
CommuniCation

1704934 (1 of 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Reassembly of 89Zr-Labeled Cancer Cell Membranes into 
Multicompartment Membrane-Derived Liposomes for  
PET-Trackable Tumor-Targeted Theranostics
Bo Yu, Shreya Goel, Dalong Ni, Paul A. Ellison, Cerise M. Siamof, Dawei Jiang, 
Liang Cheng, Lei Kang, Faquan Yu, Zhuang Liu, Todd E. Barnhart, Qianjun He,* 
Han Zhang,* and Weibo Cai*

DOI: 10.1002/adma.201704934

The biomedical applications of nano-
technology are expected to revolutionize 
cancer diagnosis and therapy potently.[1,2] 
In theory, an ideal nanoplatform should 
be nontoxic as well as invisible to the 
immune system, thus providing long 
systemic circulation to maximize drug 
delivery to the targeted site.[3,4] How-
ever, the limited biomimetic functions 
of artificial nanoplatforms remain inad-
equate in overcoming fast clearance by the 
reticuloendothelial system (RES)/mono-
nuclear phagocyte system.[5]

Recently, cell membrane-based nano-
platforms have gained much attention 
owing to their distinct advantages such 
as excellent biocompatibility, low toxicity, 
high tumor accumulation, and innate 
ability to evade the RES.[6,7] There are 
several typical approaches involving the 
utilization of cell membranes for con-
struction of theranostic nanoparticles, 
including red blood cell membrane-encap-
sulated nanoparticles,[8–10] cancer cell  

Nanoengineering of cell membranes holds great potential to revolutionize 
tumor-targeted theranostics, owing to their innate biocompatibility and ability 
to escape from the immune and reticuloendothelial systems. However, tailoring 
and integrating cell membranes with drug and imaging agents into one versatile 
nanoparticle are still challenging. Here, multicompartment membrane-derived 
liposomes (MCLs) are developed by reassembling cancer cell membranes with 
Tween-80, and are used to conjugate 89Zr via deferoxamine chelator and load 
tetrakis(4-carboxyphenyl) porphyrin for in vivo noninvasive quantitative tracing 
by positron emission tomography imaging and photodynamic therapy (PDT), 
respectively. Radiolabeled constructs, 89Zr-Df-MCLs, demonstrate excellent radio-
chemical stability in vivo, target 4T1 tumors by the enhanced permeability and 
retention effect, and are retained long-term for efficient and effective PDT while 
clearing gradually from the reticuloendothelial system via hepatobiliary excretion. 
Toxicity evaluation confirms that the MCLs do not impose acute or chronic toxi-
city in intravenously injected mice. Additionally, 89Zr-labeled MCLs can execute 
rapid and highly sensitive lymph node mapping, even for deep-seated sentinel 
lymph nodes. The as-developed cell membrane reassembling route to MCLs 
could be extended to other cell types, providing a versatile platform for disease 
theranostics by facilely and efficiently integrating various multifunctional agents.
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membrane-fabricated nanoparticles,[11,12] and platelet cell- 
cloaked nanoparticles.[13,14] These strategies endow cell mem-
brane-modified nanoparticles with some unique biofunctions 
including enhancement of anticancer immunity through activa-
tion of the immune system, self-stealth by bypassing immune 
recognition, and self-targeting based on homotypic recognition 
of circulating tumor cells.[15]

Although many advances in nanoengineering of biomem-
branes have been achieved, accurate pharmacokinetic under-
standing of these cell membrane-based nanoplatforms (CMNs) 
is still evasive, mostly because optical imaging, the com-
monly employed modality of investigation, suffers from semi- 
quantitative nature and limited depth of penetration,[13,16,17] 
and invasive methods such as inductively coupled plasma 
mass spectro scopy (ICP-MS) require the sacrifice of many 
animals.[3,11] Knowledge of CMN pharmacokinetics can help 
researchers to improve the design of CMNs. Thus, there is a 
need for quantitative, noninvasive, accurate, and long-term 
imaging of CMNs to assess their biodistributions and trace 
their metabolism in vivo. Compared to other imaging tech-
niques, positron emission tomography (PET) imaging has high 
detection sensitivity, unlimited signal penetration, and excellent 
quantitative capability, obtaining more widespread use in both 
preclinical and clinical scenarios.[18–21] Therefore, it is conceiv-
able to integrate PET imaging functionality into CMNs for real-
time, accurate, and quantitative tracing of their behavior in vivo.

In this work, a cell membrane reassembling (CMR) meth-
odology was developed to synthesize novel multicompart-
ment membrane-derived liposomes (MCLs) by integrating 
Tween-80 into cancer cell membranes. The CMR method is 
facile and efficient, as it is easy to prepare and purify cancer 
cell membranes and incorporate them with biocompatible sur-
factants such as Tween-80.[22–24] Importantly, unlike cloaking 
of synthetic nanoparticles with CMNs that may cause toxicity 
concerns from enhanced RES uptake and slower clearance,[25] 
as-obtained MCLs are highly compatible, capable of enhanced 
tumor targeting, rapid clearance from normal organs. In addi-
tion, the MCLs are versatile in terms of stable radiotracer 
labeling and high drug loading capacity, owing to their multi-
functional surface and multicompartment structure. Accord-
ingly, tetrakis(4-carboxyphenyl) porphyrin (TCPP) was loaded 
into the MCLs, both as a fluorescence agent and a model drug 
for photodynamic therapy (PDT). MCLs were further conju-
gated with p-SCN-deferoxamine (Df-MCL) as a chelator for PET 
isotope, zirconium-89 (89Zr) to form the final radiostable nano-
construct, 89Zr-Df-MCL, via addition and intensive coordination 
reactions. 89Zr has a relatively long half-life (t1/2 = 78.4 h) and 
a low positron energy,[26–29] making it particularly suitable for 
long-term in vivo tracking with PET imaging.

As demonstrated in Figure 1A, MCLs were prepared 
by fusing 4T1 cancer cell membranes with the surfactant 
Tween-80 in different ratios by the CMR method (Experimental 
Section S1, Supporting Information). First, 4T1 cancer cell 
membranes were obtained by a repeated freeze-thaw process, 
followed by washing with phosphate buffered saline (PBS). As-
obtained 4T1 cancer cell membranes were suspended in pure 
water and sonicated for 5 min at a frequency of 42 kHz and a 
power of 100 W to obtain cell membrane nanovesicles (CMVs). 
The size and morphology of these cell membrane nano vesicles 

were tested by dynamic light scattering measurement and 
transmission electron microscopy (TEM). As shown in 
Figure 1B,C and Figure S1 of the Supporting Information 
(blue curve), the CMVs demonstrated irregular morphology 
with an average diameter ≈350 nm and a wide size distribu-
tion. According to the mechanism for liposome formation, a 
mixture of two surfactants with different interface energies 
can form a high curvature of the two-layer membranes, thus 
generating nanosized liposomes. Thus, we hypothesized that 
the curvature of a bilayer cell membrane might become high 
enough to form nanosized membrane-derived liposomes after 
incorporating with the surfactant Tween-80, which has a dif-
ferent interface energy from the cell membrane. As-prepared 
CMVs were mixed with Tween-80 micelles (≈8 nm) and the 
reassembly process was found to depend acutely on the weight 
ratios between Tween-80 and the CMVs. Low mixing ratios of 
Tween-80 to CMV (up to 0.3:1) were found to be insufficient 
to change the irregularity of CMVs and resulted in incomplete 
formation of membrane-derived liposomes (Figure S2 A,B, 
Supporting Information). Interestingly, a 0.6:1 Tween-80:CMV 
weight ratio yielded reassembled membrane-derived liposomes 
with uniform multicompartment nanostructures, regular 
spherical morphology, and an average diameter of 140 nm 
(Figure 1D). The multicompartment structure of the reas-
sembled membrane-derived liposomes can be attributed to 
the inhomogeneity of the cracked cell membranes. Increasing 
the ratio of ≈1.5:1 finally transformed MCLs into an ultr-
asmall single compartment liposome ≈10 nm in diameter 
(Figure S2C, Supporting Information). MCLs generated with 
a 0.6:1 reassembly ratio between Tween-80 and CMVs were 
chosen for further studies. Fluorescence staining confirmed 
the complete removal of cell nucleus in the MCLs (Figure S3, 
Supporting Information). Additionally, the obtained MCLs 
were stable for up to 14 d both in the fetal bovine serum and 
PBS (Figure S4, Supporting Information).

To noninvasively track and quantitatively investigate the bio-
distribution of MCLs, they were conjugated with p-SCN-defer-
oxamine (Df) via the amine groups of proteins in the bilayer 
(Df-MCLs),[30,31] followed by radiolabeling with 89Zr(89Zr-Df-
MCLs).[32] 89Zr was mixed with Df-MCL in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer (50 × 10−3 m) 
at pH ≈ 7 and incubated at 37 °C for varying lengths of time. 
Thin layer chromatography (TLC) indicated time-dependent 
radiolabeling yields (Figure S5 A, Supporting Information). 
89Zr could be chelated to Df-MCLs within 5 min of incubation, 
with a final radiolabeling yield of ≈67.9% after 2 h of incuba-
tion (Figure 1E,F). The final product was purified with the 
PD-10 columns prior to injections (Figure S5B, Supporting 
Information). The highest radioactivity fractions were found 
to elute between 3.0–3.5 mL and 3.5–4.0 mL, as shown in the 
inset images of Figure 1E. Importantly, neither pure Tween-80 
micelles nor CMVs were found to intrinsically chelate 89Zr 
(Figure S6, Supporting Information). TEM demonstrated no 
significant difference in the morphology and structure of 89Zr-
Df-MCLs and MCLs (Figure S7, Supporting Information). The 
89Zr labeling on Df-MCLs was also found to be highly stable in 
mouse serum for up to 72 h (Figure 1G). Overall, the high labe-
ling yields and radiostability of 89Zr-Df-MCL make it promising 
platform for in vivo PET imaging.

Adv. Mater. 2018, 30, 1704934
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To investigate the biodistribution and pharmacokinetic 
properties of MCLs in vivo, the distribution/clearance pro-
files of 89Zr-Df-MCLs were examined in Balb/c mice after 
intravenous injection, via serial PET imaging at designated 
time-points, for up to 72 h postinjection (p.i.), taking advan-
tage of the long half-life of 89Zr (t1/2 = 78.4 h). PET imaging 
showed strong signal from the liver, the gallbladder, and the 
intestine within 0.5 h p.i. Importantly, the bright gallbladder 
inside the liver implies that 89Zr-Df-MCLs are excreted out by 
the hepatobiliary system (Figure 2A). At the same time, only 
the upper section of the intestine shows a strong signal. As 
shown in PET images, the signal of the gallbladder decreases 
or disperses, which presents individual differences between 
the animals. It is found the PET signal reaches the rectum 
as early as 6 h p.i., while the signal from the intestine disap-
pears after 12 h p.i. Through the PET observations, the signal 
from the liver can be partly ascribed to the presence of blood 
in the liver, as the liver is a major blood pool in vivo.[33] It can 
also be concluded that the excretion of 89Zr-Df-MCLs along 

with the feces begins during the first 12 h p.i. Region-of-
interest (ROI) analyses of PET data and time-activity curves 
of the liver, intestine, gallbladder, blood, spleen, and muscle 
were performed postinjection of 89Zr-Df-MCLs, and the results 
are shown in Figure S8A–C (Supporting Information). Quan-
titative ROI analysis revealed that the gallbladder uptake was 
64.5 ± 3.2, 56.9 ± 5.0, 43.5 ± 6.6, 33.2 ± 11.9, 4.6 ± 0.6, 0.03 ±  
0.01, 0.03 ± 0.02, and 0.01 ± 0.01% injected dose (ID) g−1 at 0.5, 
1, 2, 5, 12, 24, 48, and 72 h p.i., respectively (n = 3). Herein, 
besides the high gallbladder uptake, a significant signal in the 
intestine could be attributed to the excretion of 89Zr-Df-MCLs 
through the liver/gallbladder system. The ROI intestine sig-
nals were found to be 42.9 ± 3.6, 55.3 ± 2.8, 57.8 ± 2.6, 51.8 ± 
2.3, 5.6 ± 2.6, 1.6 ± 0.4, 1.3 ± 0.4, and 0.7 ± 0.2% ID g−1 at 0.5, 
1, 2, 5, 12, 24, 48, and 72 h p.i., respectively (n = 3). This result 
is in line with the radioactivity curve of the gallbladder. Besides 
high gallbladder uptake and intestine PET signal, the accu-
mulation of 89Zr-Df-MCLs could also be observed in the liver, 
whose radioactivity peaks at 35.0 ± 4.6% ID g−1 at 0.5 h p.i., and 
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Figure 1. Preparation and 89Zr-labeling of MCLs. A) A schematic illustration of MCL fabrication. B) The particle diameter of tween-80 micelles, cell 
membrane nanovesicle (CMVs), and MCLs. C,D) TEM imaging of CMVs and MCLs. E) Time-dependent 89Zr labeling yields of Df-MCLs. The inset 
photo represents PET images of different fractions collected after PD-10 purification of Df-MCLs incubated with 89Zr for 2 h. F) Autoradiograph of TLC 
plates of 89Zr-Df-MCLs at different incubation time points. G) Serum stability study of 89Zr-Df-MCLs.
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significantly decreased to 20.8 ± 2.7% ID g−1 at 24 h p.i. Finally, 
the radioactivity decreases to 11.3 ± 1.4% ID g−1 at 72 h p.i. 
(n = 3). the mice were sacrificed after the final scans at 72 h p.i. 
and all the main organs were collected, wet-weighed, and meas-
ured with a gamma counter. Figure S8D (Supporting Informa-
tion) presents the ex vivo biodistribution of 89Zr-Df-MCLs in 
mice. The dominant accumulation of nanoparticles was found 
in the liver (10.9 ± 1.5% ID g−1), spleen (8.6 ± 2.5% ID g−1), and 
kidney (3.9 ± 1.1% ID g−1) (n = 3). The biodistribution results 
show comparatively low values in other organs.

To confirm the excretion of 89Zr-Df-MCLs along with the 
feces, a metabolic cage study was performed to quantitatively  

study the hepatobiliary clearance rates of 89Zr-Df-MCLs in 
mice. As shown in Figure 2B, the feces were collected at 
different time-points and measured separately using a gamma 
counter. Based on the in vivo PET imaging studies, no radioac-
tive 89Zr-Df-MCLs were found to be excreted out of the mice in 
the feces during the early time points up to 6 h, possibly due 
to difficulty in collecting feces at early time-points. Dominant 
hepatobiliary clearance was observed with the feces uptake 
measured to be 35.0 ± 0.9% ID (at 12 h p.i.), nearly 10 times 
higher than that at 72 h time point (3.8 ± 0.5% ID) (n = 3). The 
total clearance of 89Zr-Df-MCLs was estimated to be over 63% 
ID at 72 h p.i. PET imaging of the collected feces also showed 

Adv. Mater. 2018, 30, 1704934

Figure 2. Biodistribution and hepatobiliary excretion of 89Zr-Df-MCLs. A) In vivo serial PET images of mice taken at various time points (0.5, 1, 2, 5, 
12, 24, 48, and 72 h) postintravenous injection of 89Zr-Df-MCLs. Organ uptake was presented as % ID g−1. B) The hepatic clearance of 89Zr-Df-MCLs 
excreted in the feces at various time points p.i. The data are presented as % ID (n = 3). C) PET images of feces taken at various time points. Ex vivo 
PET imaging of main organs at different time points p.i.: D) 1 h, and E) 24 h.
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that dominant clearance was observed at the 12 h time point 
(Figure 2C; Figure S9, Supporting Information).

To accurately estimate the metabolic behavior of 89Zr-Df-
MCLs in the intestine, the main organs (intestine, stomach, liver, 
heart, spleen, lung, and kidney) of the mice were harvested, and 
ex vivo PET and bright field imaging were performed at desig-
nated time intervals (1 and 24 h). It was found that, at 1 h p.i., 
a strong radioactive signal emerges from the gallbladder and 
intestine of 89Zr-Df-MCL-injected mice, confirming the excre-
tion the hepatobiliary system (Figure 2D,E; Figure S10 A,B, 
Supporting Information). In Figure 2D and Figure S10C (Sup-
porting Information), only the upper section of the intestine 
shows the radioactive signal. To identify the organs, the max-
imum scale bar was reduced to 10% ID g−1 (Figure S10 C,D, 
Supporting Information). ROI analysis revealed good agree-
ment with that of the ex vivo biodistribution result (Figure S11, 
Supporting Information). By contrast, the recorded images at 
24 h p.i. detect only very weak signal (Figure 2E; Figure S10 D, 

Supporting Information), suggesting that most of the injected 
89Zr-Df-MCLs were excreted out. This result verifies that the 
radioactive signal observed from the intestine in Figure 2A is 
emitted by the 89Zr-Df-MCLs in the feces and no reabsorption 
of 89Zr-Df-MCLs by the intestine has taken place.

According to the above result, 89Zr-Df-MCLs mainly accu-
mulated in the liver. To further confirm their biosafety, MCLs 
were injected into the healthy Balb/c mice at the dose of 
450 mg kg−1. The primary liver function markers including 
aspartate aminotransferase, alanine aminotransferase, alka-
line phosphatase, and total bilirubin, as well as kidney func-
tion markers, including serum creatinine, were all measured. 
No noticeable toxic side effects were found in the Balb/c mice 
based on the serum biochemistry analysis (Figure S12A,B, 
Supporting Information). On day 14, major organs (i.e., heart, 
liver, spleen, kidneys) were collected and stained with H&E 
for histology analysis. The results in Figure S12C (Supporting 
Information) further reveal no noticeable tissue damage in the 
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Figure 3. Tumor targeting and in vivo antitumor therapy of 89Zr-Df-MCLs. A) In vivo PET images of 4T1 tumor-bearing mice taken at various time 
points postintravenous injection of 89Zr-Df-MCLs. B) Quantification of 89Zr-Df-MCLs uptake in the tumor at various time points p.i. The unit is the 
percentage of injected dose per gram of tissue (% ID g−1) (n = 3). C) Biodistribution of 89Zr-Df-MCLs 72 h after intravenous injection into 4T1 tumor-
bearing mice as determined by 89Zr radioactivity measurements in various organs (n = 3). D) Body weight measurements after various treatments 
showed no significant toxicity (n = 5–6). E) Tumor growth profiles of 4T1 tumors after each treatment. For the combination treatment group, six mice 
injected with TCPP-MCLs were irradiated with 660 nm laser (50 mW cm−2, 40 min) at 24 h p.i. Two groups of mice were used as controls: untreated 
(PBS) (n = 5); and TCPP-MCLs only without laser treatment (n = 6). (***p < 0.001).
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primary organs of healthy mice. Combined with retention pro-
files acquired from PET, it may be reasonable to conclude that 
MCLs would not cause significant long-term toxicity in vivo.

To demonstrate the feasibility of using MCLs for passive-
targeting of tumors by the enhanced permeability and reten-
tion (EPR) effect,[34] and to investigate in vivo biodistribution 
of MCLs in tumor-bearing mice, 89Zr-Df-MCLs were injected 
into Balb/c mice bearing 4T1 tumors (Figure 3A). Interestingly, 
89Zr-Df-MCLs showed efficient tumor accumulation, demon-
strating a time-dependent increase after injection. Quantitative 
data obtained from ROI analysis revealed that the tumor uptake 
of 89Zr-Df-MCLs was 4.4 ± 1.7, 7.1 ± 1.4, 7.7 ± 1.7, 10.1 ± 2.6, 
7.3 ± 2.2, 6.6 ± 1.5, and 6.7 ± 2.2% ID g−1 (n = 3) at 2, 4, 6, 14, 
24, 48, and 72 h p.i., respectively (Figure 3B), indicating enhanced 
tumor uptake mediated by the EPR effect in 4T1 tumors. Strong 
PET signals in the blood even at 14 h time point suggested a 
prolonged blood circulation time, resulting in the strong EPR-
dependent tumor uptake of 89Zr-Df-MCLs. Besides the efficient 
tumor uptake, significant radioactivity was also found in the 
gallbladder, liver, and intestine, in accordance with our previous 
observations.

Ex vivo biodistribution study corroborated well with the 
imaging analyses (Figure 3C). Besides 4.3 ± 0.1% ID g−1 
tumor uptake, the nanoparticles were found to be dominantly 
accumulated in the excretory organs along with the liver 
(11.9 ± 3.5% ID g−1), spleen (3.4 ± 3.0% ID g−1), and kidney 
(2.2 ± 0.5% ID g−1) (n = 3). Off-target accumulation of 89Zr-Df-
MCLs remained negligible in all the other organs.

Encouraged by the excellent tumor-homing capability of 
MCLs, we further evaluated the potential anticancer applica-
tion of MCLs mediated by the loaded cargo, TCPP. PDT of 4T1 
tumor-bearing mice (n = 5–6 for all groups) was performed 

using TCPP-loaded MCLs (loading ratio of 1.3 wt%, denoted as 
TCPP-MCLs), PBS, and combination treatment of TCPP-MCLs 
and laser irradiation (denoted as combination group) at the 
same TCPP concentration. The mice bearing 4T1 tumors were 
intravenously injected with TCPP-MCLs (200 µL, 2 mg mL−1). 
As shown in Figure S13A (Supporting Information), in vivo flu-
orescence imaging confirmed that TCPP was indeed delivered 
into the tumor by MCLs after 24 h p.i. By contrast, no fluores-
cence signal was observed in mice injected with TCPP-micelles  
(a solution of Tween-80 micelles loaded with TCPP) group. Ex 
vivo imaging at 24 h p.i. revealed that fluorescence signals of 
TCPP-MCLs were mainly found in the intestine, liver, and tumor 
tissues (Figure S13B, Supporting Information). Thus, at 24 h p.i., 
the combination group was exposed to a 660 nm laser at a power 
density of 50 mW cm−2 for 40 min. After 14 d of treatment, the  
combination treatment group showed remarkable tumor inhibi-
tion effects (Figure 3E; Figure S14, Supporting Information). No 
distinct change in body weights was observed for each group, 
indicating tolerable safety profile of the treatment (Figure 3D). 
These preliminary results suggest the promising potential of 
MCLs as a drug carriers for cancer-targeted therapy.

Sentinel lymph nodes (SLNs) are a typical route for tumor 
metastasis, and precise and early identification of SLNs has been 
considered necessary for assessing tumor prognosis in clinical 
treatment as well as prediction of cancer metastasis.[35,36] In the 
clinic, SLN mapping is realized via colored dyes or carbon black 
injected into the solid tumor, whose draining lymph nodes are 
then lighted up.[37,38] However, the sensitivity of this method is 
limited. Previous studies have demonstrated that nanoparticles 
>4 nm in diameter can rapidly enter the lymphatic capillaries 
and result in efficient labeling of the vessels and the sentinel 
lymph nodes.[36] As a proof-of-concept, herein we demonstrate 

Figure 4. Lymph node PET imaging of 89Zr-Df-MCLs. A) In vivo lymph node imaging with PET upon footpad injection of 89Zr-Df-MCLs at different time 
points. B) Quantification of 89Zr-Df-MCLs uptake by the mouse footpad and lymph nodes at various time points. C) In vivo and ex vivo quantification 
of 89Zr-Df-MCLs uptake by the mouse footpad and lymph nodes at 24 h time point after footpad injection. D) Ex vivo PET imaging of lymph nodes 
and mouse at 24 h p.i.
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the possibility of using 89Zr-Df-MCLs probes for highly sensi-
tive in vivo lymph node mapping via noninvasive PET imaging. 
Upon local injection with 89Zr-Df-MCLs into the footpad of 
each mouse, serial PET scans were performed (Figure 4A). 
An extensive draining lymphatic network containing multiple 
deep-seated lymph nodes lightened up as early as 0.5 h p.i. of 
89Zr-Df-MCL. The signals in those lymph nodes remained very 
obvious even 24 h after local injection (Figure 4B–D), further 
demonstrating the excellent potential of 89Zr-Df-MCLs for early, 
persistent, and rapid mapping of the lymphatic nodes.

In conclusion, we have developed a novel cell membrane 
reassembling method to construct multicompartment mem-
brane-derived liposomes by fusing cancer cell membrane nano-
vesicles with Tween-80 nanomicelles. After conjugation with 
p-SCN-deferoxamine via the amino groups of proteins on the 
surface of MCLs, 89Zr labeled Df-MCLs demonstrated excellent 
radiochemical stability in different biological media and in vivo. 
Systematic noninvasive tracking and quantitative investigation 
of 89Zr-Df-MCLs in vivo were performed to demonstrate rapid 
clearance of 89Zr-Df-MCLs, eventually estimated to be over 
63% ID at 72 h p.i. through hepatobiliary excretion. Intensive 
toxicity evaluation confirmed that MCLs did not impose acute 
or chronic toxicity to the test subjects over extended periods. 
Importantly, 89Zr-Df-MCLs demonstrated enhanced and per-
sistent uptake in 4T1 tumors, highlighting their capacity as 
targeted drug delivery platforms. When loaded with TCPP, a 
model photodynamic agent, the MCLs demonstrated enhanced 
and irreversible tumor destruction when irradiated focally by 
a 660 nm laser. In addition, sensitive mapping of deep-seated 
lymph nodes mapping after local injection revealed the excel-
lent multifaceted potential of biomimetic 89Zr-Df-MCLs to 
serve as a PET image-guided, cancer-targeting nanoplatform for 
enhanced outcomes in cancer theranostics in the near future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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