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A B S T R A C T   

It is very challenging to visualize implantable medical devices made of biodegradable polymers in deep tissues. 
Herein, we designed a novel macromolecular contrast agent with ultrahigh radiopacity (iodinate content > 50%) 
via polymerizing an iodinated trimethylene carbonate monomer into the two ends of poly(ethylene glycol) 
(PEG). A set of thermosensitive and biodegradable polyester-PEG-polyester triblock copolymers with varied 
polyester compositions synthesized by us, which were soluble in water at room temperature and could spon-
taneously form hydrogels at body temperature, were selected as the demonstration materials. The addition of 
macromolecular contrast agent did not obviously compromise the injectability and thermogelation properties of 
polymeric hydrogels, but conferred them with excellent X-ray opacity, enabling visualization of the hydrogels at 
clinically relevant depths through X-ray fluoroscopy or Micro-CT. In a mouse model, the 3D morphology of the 
radiopaque hydrogels after injection into different target sites was visible using Micro-CT imaging, and their 
injection volume could be accurately obtained. Furthermore, the subcutaneous degradation process of a radi-
opaque hydrogel could be non-invasively monitored in a real-time and quantitative manner. In particular, the 
corrected degradation curve based on Micro-CT imaging well matched with the degradation profile of virgin 
polymer hydrogel determined by the gravimetric method. These findings indicate that the macromolecular 
contrast agent has good universality for the construction of various radiopaque polymer hydrogels, and can 
nondestructively trace and quantify their degradation in vivo. Meanwhile, the present methodology developed by 
us affords a platform technology for deep tissue imaging of polymeric materials.   

1. Introduction 

Non-invasive in vivo bioimaging techniques have emerged a vital 
impact on modern medical practice and greatly promote advances in a 
variety of biomedical applications, such as in vivo cell labeling, early 
disease diagnosis, image-guided treatment and post-operative medical 
devices follow-up [1–4]. In particular, X-ray fluoroscopy has been 
utilized in clinic for more than a century and has the advantages of 
low-cost, high spatial resolution and unrestricted depth of tissue 
penetration [5,6]. X-ray computed tomography (CT) imaging is also 

based on the absorption of X-rays and has the ability to visualize three 
dimensional (3D) morphology of implanted objects/devices [5,7]. 

Since the beginning of the new century, many permanent implant-
able devices for various disease treatments have been gradually 
replaced by biodegradable devices made of polymeric materials [8–11]. 
Nevertheless, polymeric materials are usually transparent to X-rays due 
to the atomistic composition of C, H, O, and N atoms. To nondestruc-
tively locate these devices/materials, trace morphology changes, and 
quantify the in situ degradation profiles, contrast agents are generally 
required. 
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One conventional approach to endow polymers with X-ray opacity is 
to blend X-ray absorbing additives, such as metal powders, barium salts, 
zirconium dioxide, organic iodine compounds, etc [12–15]. However, this 
method suffers from some important defects: (1) the physical, chemical 
and mechanical properties of polymeric materials are often influenced due 
to the incorporation of fillers [15]; (2) it is not easy to blend 
small-molecule contrast agents evenly with polymers; (3) small-molecule 
contrast agents easily leach and penetrate into body fluids, resulting in the 
loss of X-ray opacity and causing systemic toxicities [7,13,14]. An 
attractive alternative is to develop macromolecular radiographic contrast 
agents by covalently modifying a radiocontrast probe, typically an 
iodine-containing moiety, to the polymer skeleton, thereby overcoming 
the drawbacks of small-molecule contrast agents [6,16,17]. 

In-situ-forming injectable hydrogels as implantable biomaterials/ 
devices have attracted tremendous attention because of their minimally 
invasive administration mode [18–30]. In particular, thermosensitive 
and biodegradable hydrogels comprised of copolymers of hydrophobic 
polyesters, such as poly(lactic acid) (PLA), poly(ε-caprolactone) (PCL), 
poly(lactic acid-co-glycolic acid) (PLGA), poly(ε-caprolactone-co-gly-
colic acid) (PCGA), poly(ε-caprolactone-co-lactic acid) (PCLA), and hy-
drophilic poly(ethylene glycol) (PEG) are free-flowing polymer aqueous 
solutions at low or ambient temperature; however, they exhibit sol-gel 
transitions in response to the changes in temperature [31–36]. Bioac-
tive substances and live cells are then easily loaded by blending them 
with a low viscous polymer solution and this loading process thoroughly 
avoids contact with organic solvents. After injection into the target site 
of a warmblooded animal, a substance/cell-containing hydrogel is 
spontaneously formed via the temperature-triggered gelation, acting as 
a reservoir of drugs or a cell-growing matrix. Meanwhile, in-situ gelation 
also affords a perfect match for filling a complex defect. In virtue of the 
characteristics of facile synthesis, good biocompatibility and adjustable 
biodegradability, thermosensitive PEG/polyester copolymer hydrogels 
have suggested for various applications in biomedical fields, such as 
drug delivery [35,37–42], wound repair [43], tissue regeneration [44, 
45] and post-surgical anti-adhesion [34,46]. 

As a kind of implantable and biodegradable biomaterials, 
nondestructive and real-time monitoring of thermosensitive hydro-
gels at the injection sites as well as acquirement of information on in 
vivo behaviors of degradation are of significance for their funda-
mental research and following clinical translation. However, there 
are few reports on the PEG/polyester thermosensitive hydrogels for 
X-ray imaging modalities so far. The first PEG/polyester polymer 
thermosensitive hydrogel with X-ray opacity was developed by our 
group [47], where 2,3,5-triiodobenzoic acid (TIB) as a radiocontrast 
dye was covalently modified to the hydrophobic end of methoxy poly 
(ethylene glycol) (mPEG)-PLA diblock copolymer and the aqueous 
solution of TIB-capped mPEG-PLA with a very narrow PEG/PLA ratio 
window could form a temperature-responsive hydrogel. This meth-
odology could not be employed to obtain other types of radiopaque 
and thermosensitive hydrogels. For example, temperature-responsive 
hydrogels composed of ABA-type polyester-PEG-polyester or 
BAB-type mPEG-polyester-mPEG triblock copolymers are more pop-
ular compared with thermosensitive mPEG-polyester diblock co-
polymers. However, due to thermosensitive polyester-PEG-polyester 
triblock copolymers featuring a subtle end-group effect [48,49] plus 
the very strong hydrophobicity of TIB group, their TIB-capped de-
rivatives only precipitated in water and failed to form a thermo-
sensitive hydrogel [47]. As to thermosensitive mPEG-polyester-mPEG 
triblock copolymers, TIB cannot be covalently modified due to the 
lack of reactive groups. 

Is there a method free of post-modification? We have taken this 
into account and made efforts to address this challenge. In this study, 
we designed an iodinated polycarbonate-based universal macromo-
lecular contrast agent, poly(5,5-bis(iodomethyl)-1,3-dioxan-2-one)- 
co-poly(ethylene glycol)-co-poly(5,5-bis(iodomethyl)-1,3-dioxan-2- 
one) (PITMC-PEG-PITMC, PI), with ultrahigh radiopacity, as illus-
trated in Fig. 1. The molecular design of PI was mainly based on the 
following two considerations. First, since thermosensitive PEG/poly-
ester copolymers that exhibit temperature-responsive sol-gel transi-
tions in water are attributed to their amphiphilic nature [50–52], the 

Fig. 1. Schematic presentation of design of macromolecular contrast agent, construction of radiopaque and thermosensitive PEG/polyester copolymer hydrogels, and 
their nondestructive imaging in vivo via Micro-CT. CL: ε-caprolactone, GA: glycolide, ITMC: 5,5-bis(iodomethyl)-1,3-dioxan-2-one, LA: D,L-lactide, PEG: poly(ethylene 
glycol), ROP: ring-opening polymerization, TEA: triethylamine, THF: tetrahydrofuran. 
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macromolecular radio-opacifier should be amphiphilic to facilitate 
mixing with them to form a homogeneous system and maintain the 
capacity of thermogelation. Second, to ensure the adequate iodine 
content in macromolecular radio-opacifier, the molecule weight (MW) 
of PEG should not be very high and eventually PEG with MW 1000 Da 
was selected by us. Meanwhile, a set of thermosensitive hydrogels 
comprised of polyester-PEG-polyester polymers with different, but 
familiar polyester compositions were chosen as the demonstration 
materials to validate the universality of macromolecular contrast 
agent for the fabrication of radiopaque and thermosensitive hydro-
gels, as presented in Fig. 1. The effect of the PI introduction on their 
thermogelation properties was evaluated. The imaging capacity of 
radiopaque hydrogels in deep tissues was tested in vitro and in vivo. 
Finally, the feasibility to nondestructively monitor and quantify 
hydrogel degradation in vivo was demonstrated. 

2. Results and discussion 

2.1. Synthesis and characterization of macromolecular contrast agent PI 
and polyester-PEG-polyester polymers 

5,5-bis(iodomethyl)-1,3-dioxan-2-one (ITMC), a diiodinated carbon-
ate monomer, was synthesized via iodine exchange reaction in the pres-
ence of 2,2-bis(bromomethyl)-1,3-propanediol and subsequently 
cyclization with ethyl chloroformate using triethylamine (TEA) as an acid 
scavenger, as presented in Fig. 1, and nuclear magnetic resonance 
hydrogen spectroscopy (1H NMR) analysis confirmed the successful 
acquirement of ITMC monomer (Fig. S1). Then, a novel macromolecular 
contrast agent PI with excellent radiopacity was obtained via initiating 
macromolecular initiator PEG1000 to conduct ring-opening polymeriza-
tion (ROP) of ITMC in the presence of zinc bis[bis(trimethylsilyl)amide] 
(Zn(HMDS)2) as the catalyst. The chemical structure and composition of 
PI were analyzed by 1H NMR, X-ray photoelectron spectroscopy (XPS), 
energy-dispersive X-ray spectroscopy (EDS) and gel permeation chroma-
tography (GPC). As displayed in Fig. 2A, the characteristic proton peaks 

belonging to PI were clearly assicribed, and the average number of ITMC 
repeating units in each PI calculated by its 1H NMR spectrum was 14.5. 
Namely, the iodine content in PI reached amazing 56.3 wt%, which is 
significantly superior to the known iodinated polyesters/polycarbonates 
[6,16,53–55], to the best of our knowledge. Different from PEG, except for 
the signals of carbon and oxygen elements, the strong signal of iodine 
element was also sucessfully detected on the surface of PI by XPS and EDS 
analysis (Fig. 2B and C and S2). The GPC trace of PI presented a unimodal 
pattern, as diplayed in Fig. S3. All these features demonstrated that the 
ROP was successfully conducted and the desired macromolecular contrast 
agent PI was harvested. 

Meanwhile, three thermosensitive PEG/polyester triblock co-
polymers, poly(ε-caprolactone-co-glycolic acid)-b-poly(ethylene gly-
col)-b-poly(ε-caprolactone-co-glycolic acid) (PCGA-PEG-PCGA, P1), 
poly(lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly(lactic 
acid-co-glycolic acid) (PLGA-PEG-PLGA, P2), poly(ε-caprolactone-co- 
lactic acid)-b-poly(ethylene glycol)-b-poly(ε-caprolactone-co-lactic 
acid) (PCLA-PEG-PCLA, P3), were prepared by ROP of different 
monomers using stannous octoate as the catalyst and PEG1500 as the 
macroinitiator (Fig. 1). As shown in Fig. S4 and S5, the chemical 
compositions and structures of P1, P2 and P3 were confirmed by 1H 
NMR and GPC. Molecular parameters of PI, P1, P2 and P3 copolymers 
are summarized in Table 1. 

Fig. 2. Characterization of PI, the novel macromolecular contrast agent. (A) 1H NMR spectrum of PI in CDCl3. (B) Full XPS survey spectra for PI and PEG1000. (C) 
SEM image, EDS distribution maps and analysis results (wt%) for carbon (red dots), oxygen (green dots) and iodine (blue dots) of PI. 

Table 1 
Molecular parameters of PI, P1, P2 and P3 polymers in this study.  

Sample Mn
a [M1]/[M2]b Mn

c ĐM
c 

PI 2770-1000-2770 – 3870 1.64 
P1 1800-1500-1800 2.3/1 (CL/GA) 5240 1.35 
P2 1790-1500-1790 1.9/1 (LA/GA) 4270 1.24 
P3 1820-1500-1820 2.5/1 (CL/LA) 5350 1.33  

a Mn calculated from 1H NMR. 
b Repeating unit ratio in mol/mol calculated from 1H NMR. 
c Mn and ĐM measured via GPC. 
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2.2. Sol-gel transitions of aqueous polymer solutions 

All the three triblock copolymers, P1, P2 and P3, synthesized by our 
group could be dissolved in water to form low viscous sols at low or 
room temperature and exhibited a state transformation of sol-to-gel with 
responding to the environmental temperature increase when the poly-
mer concentration was higher than the critical gel concentration (> 5 wt 
%). As illustrated in Fig. 3a, the 15 wt% aqueous polymer solutions were 
transparent at room temperature and formed opaque gels at body tem-
perature. Our previous studies and others have demonstrated that 
amphiphilic PEG/polyester copolymers easily self-assemble in water to 
form core-corona micelles, which have a good capacity for solubilization 
of hydrophobic small-molecules or macromolecules [37,38,40,44,50, 
51]. In fact, the macromolecular contrast agent PI was so hydrophobic 
that it was only partially soluble in water. Fortunately, the aqueous 
solutions of thermosensitive P1, P2 and P3 polymers with suspended 
core-corona-like micelles were able to significantly solubilize the hy-
drophobic PI. After solubilization, the PI-loaded aqueous polymer so-
lutions containing 30 wt% solute turned into a milky white state, but 
they were still uniform and easy to flow at room temperature and formed 
semi-solid gels at 37 ◦C (Fig. 3A), indicating that the incorporation of PI 
did not compromise the sol-gel transitions of the polymer solutions. 

In order to further quantitatively evaluate the effect of PI introduc-
tion, changes in the storage modulus G′ and loss modulus G′′ of aqueous 
polymer solutions in the presence or absence of PI were observed as a 
function of temperature (Fig. 3B and S6). G′ and G′′ represent the elastic 
component and viscous component, respectively, of the system. Gener-
ally speaking, G’ < G′′ suggests the sol state of the system, while G’ > G′′

reflects the gel state [56,57]. Along with the elevation of temperature, 
both the G′ and G′′ of aqueous polymer solutions gradually increased and 
eventually the G′ exceeded the G’’. The temperature corresponding to 
the crossover point where G′ and G′′ are equal has be considered as the 
sol-gel transition temperature (Tgel) [56,57]. As shown in Fig. S6, all the 

three PI-free polymer aqueous solutions formed gels at about 32 ◦C due 
to their similar MWs, while the Tgels of aqueous polymer solutions 
containing PI also remained around 32 ◦C (Fig. 3B). This finding further 
confirmed that the introduction of PI maintained the thermogelation 
properties of the virgin polymer solutions well. 

2.3. In vitro X-ray opacity 

First, to explore the relationship between iodine content and X-ray 
opacity, a series of aqueous solutions of iohexol, a commercially avail-
able iodine contrast agent, with indicated concentrations were prepared 
and then subjected to Micro-CT scanning. As shown in Fig. 4A, the 
grayscale indices and Hounsfield units of iohexol aqueous solutions were 
linearly positively correlated with the iodine content in the iohexol so-
lution. The linear fitting equations were as follows: 

Y1= 9.37x + 16.91 (R2 = 0.999) (1)  

Y2= 241.27x − 2.35 (R2 = 0.999) (2)  

where Y1 represents the grayscale index, Y2 means the Hounsfield unit, 
and x represents the iodine content (wt%). 

According to Equations (1) and (2), the grayscale index and 
Hounsfield unit of a system can be conveniently calculated via its iodine 
content, and vice versa. It is worth pointing out that the difference in the 
preview of maximum absorption (Pmax) can affect the grayscale index of 
the same sample. The larger the Pmax is, the smaller the grayscale index 
of the material is, that is, Pmax is inversely proportional to the grayscale 
index of the system. In contrast, the Hounsfield unit of a specimen is a 
fixed value. 

In vitro X-ray opacities of the different aqueous polymer solutions 
were determined by Micro-CT. Due to the only presence of light atomic 
mass elements like C, H and O in P1–P3 polymers, their grayscale indices 

Fig. 3. Thermogelation behaviors of aqueous polymer solutions with or without the macromolecular contrast agent PI. (A) Photographs showing sol (25 ◦C) and gel 
(37 ◦C) states of the various aqueous polymer solutions. (B) Storage modulus G′ and loss modulus G′′ of the aqueous polymer solutions containing PI as a function of 
temperature. PI1 means the 1/1 (w/w) mixture of PI and P1, and the same is for PI2 and PI3. 
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Fig. 4. X-ray opacity of various aqueous polymer solutions in vitro. (A) The linear relationship between the average grayscale indices/Hounsfield units of iohexol 
aqueous solutions and their iodine amounts (n = 3, Pmax = 0.1). (B) The optical photographs, the corresponding Micro-CT images on the x-axis and the radiopacities 
of the indicated samples using the grayscale unit. The results are expressed as mean ± standard deviation (SD) (n = 3, Pmax = 0.1). (C) Design, modeling and 3D 
printing of “FDU” pattern. (D) The X-ray opacity of “FDU” pattern containing P1 or PI1 solution using Micro-CT. (E) The X-ray opacity of “FDU” pattern containing P1 
or PI1 solution covered with different layers of pork using X-treme. 
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of aqueous solutions were similar regardless of their structural compo-
sition and concentration, as presented in Fig. 4B. In contrast, the 
aqueous polymer solutions containing PI showed significantly enhanced 
radiopacity, and their grayscale indices increased to about 95, equiva-
lent to the Hounsfield unit value of 2003, and were almost six times 
larger than those of the PI-free polymer solutions. Meanwhile, the 
radiopacities of the PI-loaded aqueous polymer solutions were also su-
perior to that of the alumina powder as the control group and their 
grayscale indices were approximately 2.5 times that of alumina powder. 
The Hounsfield unit values of mineralized tissues such as bone are 
approximately 1000 [58]. Obviously, the radiopacities of the PI-loaded 
systems were twice those of mineralized tissues. In addition, the uniform 
distribution of grayscale as presented in Fig. 4B indicated that PI was 
effectively solubilized into the aqueous polymer solutions. Also, based 
on Equation (1) and the known grayscale indices of PI-loaded aqueous 
polymer solutions, the iodine content of PI could be calculated to be 
55.4 wt%, equivalent to 13.3 ITMC repeating units in each PI, which was 
very close to the calculation result obtained from 1H NMR. 

To further visually demonstrate the X-ray opacity of PI-loaded 
aqueous polymer solutions, a 3D mold with “FDU” (abbreviation of 
Fudan University) pattern was designed and manufactured by 3D 
printing, whose detailed size parameters are illustrated in Fig. 4C. As 
shown in Fig. 4D, the “FDU” pattern filled with P1 solution was invisible 
under Micro-CT, while the pattern filled with PI1 solution could be 
clearly observed via Micro-CT imaging and the 3D reconstructed image 
intuitively reflected the morphology of the “FDU” pattern, indicating the 
outstanding X-ray opacity of PI1 system. 

Similarly, the “FDU” pattern, which was filled with P1 solution, was 
not visualized under X-ray of X-treme, as shown in Fig. 4E. By contrast, 
due to the ultrahigh radiopacity of PI, the “FDU” pattern containing PI1 
solution was still obviously visible through X-treme even when it was 
covered with 0.5 cm thick pork layer by layer to the 10th layer, and did 
not appear until the 15th layer was covered. It is worth noting that the X- 
ray imaging depth is proportional to the thickness and iodine content of 
the sample. The current “FDU” pattern contained only PI1 solution of 2 
mm thickness, and the imaging depth has exceeded 5 cm. This finding 
affirms that the radiopaque PI1 system has an excellent capacity for deep 
tissue imaging. Of course, if the PI content in the polymer solution de-
creases, the imaging depth of the sample will decrease correspondingly. 

2.4. In vitro cytotoxicity 

The in vitro cytocompatibility of the polymers were tested by cell 
counting kit-8 (CCK-8) assay using normal mouse embryo osteoblast 
precursor cells (MC3T3-E1). As shown in Fig. 5, the viabilities of cells 
receiving the treatment of polymer mixtures, PI1, PI2 and PI3, for 24 h 
were as high as 90% at all the tested concentrations, which were similar 
to those treated with pure P1, P2 or P3 polymers (Fig. S7), indicating 
that the macromolecular contrast agent PI and the three PEG/polyester 
polymers have good cell compatibilities. 

2.5. In vivo Micro-CT imaging 

The different aqueous polymer solutions were injected subcutaneously 
into ICR mice through a conventional 1-mL syringe, and the in situ- 
forming hydrogels were obtained within 30 s via body temperature- 
triggered gelation, reflecting the appearance of elliptic protrusions at 
the administration sites. Subsequently, the in vivo X-ray opacities of in situ- 
forming hydrogels were evaluated by Micro-CT. Since the X-ray absorp-
tion capacity of pure polymer hydrogels without PI contrast agent was 
similar to that of soft tissue, it is impossible to distinguish them from the 
surrounding soft tissues using Micro-CT imaging, as shown in Fig. 6A. By 
contrast, with the mediation of excellent X-ray opacity of PI, the PI-loaded 
hydrogels could be visualized via Micro-CT with clear boundaries between 
the hydrogels and the adjacent soft tissues. Furthermore, the 3D mor-
phologies of PI-loaded polymer hydrogels were intuitively observed by 3D 

reconstruction of Micro-CT images (Fig. 6A and Video S1). The quanti-
tative results of grayscale value and injection volume were also harvested. 
As presented in Fig. 6C and D, the three PI-loaded hydrogels had a similar 
grayscale index and injection volume. Their mean grayscale index was far 
greater than that of soft tissue; however, there was no obvious discrimi-
nation between the PI-free polymer hydrogels and the surrounding tissues. 
Meanwhile, the volume of PI-loaded hydrogels obtained from Micro-CT 
well coincided with the actual injection volume. 

The three thermosensitive and radiopaque hydrogels were also intra-
peritoneally injected into ICR mice and then measured by Micro-CT. 
Fig. 6B displays their Micro-CT images on the z-axis and reconstructed 
3D images. Likewise, these hydrogels were visible with the help of Micro- 
CT and exhibited an irregular shape, indicating that they were located in 
the space between the abdominal organs. The quantitative data validated 
that these hydrogels had prominently strong radiopacity compared with 
the adjacent abdominal organs (Fig. 6E). It should be noted that the in-
tensity of X-ray opacity is related to the shape and injection site of the 
object tested. Owing to the more dispersed morphology of PI2 hydrogel in 
abdominal cavity compared with the other two hydrogels, its grayscale 
index was slightly lower than that of PI1 or PI3 hydrogel. Also, because the 
intraperitoneal injection site was deeper, the gray indices of these 
hydrogels were relatively smaller than those of subcutaneous injection. 
Moreover, these hydrogels had similar injection volume calculated by 
Micro-CT (Fig. 6F). These results indicate that PI is suitable as a universal 
macromolecular contrast agent for in vivo visualized detection of various 
thermosensitive hydrogels. 

2.6. Nondestructive monitoring of in vivo hydrogel degradation 

Considering that the medical applications of injectable thermosensi-
tive hydrogels after subcutaneous injection are much more than those of 
intraperitoneal injection, the subcutaneous degradation process of PI1 
hydrogel was nondestructively monitored by Micro-CT for example. 
Fig. 7A shows the volume and grayscale index of the residual PI1 hydrogel 
as a function of degradation time, and the morphological change of re-
sidual PI1 hydrogel over time is presented in Fig. 7B. The volume of the 
PI1 hydrogel gradually decreased as the time elapsed, whereas the 
remaining volume tended to be unchanged from day 24. The grayscale 
index of residual PI1 hydrogel showed a tendency to increase first and 
then slow decrease over time. In general, thermosensitive PEG/polyester 
copolymer hydrogels suffered from a rapid surface erosion by body fluids 

Fig. 5. In vitro cytotoxicity of the polymer mixtures, PI1, PI2 and PI3, as a 
function of polymer concentration against MC3T3-E1 cells. The viability of cells 
with the treatment of culture medium only was set as 100% and each point is 
represented as the mean ± SD (n = 4). 
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at the first stage after subcutaneous injection, reflected by a significant 
reduction in gel vol/wt [32]. This feature was also observed in the current 
PI1 hydrogel. Because the macromolecular contrast agent PI was far more 
hydrophobic than thermosensitive P1 polymers, P1 polymers were more 
easily dissolved through body fluids in the first few days, resulting in an 
initial increase in the radiopacity of residual PI1 hydrogel. 

To affirm that the degradation curve of the PI-mediated hydrogel did 
truly reflect the degradation process of PI-free polymeric hydrogel, a 15 
wt% P1 aqueous solution was injected subcutaneously into ICR mice and 
then dissected for observation of degradation at the predetermined time 
points. As shown in Fig. 7C and D, the volume of the P1 hydrogel 
continuously decreased with the effluxion of time, and no residual gel 
was detected on day 33 post-injection, implying that it was almost 
completely degraded. Compared with the PI1 hydrogel, the pure P1 
hydrogel without the macromolecular contrast agent PI seems to have a 
faster degradation rate. The previous studies have confirmed that the 
degradation rate of carbonate bonds is far lower than that of ester bonds 
[59–61]. Also, if the C–I bonds in PI break, iodide ions would be 
released, which should be diluted away immediately by body fluids. 
However, the residual PI1 hydrogel maintained strong radiopacity 
during the whole examination period, as demonstrated in Fig. 7A, 

indicating that the C–I bonds in PI should be stable and the remaining 
substance in the PI1 hydrogel on day 33 should belong to the unde-
gradable macromolecular contrast agent PI. Therefore, the remaining 
volume of PI1 hydrogel on day 33 was used to correct the data of 
degradation at the previous time points one by one (V33’ = V33 − V33; 
V25’ = V25 − V33; V19’ = V19 − V33 …) and then a new degradation curve 
was acquired. As displayed in Fig. 7D, the corrected degradation curve 
of PI1 hydrogel almost perfectly coincided with that of pure P1 hydrogel 
determined via the gravimetric approach. This finding convincingly 
demonstrates that PI as a macromolecular X-ray contrast agent can 
accurately and nondestructively quantify the in vivo degradation of the 
thermosensitive P1 hydrogel. 

The ICR mice receiving the injection of the PI1 hydrogel were 
sacrificed, and then the main organs and adjacent tissues at the injection 
sites were harvested. The representative hematoxylin-eosin (H&E) 
staining slices of the main organs are shown in Fig. S8. Compared with 
normal organs, no significant abnormality was observed in the PI1 
hydrogel group, suggesting that the injection of PI1 hydrogel and the 
subsequent degradation in vivo did not cause apparently systemic side 
effects. Fig. S9 displays the microphotograph of the subcutaneous tissue 
at the injection site and the corresponding CT scanning image of the 

Fig. 6. (A) Cross-sectional views and 3D reconstructed Micro-CT images of the indicated samples 30 min after subcutaneous injection into female ICR mice. The 
dotted coils represent the PI-free hydrogels. (B) Cross-sectional views and 3D reconstructed Micro-CT images of the indicated samples 30 min after intraperitoneal 
injection into female ICR mice. (C) Grayscale indices of the indicated samples after subcutaneous injection. (D) Volume of the indicated samples after subcutaneous 
injection. (E) Grayscale indices of the indicated samples after intraperitoneal injection. (F) Volume of the indicated samples after intraperitoneal injection. (n = 3, 
Pmax = 0.1). 
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paraffin-embedded tissue. A strong radiopaque signal at the injection 
site was still detected via Micro-CT. As mentioned above, the radiopaque 
signal should be attributed to the residual macromolecular contrast 
agent PI, which had not been degraded. Meanwhile, no obvious in-
flammatory reaction was observed around the residual gel, indicating 
that the macromolecular CT imaging agent PI has good biocompatibility 
in vivo. 

3. Conclusions 
By polymerizing ITMC functional monomers onto PEG, an ultrahigh 

radiopaque macromolecular contrast agent PI was designed and syn-
thesized, which affords a universal contrast agent for the construction of 
radiopaque polymer hydrogels. The introduction of PI not only made all 
the hydrogels maintain temperature-responsive sol-gel transitions, but 
also provided the ability of radiopacity. The location, morphology and 
volume of the radiopaque hydrogels at different injection sites could be 
achieved via Micro-CT imaging nondestructively and accurately. The 
degradation profile determined by Micro-CT could truly reflect the in 
vivo fate of virgin polymer hydrogel. Except for the in situ monitoring of 
the in vivo degradation, the visualization of radiopaque thermosensitive 
hydrogels can facilitate their medical applications, such as embolization 
treatment, drug delivery, tissue regeneration, tissue marking, etc. 
Meanwhile, the current methodology can be easily extended to other 
implantable polymer devices for in vivo imaging at clinically relevant 
depths. 

4. Experimental section 

4.1. Materials 
2,2-bis(bromomethyl)-1,3-propanediol, sodium iodide and sodium 

bisulfite were the products of Aladdin Biochemical Technology Co., Ltd. 

(Shanghai, China). Ethyl chloroformate was acquired from Wuhan 
Changcheng Chemical Technology Development Co., Ltd. (Wuhan, China). 
PEG1000 (number-average MW Mn = 1000 Da), PEG1500 (Mn = 1500 
Da), Zn(HMDS)2, stannous octoate and ε-caprolactone (CL) were bought 
from Sigma-Aldrich. Glycolide (GA) and D,L-lactide (LA) were acquired 
from Hangzhou Medzone Biotech Ltd. (Hangzhou, China). Iohexol was the 
product of TCI Development Co., Ltd. (Shanghai, China). Tetrahydrofuran 
(THF) and TEA were stirred in the presence of calcium hydride (CaH2) for 
24 h and then collected by distillation. CCK-8 for mammalian cells was 
bought from Beyotime Co., Ltd. (Shanghai, China). The other chemical 
reagents provided by Sinopharm Chemical Reagent Co. (Shanghai, China) 
were utilized without additional treatment. 

4.2. Animals 

Female ICR mice weighing approximately 25 g were purchased from 
Shanghai Lab. Animal Research Center (Shanghai, China). All animal 
experiments were conducted in accordance with the “Laboratory Animal 
Care Principles” (NIH Publication # 85–23, revised in 1985) and ratified 
by the Fudan University Ethics Committee. 

4.3. Synthesis of ITMC 

In according to our previous work [62], ITMC was synthesized via a 
two-step reaction. The first step of reaction was to synthesize 2,2-bis 
(iodomethyl)propane-1,3-diol. 30.0 g of 2,2-bis(bromomethyl)-1,3-pro-
panediol (114.5 mmol), 60.0 g of sodium iodide (400.3 mmol) and 200 
mL of acetone were transferred into an eggplant-shaped flask and a 
heating reflux was carried out for 8 days. Then, the filtrate obtained by 
filtering the generated sodium bromide, which was insoluble in acetone, 
was concentrated under reduced pressure to remove the solvent, and the 

Fig. 7. The in vivo degradation of polymer hydrogels with or without the macromolecular contrast agent PI. (A) Changes in the volume and grayscale index of PI1 
hydrogel over time after subcutaneous injection into female ICR mice. (B) Representative cross-sectional views of the remaining PI1 hydrogels at the predetermined 
time points. (C) Representative photographs of the remaining hydrogels in ICR mice that received the subcutaneous administration of 15 wt% P1 hydrogel. (D) 
Changes in the weight fraction of 15 wt% P1 hydrogel and the corrected volume fraction of 30 wt% PI1 hydrogel over time. The results are expressed as mean ± SD 
(n = 3). 
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resulting mixture was washed with a 1% (w/v) aqueous sodium bisulfite 
solution (400 mL) to remove the iodine generated in the reaction. 
Finally, the desired diiodine-substituted compound was harvested via 
filtration and drying at 85 ◦C for 12 h and the yield was 88%. The next 
step was to synthesize ITMC monomer. In brief, under vigorous stirring, 
4.8 g of ethyl chloroformate (44.0 mmol) was added into a flask con-
taining 7.1 g of 2,2-bis(iodomethyl)-1,3-propanediol (20.0 mmol) and 
100 mL of THF in an ice bath. Next, 8 mL of THF containing 4.8 g of TEA 
(48.0 mmol) was added dropwise to the reaction system in 2 h. Then, the 
ice bath was removed and the reaction was continued at room temper-
ature for 12 h. After that, the reaction system was filtered and the 
collected filtrate was concentrated by rotary evaporation. The crude 
product obtained was purified twice via recrystallization in a mixed 
solvent of THF and ether (1/3, v/v). Finally, the recrystallized product 
was gathered and dried under vacuum at 35 ◦C for 24 h to obtain ITMC 
monomer with a yield of 56%. 

4.4. Synthesis of PI 

PI was synthesized by ROP of functional monomer ITMC using 
PEG1000 as the macroinitiator and Zn(HMDS)2 as the catalyst. First, 1.0 
g of PEG1000 (1 mmol) and 23 mL of anhydrous toluene were added to a 
50 mL eggplant-shaped flask. Then, the residual water in the reaction 
system was removed by azeotropic distillation at 125 ◦C. Afterwards, 
3.8 g ITMC (10 mmol) and 2 mL of anhydrous toluene containing 386.0 
mg Zn(HMDS)2 were added to the flask, and the system was stirred 
under a blanket of argon at 40 ◦C for 24 h. After the solvent was removed 
by a rotary evaporator, the crude product was evenly dispersed in THF 
and then precipitated in cold ether for 24 h. The final product was 
separated via dumping the supernatant and a vacuum drying was then 
conducted at 35 ◦C for another 24 h. 

4.5. Synthesis of P1, P2 and P3 

P1, P2 and P3 triblock copolymers were synthesized by stannous 
octoate-catalyzed bulk ROP of different monomers in the presence of 
PEG1500 as the macroinitiator [34,63]. Briefly, 15 g of PEG1500 (10 
mmol) was added to a 250 mL three-necked flask, and the system was 
mechanically stirred at 120 ◦C under vacuum for 2 h to remove water 
from the raw materials. After that, a specified amount of monomers and 
stannous octoate were added to the flask at 80 ◦C under an argon at-
mosphere. After three gas substitutions, the system was in the state of 
argon atmosphere and heated at 150 ◦C for 12 h with mechanical stir-
ring. After the completion of polymerization, heating and stirring were 
continued under vacuum at 120 ◦C for 1 h to remove unreacted mono-
mers and low MW products. Further, the crude product was washed 
three times with 200 mL of water at 80 ◦C and then freeze-dried for 
about 3 days to obtain the final product. 

4.6. 1H NMR 

The structures and compositions of ITMC and polymers were char-
acterized by a 400 MHz Fourier Transform Nuclear Magnetic Resonance 
Spectrometer (AVANCE III HD, Bruker). All samples were dissolved in 
DMSO-d6 or CDCl3 to make 10 mg mL− 1 solutions for scanning (scanning 
times, 16; temperature, 298 K). 

4.7. GPC 

The MWs and malar mass dispersity (ĐM) values of synthetic speci-
mens were confirmed using a GPC system (Agilent 1260), which equipped 
with a differential detector (G1362A) and a Polargel-L column (7.5 mm ×
300 mm). The polymers were dissolved in chromatographic grade THF 
and the samples (20 μL) were then injected into the GPC system. THF was 
selected as the mobile phase with 1.0 mL min− 1 flow rate at 35 ◦C. The 
standard curve was calibrated with monodisperse polystyrenes. 

4.8. XPS 

The surface elements of the samples were analyzed by XPS (PHI 
5300). The Mg anode target (hν = 1253.6 eV) was selected as X-ray 
excitation source with 250 W of power and 14 kV of voltage. Peak data 
were processed by software AugerScan 3.3, and the obtained binding 
energy spectrum peaks were corrected with C 1s peak (Eb = 284.6 eV) as 
the standard. 

4.9. Cryo-field emission scanning electron microscopy-energy dispersion 
spectroscopy (Cryo-FESEM-EDS) 

The surface morphology and element distributions of polymers were 
scanned and analyzed by a Cryo-FESEM-EDS system (AZtec X-Max 
Extreme EDS). Polymers were evenly spread on the sample table with 
conductive glue and then sprayed with a 2 nm-thickness gold coating 
(10 mA, 120 s) to enhance the conductivity of samples. Polymers were 
scanned for 2 min at 20 kV of acceleration voltage. 

4.10. Preparation of aqueous polymer solutions 

The preparation procedure of various aqueous polymer solutions was 
similar. 15% P1 and 30% PI1 aqueous solutions were prepared as ex-
amples. For 15% P1 aqueous solution, 1.5 g of P1 and 8.5 g of normal 
saline (NS) were added to a 25 mL vial and stirred in refrigerator at 4 ◦C 
for 3 days to obtain 15% P1 solution. As to 30% PI1 aqueous solution, 
1.5 g of P1 and 7.0 g of NS were added to a 25 mL vial and stirred in 
refrigerator at 4 ◦C until the system became uniform. Then, 1.5 g of PI 
was added into the system and stirred at 4 ◦C. 2 days later, the system 
became uniform and 30% PI1 aqueous solution was obtained. 

4.11. Dynamic rheological measurement 

The rheological behaviors of the prepared aqueous polymer solutions 
upon heating were measured using a stress-controlled rheometer Kine-
xus Pro (Malvern Instrument Inc., UK). A cone plate with a diameter of 
60 mm and a cone angle of 1◦ was selected. The distance between the 
upper and lower plates was set to 0.03 mm 1.5 mL of aqueous polymer 
solution was added dropwise on the lower plate, and a thin layer of 
silicone oil was covered on the edge of the cone plate to reduce the 
evaporation of water. Test parameters: temperature range, 15–50 ◦C; 
heating rate, 0.5 ◦C min− 1; frequency, 1.59 Hz. 

4.12. In vitro Micro-CT imaging 

Iohexol was diluted with deionized water to obtain a series of iohexol 
aqueous solutions with specified iodine content. Alumina powder and 
deionized water were selected as the control and blank groups, respec-
tively. The above samples were packed into 2 mL (d = 7 mm) vials and 
their grayscale indices and Hounsfield units were obtained by Micro-CT 
(Bruker, Skyscan1176) to verify the correlation between iodine content 
and grayscale index/Hounsfield unit. The specific parameters used for 
scanning were set as follows: 1 mm aluminum filter; X-ray tube voltage, 
65 kV; tube current, 370 μA; pixel space size, 35 μm; rotation step 
length, 0.7◦ s− 1; scanning angle range, 180◦; Pmax, 0.1. Meanwhile, 0.5 
mL aqueous polymer solutions were added to 2 mL vials (d = 7 mm) and 
placed at 4 ◦C for 12 h to eliminate air bubbles generated during addi-
tion. Subsequently, Micro-CT scanning was performed to confirm the X- 
ray radiopacity of various aqueous polymer solutions. The grayscale 
indices were obtained by analyzing data with CTAn software. The spe-
cific parameters used for scanning were the same as above. The 
Hounsfield unit value of a system was calculated via the following 
equation: 

Hounsefield unit=
μ − μw

μw
× 1000 (3) 
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where μ and μw are the attenuation coefficients of a system and water, 
respectively. 

4.13. “FDU” mold and imaging 

A cylinder model with “FDU” pattern (d = 30 mm, h = 4 mm) was 
designed by the software ironCAD 2018, and the “FDU” mold made of 
ABS resin was then obtained by 3D printing. 0.2 mL of aqueous polymer 
solution was injected into the “FDU” pattern, and the surface of the mold 
was sealed with parafilm film to prevent water evaporation. The “FDU” 
mold was scanned by Micro-CT. The scanning parameters were the same 
as above. Meanwhile, 0.2 mL of aqueous polymer solution was injected 
into another “FDU” mold, and the surface of the mold was also sealed 
with parafilm film to prevent water volatilization. Then, the surface was 
further covered with different layers of 0.5 cm thick pork and scanned by 
X-treme (Bruker, In Vivo Xtreme). X-treme scanning parameters: X-ray 
resolution, 18 Ip/mm; exposure time, 1.2 s; voltage, 40 keV; filter, 0.4 
mm Al; fstop, 1.1. 

4.14. In vitro cytotoxicity 

The in vitro cytotoxicity of the synthetic polymers was evaluated by 
CCK-8 assay. The used cell type was MC3T3-E1 cells (Shanghai Cell 
Bank, Chinese Academy of Sciences). First, MC3T3-E1 cells were incu-
bated and then seeded in 96-well plates with a cell density of 5 × 103 per 
well. The cell culture medium containing 10% fetal bovine serum was 
added to the culture plate, and then cells were incubated for another 12 
h to allow cells to adhere fully. Next, cell culture medium in the well 
plate was replaced with a fresh culture solution containing polymers 
with a specified concentration, and the incubation was conducted for 
another 24 h. Finally, the absorbance of each well at 450 nm wavelength 
was measured with a microplate reader (ELx808, Biotech). The cell 
viability of blank group that did not receive any treatment of polymers 
was defined as 100%. In vitro cytotoxicity of the sample was evaluated 
by the relative cell viability. Equation (4) is the calculation equation for 
the relative cell viability. 

viability  (%)=
ODexp

ODblank
× 100% (4)  

where ODexp and ODblank are the absorbance values of the experimental 
and blank groups, respectively. 

4.15. In vivo Micro-CT imaging 

Subcutaneous injection. Female ICR mice were randomly divided 
into three groups, A, B, and C, with three mice in each group. Group A 
was injected subcutaneously with 15% P1 and 30% PI1 aqueous solu-
tions on both sides of the spine, respectively; group B was injected 
subcutaneously with 15% P2 and 30% PI2 aqueous solutions, respec-
tively; and group C was injected subcutaneously with 15% P3 and 30% 
PI3 aqueous solutions, respectively. The injection volume of aqueous 
polymer solution was 0.1 mL. Before injection, each mouse received a 
standard anesthesia. 30 min post-injection, all mice were scanned by 
Micro-CT. 

4.15.1. Intraperitoneal injection 
Similar to subcutaneous injection, female ICR mice were randomly 

divided into three groups, a, b, and c, with three mice in each group. 
After general anesthesia, the mice in the group a were intraperitoneally 
injected with 0.1 mL of 30% PI1 solution; the mice in the group b were 
intraperitoneally injected with 0.1 mL of 30% PI2 solution; and the mice 
in the group c were intraperitoneally injected with 0.1 mL of 30% PI3 
solution. 30 min later, Micro-CT was used to scan all mice, and the gel 
volume was analyzed and calculated by 3D reconstruction. The specific 
parameters used for in vivo Micro-CT-scanning were set as follows: 1 mm 

aluminum filter; X-ray tube voltage, 65 kV; tube current, 370 μA; pixel 
space size, 35 μm; rotation step length, 0.7◦ s− 1; scanning angle range, 
180◦; Pmax, 0.1. 

4.16. In vivo hydrogel degradation 

The mice receiving the subcutaneous injection of 30% PI1 system 
were subjected to Micro-CT scanning on day 0, 1, 4, 9, 14, 19, 25, and 33 
post-injection, and the residual amount of gel was analyzed by 3D 
reconstruction. The specific parameters used for scanning were the same 
as in vivo Micro-CT scanning except Pmax was 0.15. In addition, another 
16 female ICR mice were subcutaneously injected with 15% P1 aqueous 
solution on both sides of the back spine and the injection volume of each 
site was 0.1 mL. Then, two mice were randomly euthanized and 
dissected on day 0, 1, 4, 9, 14, 19, 25 and 33 post-injection, and the 
subcutaneous residual gel was stripped and weighed for quantitative 
analysis. 

4.17. In vivo biocompatibility 

The mice treated with the 30% PI1 hydrogel were euthanized on day 
49 post-injection and their heart, liver, spleen, lung kidney and subcu-
taneous tissues were harvested and stored in tissue fixative. All the 
collected tissues were embedded in paraffin, sectioned, and stained by 
hematoxylin-eosin (H&E). The slides were observed using an inverted 
microscope (Eclipse LV100ND, Nikon). The paraffin-embedded subcu-
taneous tissue containing the residual gel was also scanned by Micro-CT. 
The specific parameters used for scanning were the same as above except 
Pmax was 0.25. 
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