3
hours, whole body images of animals were taken. (a) Fused transaxial and coronal slices for
SiO2 implant and saline. (b) The SUV values were calculated for SiO2 implant and saline.
(c) Optical images of H&E stained tissue slices of SiO2- and saline implantation sites.
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