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ABSTRACT 
Nanoparticles with effective tumor accumulation and efficient renal clearance have attracted significant interests for clinical applications. We 
prepared 2.5 nm tyrosine based carbon dots (TCDs) with phenolic hydroxyl groups on the surface for directly 125I labeling. The 125I labeled 
polyethylene glycol (PEG) functionalized TCDs (125I-TCDPEGs) showed excellent radiochemical stability both in vitro and in vivo. Due to the 
enhanced permeability and retention effect, these 125I-TCDPEGs demonstrated a tumor accumulation around 4%–5% of the injected dose 
per gram (ID/g) for U87MG, 4T1, HepG2 and MCF7 tumor-bearing mice at 1 h post-injection. Meanwhile, the 125I-TCDPEGs also could be 
fast renally excreted, with less than 0.6% ID/g left in the liver and spleen within 24 h. These radioactive carbon dots not only can be used for 
cellular fluorescence imaging due to their intrinsic optical property, but are also effective single photon emission computed tomography (SPECT) 
imaging agents for tumor. Together with their excellent biocompatibility and stability, we anticipate these 125I-TCDPEGs of great potential for early 
tumor diagnosis in clinic. What’s more, our TCDPEGs are also proved to be feasible carriers for other iodine isotopes such as 127I and 131I for 
different biomedical application. 
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1 Introduction 
Nuclear medicine is one of the most widely used diagnostic tools in 
clinic. Combined with radioactive tracers, they enable noninvasive, 
highly sensitive and quantitative in vivo visualization of biological 
processes [1, 2]. A large amount of radiotracers have been developed 
for cancer diagnosis [3–6]. Radioiodine labeling is of great interest 
due to the availability of multiple radioactive iodine isotopes for 
nuclear medical applications, such as 125I (t1/2 =59.49 d) for single 
photon emission computed tomography (SPECT) imaging, 131I (t1/2 = 
8.02 d) for radiotherapy and also the nonradioactive 127I for X-ray 
computed tomography (CT) imaging [7, 8]. 

Various radioiodine labeled agents have been explored for tumor 
imaging. For biomolecules, the radioiodine labeling effectiveness is 
highly dependent on their structures and the radioiodination may 
significantly affect their biological activities and pharmacological 
properties [9–11]. The burgeoning growth of nanotechnology provides 
new opportunities for radioiodine delivery [12–15]. Radiolabeled 
nanomaterials have generally demonstrated excellent radiochemical 

stability and high tumor targeting capability due to the enhanced  
permeability and retention (EPR) effect. However, the nonspecific 
accumulation of nanomaterials in the reticuloendothelial system 
(RES) for weeks or even months, brings potential toxicity and radiation 
exposure concern. Therefore, the ultrasmall nanoparticles [16–18] 
or biodegradable nanoparticles [19–21] with the advantages of both 
tumor targeting and effective clearance have attracted more and 
more attentions. 

Carbon dots (CDs) have unique optical properties, excellent 
stability and biocompatibility, holding great promise in the preclinical 
or potentially clinical applications [22, 23]. Most CDs studies have 
focused on their optical imaging application, which faces challenges 
such as low quantum yield of CDs and limited tissue penetration of 
light [24–27]. We have synthesized ultrasmall tyrosine based CDs 
(TCDs) simply via a hydrothermal reaction between L-tyrosine (Tyr) 
and citric acid (CA), and further modified them with PEG (Scheme 1). 
A standard Iodogen oxidation method results in nearly 100% 
radioiodine labeling yield, producing 125I labeled TCDPEGs (125I- 
TCDPEGs) with ultrahigh radiochemical stability both in vitro and   
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in vivo. 125I-TCDPEGs showed pharmacokinetics analogous to small 
molecules and were fast cleared from the host within 24 h, meeting 
the demand by the U.S. Food and Drug Administration (FDA) on 
diagnostic agents applied into the human [28]. We were able to 
diagnose tumors in different (U87MG, 4T1, HepG2, and MCF7) 
tumor-bearing rodent models via SPECT imaging. Together with 
their excellent biocompatibility and stability, we expect these 125I- 
TCDPEGs have the potential for clinical translation. Noteworthy, 
this iodine-labeling TCDPEGs strategy can be extended to other 
iodine isotopes such as 127I and 131I for different purposes. 

2 Experimental  

2.1 Materials and instrumentation 

CA, Tyr, hydrochloric acid, dimethyl sulphoxide (DMSO), 1-ethyl- 
(3-dimethyllaminopropyl) carbodiie hydrochlide (EDC·HCl) and 
N-hydroxysuccinimide (NHS) were purchased from Aladdin Scientific 
Ltd. (Beijing, China). Methoxypolyethylene glycol amine (mPEG2k- 
NH2, MW = 2,000 Da) was purchased from Shanghai ToYong Biotech 
(Shanghai, China). Thiazolyl blue tetrazolium bromide (MTT), 
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum 
(FBS) and Penicilline-Streptomycin solution were purchased from 
HyClone Inc. High-resolution mass spectrometry was acquired from 
a Q Exactive LC-MS/MS system. 1H and 13C NMR spectra were 
performed on Bruker Avance II NMR spectrometer at 600 MHz with 
tetramethylsilane as the internal standard. Electron-spray ionization 
mass spectra in positive mode (ESI-MS) data were obtained on a 
Bruker Esquire 3000t spectrometer. Transmission electron microscopy 
(TEM) images and high resolution TEM images were recorded on a 
FEI Tecnai F20 TEM operating at 200 kV. Atomic force microscope 
(AFM) measurements were carrid out using a VeccoMultimode 
VNanoscope in the tapping mode. X-ray Photoelectron Spectroscopy 
(XPS) was performed using a KRATOS Axis Ultra-DLD X-ray 
photoelectron spectrometer with monochromatised Al Kα X-rays 
(hν = 1,486.6 eV). UV–Vis absorption spectra were recorded on a 
UV-2550 (Shimadzu) spectrophotometer in the wavelength range 
of 190–900 nm. Fluorescent spectra were performed with a Hitachi 
F-4500 spectrometer. Fourier transform infrared (FTIR) spectra were 
characterized by Nicolet 380 FT-IR spectrometer. HPLC radiostability 
analysis was performed on Thermo Fisher Dionex UltiMate 3000 using 
the Nucleosil C18 (250 mm × 4 mm, 10 μm, 100 Å) column and 
chromatograms were collected at 254 nm wavelength.  

2.2 Synthesis of TCD and TCDPEGs 

CA (500 mg) and Tyr (410 mg) were added into 10 mL of deionized 
(DI) water, and mixed with 0.5 mL hydrochloric acid under vigorous 
stirring. Then the mixture was transferred into a 50 mL Teflon-lined 

stainless steel autoclave and heated at 200 °C for 5 h before cooled 
down to room temperature. The solution was further concentrated 
by centrifugation and purified via a silica gel column. The resulting 
TCDs (15 mg), EDC·HCl (30 mg), and NHS (30 mg) were then 
dissolved in 8 mL DMF, and stirred at room temperature for 2 h, 
before additional adding of mPEG2000-NH2 (100 mg). After reacted 
at room temperature for 24 h, the organic solvent was evaporated to 
yield dark-brown crude product and was then purified by dialysis 
with DI water for 2 days.  

2.3 125I-labeling 

TCDPEGs were labeled with Na125I using a standard Iodogen oxidation 
method. Typically, 100 μL of TCDPEGs (50 μg) and 500 μCi of 
Na125I were added into an EP tube coated with Iodogen (20 μg). After 
shaking for 10 min, the solution was ready to use without further 
purification. 127I labeling and 131I labeling were carried out with the 
same method, but using 1 mg Na127I or 500 μCi Na131I instead. 

2.4 Radiochemical stability 

100 μL 125I-TCDPEGs (20 Ci, 2 g) were incubated in PBS (phosphate 
buffer saline) buffer (900 μL) and FBS (900 μL), respectively. Then 
20 μL solution from PBS and FBS were taken out at different time 
points and analyzed via radio HPLC. The characteristic peak of free 
125I and 125I-TCDPEGs came out at 3.7 and 15.8 min. 

2.5 MTT assays 

Cells (4T1, HepG2, MCF7, and U87MG) were seeded in a 96-well 
plate at a density of 1 × 104 cells/well for 24 h before treated with 
125I-TCDPEGs up to 40 Ci/4 g. 10 μL of MTT solution was added 
after the cells were washed with PBS. After an additional 4 h incubation, 
the medium was aspirated and refilled with 100 μL DMSO. The 
relative viability (%) was referred to the ratio of the absorbance at 
570 nm of experimental groups to that of the untreated groups. 

2.6 Cellular internalization 

A total of 1 × 104 of cells were seeded on glass dishes at 37 ºC with 5% 
CO2 atmosphere for 24 h. 125I-TCDPEGs (20 Ci, 2 μg) were added 
into the dishes and incubated for 2 h. The cells were then rinsed with 
PBS for three times. The fluoresecence of TCDPEGs was observed 
by confocal microscope (Olympus, Japan). For the cellular uptake 
of radioactivity, the cells were lysed upon 1 M NaOH, then the 
suspended solutions were collected to the plastic tubes for radioactive 
γ-counter measurement. 

2.7 SPECT imaging  

All animal experiments reported herein were performed according 
to a protocol approved by the Xiamen University Institutional 

 
Scheme 1 An illustration of 125I-TCDPEGs formation and in vivo application. 
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Animal Care and Use Committee. The tumor models used were 
established upon subcutaneous injection of U87MG, 4T1, HepG2 
and MCF7 cells (≈ 5 × 106) into female BALB/c nude mice (20–23 g) 
at the flank region of the hind leg. The tumor imaging studies were 
performed when the tumor size reached 5 mm. 

SPECT/CT imaging of tumor-bearing Balb/c nude mice were 
obtained at 1, 2, 4, and 24 h after intravenous (i.v.) injected with 
500 μCi/50 g of 125I-TCDPEGs using nanoScan SC (Mediso Medical 
Imaging System) equipped with pinhole collimator. The detailed 
scanning parameters were as following (scan time: 30 min; frame: 
45; FOV: 26 mm × 26 mm × 70 mm; resolution: 0.4 mm). And the 
images were reconstructed and analyzed by Nucline software (Mediso 
Medical Imaging System). The tumor uptake is estimated by using a 
phantom signal of 125I-TCDPEGs (500 μCi/50 g) as a control and 
calibrated to be the counts in the tumor to the counts of phantom 
per gram of tissue.    

2.8 CT imaging 

The CT scanning was performed using Siemens Inveon device 
(Siemens Siemens Corp., Germany). For CT phantom experiments, 
127I-TCDPEGs and iohexol with concentrations of 0, 2.5, 5, 10, 25, 
50, 100 mg/mL were placed in 200 μL tubes for test. For in vivo CT 
experiments, the Balb/c nude mice were subjected to CT scanning 
before and after intratumral injection. CT datas were acquired using 
an X-ray voltage biased to 50 kVp with a 670 μA anode current with 
projection angles of 720°. 

2.9 Biodistribution study  

The tumor-bearing mice were intravenously injected with 
125I-TCDPEGs at a dose of 500 μCi/50 g. The organs or tissues such 

as blood, tumor, brain, muscle, bone, thyroid, heart, lung, liver, spleen, 
kidney, intestines, and stomach, were resected from the mice at 1, 2, 
4, 8, and 24 h post-injection, wet-weighed, and put in plastic tubes 
for radioactive γ-counter measurement.  

2.10 Biosafety evaluation  

20 healthy mice were randomly divided into 4 groups randomly 
and i.v. injected with 100 μL saline for one group or 125I-TCDPEGs at 
a dosage of 500 μCi/50 g for the other 4 groups. The groups treated 
with 125I-TCDPEGs were sacrificed at 2, 7, and 30 days, respectively. 
The blood samples were then collected for hematology and blood 
biochemistry test using automated analyzer (Hitachi-917, Hitachi). 
Major organs including heart, liver, spleen, lung and kidney were 
collected for hematoxylin and eosin (H&E) staining and histological 
examination.  

3 Results and discussion 

3.1 Synthesis and characterization of TCDs and TCDPEGs 

TCDs were synthesized from CA and Tyr via a one-step hydrothermal 
reaction. The resulting TCDs were spherical, with a size of 2.42 ± 
0.52 nm in TEM images (Fig. 1(a)). The AFM imaging further 
confirmed a topographic height of 2.53 ± 0.33 nm (Fig. 1(b)). The 
high-resolution TEM images indicated amorphous structures with 
no obvious lattice fringes. These TCDs exhibited a broad absorption 
with two major peaks at 240 and 280 nm (Fig. 1(e)), as well as 
excitation-wavelength dependent fluorescence (Fig. 1(f)). We assumed 
that the formation of TCDs involved at least two steps: the 
dehydration between CA and Tyr to produce an intermediate and  

 
Figure 1 (a) TEM image of TCDs. Inset: diameter distribution and HRTEM of TCDs. (b) AFM image of TCDs. Inset: the height measured by AFM. (c) XPS survey of 
the TCDs. (d) FTIR spectrum of TCDs: C=C–H (1,515 and 1,613 cm−1) bonds indicating the existence of phenyl structure; C=O (1,716 cm−1) and OH (3,205 cm−1) 
bonds indicating the existence of carboxylic group. (e) UV–Vis absorption (black, Abs), fluorescence excitation (red, Ex) and emission (blue, Em) spectra of TCDs.
(f) Photoluminescence spectra of TCDs under excitation with light of different wavelengths. (g) Radio-HPLC chromatograms of 125I-TCDPEGs. Na125I solution was 
used as a control. (h) Radiolabeling stability of 125I-TCDPEGs. No obvious intact 125I was observed after incubation in PBS or 10% FBS at 37 ºC for 2 days. (i) TEM of 
125I-TCDPEGs after 125I decay. 
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the self-assembly of these intermediates into amorphous dots via 
π−π stacking (Scheme S1 in the Electronic Supplementary Material 
(ESM)). The XPS (Fig. 1(c)) confirmed the existence of C, N, O, with 
typical peaks for C 1s (285 eV), N 1s (400 eV), and O 1s (531 eV). The 
carboxyl and phenolic hydroxyl groups contained intermediates 
were identified by ESI-MS, 1H NMR and 13C NMR (Figs. S1–S3 in 
the ESM). FTIR spectrum (Fig. 1(d)) and the high-resolution XPS 
(Fig. S4 in the ESM) also confirmed the presence of these two groups 
in as-synthesized TCDs. These TCDs are well dispersed in DI water 
and PBS, showing no obvious aggregation for months. Since naked 
TCDs were cleared from the circulation too quickly for tumor imaging 
(Fig. S5 in the ESM), we then chemically conjugated amine-PEG on 
the carboxyl groups of TCDs to improve their circulation time. The 
successful PEGylation was confirmed by MALDI-TOF spectrum 
(Fig. S6 in the ESM), TEM (Fig. S7 in the ESM) and zeta potential 
analysis (Fig. S8 in the ESM). The hydrodynamic size of TCDPEGs 
was around 5 nm, based on the gel-filtration chromatography (GFC) 
analysis.   

3.2 125I labeling of TCDPEGs 

The 125I labeling was carried out by a standard Iodogen oxidation 
method onto the phenolic hydroxyl groups of TCDPEGs [29]. A 
nearly 100% labeling yield was reached within 10 min (Fig. 1(g)) and 
no detachment of 125I was observed when incubating 125I-TCDPEGs 
in PBS or 10% FBS at 37 °C for over 48 h (Fig. 1(h)). The 125I labeling 
did not cause obvious changes to the morphology or optical properties 
of TCDPEGs (Fig. 1(i) and Fig. S9 in the ESM).  

3.3 In vivo stability and distribution of 125I-TCDPEGs 

The distribution of 125I-TCDPEGs in normal Balb/c mice was evaluated. 
It’s worth to mention that the detached iodine ions accumulated in 
the thyroid in vivo [30, 31]. As shown in Fig. 2, the 125I-TCDPEGs 
exhibited excellent in vivo radiochemical stability with nearly no 
signal in the thyroid within 24 h. The radioactive signal quickly 
spread the whole body and dominated in the bladder and the 
kidneys within 1 h. After 4 h, the signal was dramastically decreased 
and was almost undetectable up to 24 h (Figs. 2(a)–2(c)). The organ 
distribution of radioactivity was measured by γ-counter 24 h 
post-injection. Around 2.5% of the injected dose per gram (ID/g)  

was left in the kidney, while less than 0.6% ID/g was left in other 
organs including blood, liver and spleen, validating the fast renal 
clearance of 125I-TCDPEGs. A careful examination of the mouse 
urine and feces confirms the integrity of 125I-TCDPEGs during 
circulation (Fig. 2(e)), with the radioactive elution maintained at  
15 min. Besides, our 125I-TCDPEGs showed a two-compartment 
pharmacokintics with a rapid t1/2α of 54.0 min and a t1/2β of 3.4 h 
(Figs. 2(f) and 2(g)), similar with many small molecule imaging 
agents [32, 33]. 

3.4 Cellular uptake of 125I-TCDPEGs  

We then investigated the tumor uptake of 125I-TCDPEGs. The 
intracellular uptake of 125I-TCDPEGs by different tumor cells (4T1, 
HepG2, MCF7, and U87MG) was monitored by confocal microscopy. 
Intrinsic fluorescent properties of TCDPEGs (ex/em: 358/461 nm) 
was observed in the cytoplasm after 2 h incubation (Fig. 3(a)). The 
internalization efficiency of 125I-TCDPEGs were much higher than 
that of free Na125I in these four kinds of cells, as shown in Fig. 3(b). 
No cellular toxicity was observed even at a concentration up to   
40 Ci/ 4 g (Fig. 3(c)). 

3.5 In vivo tumor SPECT imaging of 125I-TCDPEGs 

We then performed the in vivo SPECT imaging of 125I-TCDPEGs 
(500 μCi / per mouse) in tumor bearing mice. Our 125I-TCDPEGs 
showed a tumor accumulation starting around 4.65 ± 0.47% ID/g 
for U87MG tumor-bearing mice at 1 h (Fig. 4), slightly decreasing 
to 3.21 ± 0.41% ID/g at 2 h and then keeping decreasing within  
24 h, with a similar behavior of the tumor receptor imaging probes 
[34] such as 125I-c(RGDyK) (Fig. S10 in the ESM). Ex vivo fluorescence 
imaging further confirmed that the 125I-TCDPEGs mainly distributed 
in the tumor, liver and kidney (Fig. S11 in the ESM). As a control, 
free Na125I barely reached tumor tissues (Fig. S12 in the ESM). 
What’s more, due to the EPR effect, the 125I-TCDPEGs are proved to 
be an effective tumor diagnosis probe for 4T1, HepG2 and MCF7 
tumor-bearing mice, with the tumor accumulation around 4.49 ± 
0.52%, 4.24 ± 0.41%, and 4.17 ± 0.43% ID/g, respectively. The detailed 
biodistribution studies of 125I-TCDPEGs at different time points 
(Fig. S13 in the ESM) further confirmed their tumor accumulation 
and effective clearance from tissues. It’s worth to mention that the  

 
Figure 2 (a) Representative SPECT images at 1, 2, 4, 8, 24 h after i.v. injection of 125I-TCDPEGs. (b) and (c) Representative SPECT 2D section images obtained at 2 h 
after i.v. injection of 125I-TCDPEGs to show the kidneys (b) and the bladder (c) accumulation. Left to right: transverse, coronal, and sagittal views. (d) Biodistribution 
of 125I-TCDPEGs 24 h after i.v. injection to mice (n = 5). (e) Radio-HPLC chromatograms of a urine sample and a feces sample taken from a mouse 4 h after
125I-TCDPEGs injection. The radioactivity in collected sample barely can be detected after 4 h. (f) and (g) The time-dependent radioactivity curve of 125I-TCDPEGs in 
the blood (f) and urine (g). 
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normal tissue clearance efficiency of the 125I-TCDPEGs is higher 
than many reported ultrasmall NPs [16–18] due to not only their 
small size, desired surface chemistry, but also the low density 
of carbon dots [35].   

3.6 Biosafety evaluation of 125I-TCDPEGs 

Biosafety is of great significant for clinical translation of imaging 
probes [36]. To evaluate the safety of 125I-TCDPEGs, healthy mice 
were injected with 125I-TCDPEGs (500 Ci/50 g). The mice were 
scarificed at 2, 7 and 30 d post-injection and blood smaples were 
collected for examination (n = 5) (Figs. 5(a) and 5(b)). All tested blood 
chemistry parameters and hematology analysis results demonstrated 
no significant difference between the 125I-TCDPEGs treated mice 
and the control mice. The H&E staining and histology analysis  
of major organs (Fig. 5(c)) further confirmed that no noticeable 
inflammation or damage in any organs was induced by 125I-TCDPEGs.  

3.7 TCDPEGs as a general and facile carrier for iodination 

We next evaluated the potential of TCDPEGs for other iodine 
delivery. TCDPEGs were successfully labeled with radioactive Na131I 

and nonradioactive Na127I via the same Iodogen oxidation method 
mentioned above, but using 500 μCi Na131I or 1 mg Na127I instead of  
500 μCi Na125I. The 131I-TCDPEGs were also proved to be a SPECT 
imaging agent with high radiochemical stability (Fig. S14 in the ESM). 
The nonradioactive iodine loading of the TCDPEGs was determined 
to be around 30% and the ESI-MS spectrum proved the iodination 
of phenolic hydroxyl groups of TCDPEGs (Fig. S15 in the ESM). 
These 127I-TCDPEGs demonstrated similar X-ray absorption capability 
with clinical used CT contrast agents, iohexol (Fig. 6). Strong CT 
signals in the tumor were detected after intratumoral injection of 
the 127I-TCDPEG. Above results indicate that the TCDPEGs can serve 
as a general and facile carrier for iodination. 

4 Conclusion 
We prepared TCDs via a simple hydrothermal reaction between CA 
and Tyr. Compared with other iodine carriers, our TCDPEGs are 
easy to synthesize and afford high physicochemical stability. The 
TCDPEGs can be directly labeled with 125I with ultrahigh efficiency 
and radiochemical stability. The labeling procedure only takes 10 min 

 
Figure 3 (a) Confocal images of 4T1, HepG2, MCF7 and U87MG cells incubated with 125I-TCDPEGs for 2 h. (b) Cellular uptake of 125I-TCDPEGs (20 μCi /2 μg) and
Na125I (20 μCi) at 2 h post-incubation. (c) Relative cell viabilities of 4T1, HepG2, MCF7 and U87MG cells after incubation with 125I-TCDPEGs up to 40 Ci/4 g for 24 h.

 
Figure 4 SPECT imaging of U87MG, 4T1, HepG2 and MCF7 tumor-bearing mice at 1, 2, 4, 24 h after i.v. injection of 500 μCi of 125I-TCDPEGs.   
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with 100% labeling yield, making it favorable for clinical uses. The 
125I-TCDPEGs exhibited small-molecule like pharmacokinetics  
and could be excreted within 24 h via renal clearance. The clearance 
effectiveness of 125I-TCDPEGs is superior than many ultrasmall 
nanoparticles previously reported [16–18], with less than 0.6% ID/g 
liver accumulation within 24 h. Meanwhile, due to the EPR effect, 
their tumor imaging ability is comparable to many active targeting 
imaging probes, and applicable to a variety of tumor types regardless 
of their receptor. Given their excellent biocompatibility and stability, 

we anticipate these 125I-TCDPEGs holding great potential for early 
tumor diagnosis in clinic. More importantly, the labeling approach 
can be easily extended to other iodine isotopes (127I and 131I) for 
different biomedical applications.   
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Figure 5 Blood biochemistry (a) and hematology (b) analysis datas of healthy mice 2, 7, 30 days after i.v. injection with 125I-TCDPEGs (0.5 mg/mouse) or with PBS 
(control). TP, total protein; ALB, albumin; AST, aspartate transferase; ALT, alanine transferase; BUN, blood urea nitrogen; CREA, creatinine; WBC, white blood cells; 
RBC, red blood cells; HGB, hemoglobin; PDW; HCT, hematocrit; MPV, mean platelet volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular 
hemoglobin concentration. (c) H&E stained images of major organs of mice 2 d after treated with 125I-TCDPEGs or with PBS. 

 
Figure 6 (a) CT imaging and (b) X-ray attenuation efficacy of 127I-TCDPEGs and iohexol (clinically used contrast agent) at different concentrations. (c) CT imaging
of a U87MG tumor-bearing mouse before (up) and after (down) intratumoral injection with 2 mg of 127I-TCDPEGs. The CT contrast was obviously enhanced in the mouse 
tumor. 
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