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Combination cancer imaging and phototherapy mediated by membrane- 
wrapped nanoparticles

Sara B. Aboeleneena� , Mackenzie A. Scullya� , George C. Kramarenkoa and Emily S. Daya,b,c 

aDepartment of Biomedical Engineering, University of Delaware, Newark, DE, USA; bDepartment of Materials Science & Engineering, 
University of Delaware, Newark, DE, USA; cHelen F. Graham Cancer Center & Research Institute, Newark, DE, USA 

ABSTRACT 
Cancer is a devastating health problem with inadequate treatment options. Many conventional treat
ments for solid-tumor cancers lack tumor specificity, which results in low efficacy and off-target dam
age to healthy tissues. Nanoparticle (NP)-mediated photothermal therapy (PTT) is a promising 
minimally invasive treatment for solid-tumor cancers that has entered clinical trials. Traditionally, NPs 
used for PTT are coated with passivating agents and/or targeting ligands, but alternative coatings are 
being explored to enhance tumor specific delivery. In particular, cell-derived membranes have 
emerged as promising coatings that improve the biointerfacing of photoactive NPs, which reduces 
their immune recognition, prolongs their systemic circulation and increases their tumor accumulation, 
allowing for more effective PTT. To maximize treatment success, membrane-wrapped nanoparticles 
(MWNPs) that enable dual tumor imaging and PTT are being explored. These multifunctional theranos
tic NPs can be used to enhance tumor detection and/or ensure a sufficient quantity of NPs that have 
arrived in the tumor prior to laser irradiation. This review summarizes the current state-of-the-art in 
engineering MWNPs for combination cancer imaging and PTT and discusses considerations for the 
path toward clinical translation.
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1. Introduction

1.1. Overview of nanoparticle-mediated photothermal 
therapy and imaging for cancer management

Cancer is a global health problem that lacks effective 
treatments despite tremendous efforts to identify cures. It 
is the second leading cause of death in the United States 
where in 2023 alone there will be approximately two mil
lion new cases and over 600,000 expected deaths [1]. 
Conventional treatments for solid-tumor cancers include 
surgical resection, radiotherapy and chemotherapy, applied 

alone or in combination. Surgery is most beneficial in 
early disease stages before metastasis has occurred and 
failure to resect all cancer cells can lead to recurrence. 
Additionally, surgical trauma can induce inflammation that 
promotes metastasis [2], so surgery is typically combined 
with chemotherapy or radiotherapy. Unfortunately, radio
therapy and chemotherapy also have limitations, such as 
causing unintentional harm to healthy tissues or having 
limited therapeutic effect owing to cellular resistance 
mechanisms [3]. Due to these limitations, researchers have 
been exploring alternative treatment approaches, including 
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the application of photothermal therapy (PTT) mediated 
by nanoparticles (NPs).

PTT is a minimally invasive, high precision treatment that 
uses light-sensitive NPs as exogenous energy absorbers to 
convert incident light into heat that irreversibly damages 
tumors. The light-sensitive NPs are administered intraven
ously (IV) and accumulate in the tumor, which is then irradi
ated with an externally applied laser tuned to match the 
peak absorbance wavelength of the NPs [4]. Near-infrared 
(NIR) light (spanning 650–900 nm) is most often used 
because it penetrates tissue more deeply than wavelengths 
outside this range. Excitingly, PTT mediated by silica core/ 
gold shell nanoshells has entered human clinical trials with 
promising results, warranting further investigation of NP- 
mediated PTT as a viable treatment for solid-tumor cancers 
[5–7].

Many NPs used for PTT can enable dual imaging and ther
apy. Materials that support both diagnostic imaging and 
treatment are known as ‘theranostics’ and can facilitate 
image-guided cancer therapy (Scheme 1A). Various theranos
tic NPs have been explored pre-clinically for the dual imag
ing and PTT of solid tumors. These include NPs loaded with 
NIR dyes (such as indocyanine green (ICG) [8–11], IR780 [12], 
IR792 [13] and IR1048 [14]), semiconducting polymer NPs 
[15,16], gold NPs [17,18], iron oxide NPs [19–22], melanin 
NPs [23,24] and others (Scheme 1B) [25–29]. While dye- 
loaded polymeric NPs, lipid NPs and mesoporous silica NPs 
rely on the light-absorbing properties of the encapsulated 
dye to achieve their phototherapeutic and/or imaging capa
bilities, other NPs such as those based on gold, Prussian blue 
or melanin exploit the optical/plasmonic properties inherent 
to the material. The features of these materials will be dis
cussed, compared and contrasted more throughout this 
review, but the key advantage of theranostics generally is 
that they can guide and assess PTT in real-time, for instance, 

by ensuring sufficient NP accumulation within the tumor 
prior to light application, thus improving therapeutic effect. 
If implemented successfully, this would allow clinicians to 
tune laser fluence, irradiation time and/or the dose of admin
istered NPs for each individual patient to maximize tumor 
response [30].

For IV-administered theranostic NPs to accumulate within 
tumors, they must first safely navigate the blood where they 
are exposed to various serum and opsonin proteins that can 
tag them as foreign bodies, altering their biological identity 
and signaling their rapid clearance by the mononuclear 
phagocytic system (MPS) [31]. If the NPs are degraded or 
excreted too quickly from the body or become trapped in 
healthy tissues, their concentration in the tumor will not be 
high enough to produce adequate heat upon laser irradi
ation to cause cancer cell death. Accordingly, understanding 
and controlling the protein corona that forms around NPs 
after IV injection is imperative to their success. The protein 
corona has been reviewed in detail elsewhere [32,33], but it 
consists of both a ‘hard’ inner layer of proteins with high 
affinity for the NP surface and a ‘soft’ outer layer of proteins 
with lower affinity for the NP surface. The protein corona 
(particularly the soft corona) is dynamic, and the composition 
will change based on the physicochemical properties of the 
NP, including any surface coatings [34]. To minimize protein 
adsorption and immune clearance, NPs are usually coated 
with neutral polymers like poly(ethylene glycol) (PEG), which 
reduces opsonization, prolongs circulation and increases pas
sive tumor accumulation. However, PEGylated NPs can cause 
an anti-PEG immune response, do not solve sequestration 
problems by the MPS organs and do not provide active tar
geting of cancer cells, so researchers are developing alterna
tive coatings with better immune evasion and targeting 
capabilities [35,36].

Scheme 1. Overview of theranostic NPs for dual cancer imaging and PTT. (A) Depiction of the process to use NPs for real-time imaging to guide PTT. (B) Summary 
of various NP formulations that have used pre-clinically as phototheranostics. Red spheres in the polymer, lipid and silica formulations indicate encapsulated light- 
responsive dyes. Created with BioRender.com.
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1.2. Cell membrane wrapping to maximize NP tumor 
delivery

To target cancer cells more precisely, NPs can be coated 
with moieties like antibodies, peptides, aptamers or other 
ligands that selectively bind receptors that are overexpressed 
on the cancer cell surface [37]. However, this strategy has 
only modestly improved tumor delivery of NPs [37,38]. This 
is in part because cancer cells exhibit heterogenous receptor 
expression, so targeting a single molecule is insufficient [37]. 
Additionally, the ligand density must be properly tuned or 
the NPs will exhibit insufficient binding to target cells and 
potentially off-target binding to perivascular cells before they 
can penetrate deeply into the tumor [38]. To overcome these 
challenges of ligand-targeted NPs, researchers have turned 
to biomimicry as a promising biointerfacing strategy.

The general concept of biomimicry is to coat NPs with 
cell-derived biological membranes, which imparts the NPs 
with exceptional biointerfacing capabilities owing to the 
unique combination of proteins, receptors and phospholipids 
present in the membrane. These molecules facilitate both 
immune evasion and cellular binding capabilities, which 
together enhance the tumor accumulation of membrane- 
wrapped nanoparticles (MWNPs) compared to their uncoated 
counterparts (Scheme 2). This idea was first popularized by 
Zhang and colleagues, who showed that poly(lactic-co-gly
colic acid) (PLGA) NPs wrapped with red blood cell (RBC) 
membranes exhibited a circulation half-life of 39.6 h versus a 
15.8 h half-life for their PEGylated counterpart [39]. This 
extended circulation time was attributed to the presence of 
CD47 ‘marker of self’ proteins on the RBC membranes that 
reduced NP phagocytosis by immune cells [39]. These 
remarkable results encouraged an explosion of research into 
the use of cell-derived membranes as NP coatings to 
enhance drug delivery, gene regulation, PTT, imaging and 
other applications [40–43]. Membranes from numerous cell 
types have been explored, including platelets, fibroblasts, 
leukocytes, cancer cells, stem cells, immune cells, bacteria 
and others. The advantages and disadvantages of different 
membrane sources have recently been reviewed [42]. The 

choice of which cell type to use as the membrane source 
largely depends on the specific tissue/disease to be targeted, 
since the targeting ability of MWNPs relies on the specific 
transmembrane proteins present in the membrane coating. 
Some proteins can mediate binding to non-homotypic cells, 
such as P-selectin which allows platelets (and platelet 
MWNPs) to bind CD44 receptors on cancer cells (Scheme 2) 
[14]. Other ‘self-recognition’ proteins allow for homotypic tar
geting of cells that match the membrane source. For 
instance, Thomsen-Friedenreich antigen (Tf-antigen) interacts 
with galectins on cancer cells to promote tumor cell aggre
gation and metastasis, and hence cancer cell MWNPs that 
incorporate Tf-antigen can demonstrate homotypic targeting 
(Scheme 2) [44,45]. While more work is needed to fully eluci
date which proteins mediate the immune evasion and tar
geting capabilities of MWNPs, they are clearly critical for the 
unique biointerfacing properties of these materials.

The synthetic routes to produce MWNPs have previously 
been reviewed [40], but in brief the steps include (1) mem
brane extraction from source cells, (2) fabrication of the NP 
core and (3) surrounding the NPs with the membranes to 
form MWNPs. Membrane extraction techniques include 
freeze-thaw cycling, electroporation and lysis coupled with 
homogenization [40]. Once collected, membranes can be 
coated onto NPs by sonication, microfluidic mixing or extru
sion techniques [40]. Post-synthesis, it is important that 
MWNPs be carefully characterized for their size, zeta poten
tial and membrane protein content and completeness [40], 
as recent work has shown cell membrane coating integrity 
affects the biological fate of MWNPs [46]. It is also critical to 
characterize the optical properties of MWNPs intended for 
use in PTT and imaging applications. The following portions 
of this review summarize the current state-of-the-art in the 
use of MWNPs for combined cancer imaging and PTT and 
provide insight to the path forward for clinical translation. A 
list of abbreviations used in the review is provided in Table 1
to assist readers.

2. Membrane-wrapped NPs for dual PTT/imaging of 
solid-tumor cancers

Owing to the improved biointerfacing capabilities of MWNPs 
that increase their tumor accumulation, researchers are now 
exploring these tools for dual tumor imaging and PTT. 
Various imaging techniques have been used to monitor the 
tumor accumulation of MWNPs and thereby guide PTT, 
including photoacoustic (PA) imaging, magnetic resonance 
imaging (MRI), fluorescence (FL) imaging and other modal
ities. These are introduced briefly below and compared in 
Table 2, followed by in-depth discussion of the MWNPs that 
have been developed for use with each modality.

PA imaging is a noninvasive, high-resolution technique 
that uses photothermally converted acoustic waves to realize 
ultrasound signal detection [16,17]. That is, when photother
mally active NPs within tissue are excited with pulsed NIR 
light, the produced heat leads to thermal tissue expansion 
and generation of an acoustic pressure wave that can be 
detected by an ultrasound transducer. Because PA imaging 

Scheme 2. Cell-derived membranes include distinct molecules that facilitate 
immune evasion, enable binding to non-homotypic cells or promote binding to 
homotypic cells. Together, these features enhance the tumor accumulation of 
MWNPs. Created with BioRender.com.
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detects phonons rather than photons under light excitation, 
it has superior penetration depth compared to typical FL 
imaging, along with enhanced spatial resolution and high 
contrast [16,17]. PA imaging can also provide information 
about tissue oxygenation and hemodynamics, but a draw
back is that only a small area of the body can be imaged at 
once [47]. By comparison, MRI can image large areas of the 
body and offers unparalleled spatial resolution. However, MRI 
has lower sensitivity and data acquisition can be time-con
suming and uncomfortable for subjects [47]. In MRI, an 
applied magnetic field aligns protons within the body. Short 
bursts of radiofrequency energy are applied, which alters the 
protons’ alignment. When the pulse stops, the protons 
realign with the magnetic field, releasing electromagnetic 
energy that is detected and reconstructed into images that 
distinguish tissues based on the speed of relaxation. 
Different types of contrast can be achieved with MRI, includ
ing T1-weighted imaging (related to spin-lattice relaxation) 
and T2-weighted imaging (related to spin-spin relaxation). 
Magnetic NPs can increase contrast by shortening T1 and T2 
relaxation. The most common contrast agents are based on 
iron oxide NPs, which provide negative (dark) contrast in T2- 
weighted images, although other materials such as those 
based on lanthanide metals can provide positive (bright) 
contrast in T1-weighted images [48].

FL imaging is commonly used in nanomedicine research 
as many NPs are inherently fluorescent or can be tagged 
with fluorescent dyes. FL imaging provides fast real-time 
scanning but has poor depth penetration [43]. Traditionally, 

the absorption and emission wavelengths of NPs used for 
PTT and FL imaging exist in the first NIR (NIR-I) window 
(650–950 nm). More recently, NPs that strongly absorb/emit 
light in the second NIR window (1000–1700 nm) have been 
developed for NIR-II FL imaging [14]. Compared to NIR-I, NIR- 
II FL imaging can penetrate deeper into tissue and has lower 
autofluorescence and higher signal-to-noise ratio (SNR) 
owing to less light scattering and absorption in biological tis
sues [13]. The safety threshold of lasers in biological tissues 
is also improved in the second NIR window, which may pro
mote clinical acceptance of NPs that absorb light in this 
range for precision cancer imaging and therapy [13]. An 
important consideration for FL imaging (as well as PA imag
ing) is the difference between continuous wave (CW) and 
pulsed lasers. CW lasers emit an uninterrupted beam of light 
with constant energy output over time, whereas pulsed 
lasers emit light in short, high-energy bursts with defined 
pulse durations and intervals. Pulsed lasers are used in tech
niques such as PA imaging and multiphoton microscopy, 
whereas CW lasers are used in traditional FL imaging. 
Generally, pulsed lasers offer higher precision, but are less 
energy efficient and more expensive. The advantages/disad
vantages of each laser type should be taken into consider
ation when selecting a modality to use in combination with 
MWNPs for image-guided PTT.

Beyond PA imaging, MRI and FL imaging, other techni
ques that have been used in combination with MWNPs for 
image-guided PTT include X-ray computed tomography (CT) 
imaging, surface enhance Raman scattering (SERS) imaging 

Table 1. List of common abbreviations found throughout this review.

Abbreviation Expanded term Abbreviation Expanded term

AF Activated fibroblast MPS Mononuclear phagocytic system
BBB Blood–brain barrier MRI Magnetic resonance imaging
BTB Blood–tumor barrier MSC Mesenchymal stem cell
CT Computed tomography MWNP(s) Membrane-wrapped nanoparticle(s)
CW Continuous wave NIR Near-infrared
DOX Doxorubicin NP(s) Nanoparticle(s)
DTX Docetaxel PA Photoacoustic
Ex Excitation PDT Photodynamic therapy
Em Emission PEG Poly(ethylene glycol)
FA Folic acid PLGA Poly(lactic-co-glycolic acid)
FL Fluorescence PTT Photothermal therapy
HSP Heat shock protein RBC Red blood cell
HU Hounsfield unit SERS Surface-enhanced Raman scattering
ICG Indocyanine green siRNA Small interfering ribonucleic acid
IV Intravenous SNR Signal-to-noise ratio
Luc Luciferase SPN(s) Semiconducting polymer nanoparticle(s)
MDSC Myeloid-derived suppressor cell TPP Triphenylphosphine
MNC Magnetic nanocluster

Other abbreviations such as those for specific MWNP formulations are defined where called out in the text.

Table 2. Comparison of different imaging modalities that have been utilized in combination with phototheranostic NPs.

Imaging modality Excitation source Tissue penetration depth Resolution Pros Cons

PA imaging Light 10 mm–9 cm 30–700 mm � High resolution 
� High tissue penetration 
� Fast acquisition 

� Small imaging surface area 

MRI Magnetic field >10 cm 50 mm–2 mm � High resolution 
� Large imaging surface area 

� Low sensitivity 
� Slow acquisition 

FL imaging Light 1–20 mm 1–500 mm � High resolution 
� Fast acquisition 

� Low tissue penetration 

CT X-ray >10 cm 50 mm–1 mm � High resolution 
� High relative speed 

� Radiation exposure 

SERS imaging Light 5–25 mm <1 mm � High sensitivity 
� High photostability 

� Limited tissue penetration 
� Low relative speed 
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and long-persistent luminescence imaging. The following 
subsections discuss the types of MWNPs that have been 
combined with each distinct modality for image-guided PTT.

2.1. MWNPs for dual PTT and PA imaging

PA imaging is a real-time imaging modality that combines 
the high contrast of optical imaging with the fine special 
resolution of ultrasound imaging. In PA imaging, short pulses 
of non-ionizing light are used to excite exogenous contrast 
agents embedded within tissue resulting in a temperature 
increase that produces pressure waves (i.e., thermoelastic 
expansions) detectable by an ultrasound transducer at the 
tissue surface [49]. Several small-molecule NIR dyes like ICG, 
IR780 and IR1048 have been loaded inside MWNPs of various 
compositions for dual PTT and PA imaging [8,9,12,14]. 
Alternatively, MWNPs have been produced from materials 
with inherently high photothermal conversion efficiency such 
as semiconducting polymers, pigmented materials and gold 
[15,17,23,24,26,29]. While the NIR absorbance of gold-based 
NPs can be orders of magnitude larger than that of NIR dyes, 
allowing for greater contrast enhancement and heat produc
tion, the non-degradable nature of gold-based NPs raises 
concern of eventual metal-related cytotoxicity (though clin
ical trials indicate silica core/gold shell nanoshells have an 
excellent safety profile in humans) [6,7]. For this reason, 
much research into dual PTT/PA imaging has focused on 
MWNPs comprised of biocompatible and biodegradable 
materials, as discussed below.

2.1.1. NIR Dye-Loaded NPs for PTT/PA imaging
Several NIR dyes have been loaded in MWNPs to enable dual 
PTT and PA imaging, but the most common is ICG, which 
can support not only PTT and PA imaging, but also FL imag
ing. In one study, ICG-loaded PLGA NPs were coated with 
MCF-7 human breast cancer cell membranes that were modi
fied with PEG so that they could engage the targeting ability 
of the cancer cell membranes along and the passivating 
properties of PEG (Figure 1A) [8]. When administered IV to 
nude mice bearing subcutaneous MCF-7 tumors, the ICG- 
loaded cancer cell membrane-wrapped NPs (ICNPs) exhibited 
3.1-fold and 4.75-fold greater tumor accumulation than 
unwrapped ICG-loaded NPs (INPs) and free ICG, respectively. 
Accordingly, the ICNPs provided higher contrast and better 
resolution than the other systems when PA and FL imaging 
of the tumors was performed (Figure 1B). Moreover, when 
the tumors were irradiated with an 808 nm laser (1 W/cm2, 
5 min) 24 h after IV injections, those that received ICNPs 
reached 55.3 �C, compared to only 48.2 �C for INPs (Figure 
1C). The ICNP-mediated PTT induced complete tumor remis
sion without relapse (Figure 1D), corresponding to 100% sur
vival, compared to only 40% survival for INP-mediated PTT. 
These improved effects suggest that the dual tumor target
ing and passivating provided by the PEG-modified cancer 
cell membrane coating was advantageous, though additional 
controls could have been included to demonstrate the bene
fit of PEG modified versus unmodified membranes.

By co-encapsulating drugs in NPs along with ICG, it is pos
sible to achieve dual PTT and PA imaging along with chemo
therapy. For example, Long et al. co-loaded ICG and 
doxorubicin (DOX) inside PEG-modified tungsten disulfide 
nanosheets that were further wrapped with folic acid (FA)- 
modified RBC membranes [9]. In this system, the RBC mem
brane components enhance circulation while the FA modifica
tion enables targeting of cervical cancer cells that overexpress 
FA receptors. Compared to unwrapped nanosheets (PEG-modi
fied tungsten disulfide (WS2) nanosheets carrying ICG and 
DOX (WID)) or RBC membrane-wrapped nanosheets lacking 
the FA modification (WID@M), the FA-modified RBC mem
brane-wrapped nanosheets (WID@M-FA) exhibited greater 
accumulation in subcutaneous HeLa tumors in nude mice 24 h 
after IV injection. Congruently, WID@M-FA NPs achieved the 
highest PA signal, which was 3.3-fold greater than that of the 
background, enabling ultra-sensitive and high-resolution imag
ing of the tumor morphology. When irradiated with 808 nm 
light (1 W/cm2, 5 min), tumors of mice that received WID@M- 
FA NPs reached 54.9 �C, compared to 52.3 �C for WID@M NPs. 
After eight treatment cycles of NP injections and laser irradi
ation, the tumor inhibition rate achieved by WID@M-FA NPs 
was 95.4%, compared to 90.5% with WID@M NPs. The min
imal difference in tumor inhibition between WID@M-FA NPs 
and WID@M NPs may be attributed to the repeated injection 
and irradiation cycles that magnified NP accumulation at the 
tumor site and hence minimized the benefit of the FA target
ing. In future work, it would be interesting to compare tumor 
response after fewer rounds of treatment, which may better 
reveal the benefit, if any, of the FA modification.

Beyond ICG, other NIR dyes that have been loaded in 
MWNPs for dual PTT and PA imaging include IR780 and 
IR1048, the latter of which offers the benefit of NIR-II excita
tion [12,14]. In one example, RBC membrane-wrapped tri
block copolymer NPs co-loaded with IR780 and the 
chemotherapy drug docetaxel (DTX) were evaluated for 
image-guided photo-chemotherapy of breast cancer in mice 
bearing subcutaneous MCF-7 tumors [12]. These NPs yielded 
greater PA signal and more effective tumor inhibition that 
unwrapped NPs loaded with IR780 and DTX, both in the 
absence and presence of 808 nm laser irradiation (i.e., chemo 
only or chemo þ PTT), further confirming that RBC membrane 
coatings are beneficial when designing NPs for image-guided 
PTT. In an alternative approach that exploits the NIR-II win
dow, liposomes were loaded with IR1048 and wrapped with 
platelet membranes to form BLIPO-1048, which exhibited 
impressive results in multiple tumor models, including xeno
grafts of pancreatic cancer, breast cancer and glioma [14]. In 
particular, when administered to mice with orthotopic gli
oma xenografts, the BLIPO-1048 NPs achieved a PA imaging 
depth of 2.6 mm, with maximum contrast observed 12 h 
post-IV administration. The BLIPO-1048 NPs outperformed 
bare LIPO-1048 NPs, likely because P-selectin on the platelet 
membrane surface enabled targeting of CD44 receptors on 
the glioma cells. Upon 1064 nm laser irradiation (1 W/cm2, 
5 min), the BLIPO-1048 NPs increased tumor temperature to 
45.3 �C, inhibited tumor growth rate by 85.2% (compared to 
only 57.9% for bare LIPO-1048 NP þ laser) and extended 
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median survival time from 20 to 42 days. Overall, this 
example and the ones above warrant further investigation of 
NIR dye-loaded MWNPs for PA image-guided PTT of cancer.

2.1.2. Semiconducting materials for combined PA imaging 
and PTT

Semiconducting polymer nanoparticles (SPNs) are another 
promising platform that has been explored for image-guided 
PTT of cancer, as their excellent photonic properties allow 
them to support PA imaging, FL imaging and PTT. One ele
gant example is poly-(cyclopentadithiophene-alt-benzothia
diazole) (PCPDTBT) NPs, which were wrapped with activated 
fibroblast membranes to form AF-SPNs capable of multi
modal cancer phototheranostics [15]. The use of activated 
fibroblast membranes is a unique and sophisticated 
approach to target homologous cancer-associated fibroblasts 
in the tumor microenvironment, which surround the tumor 
and produce extracellular matrix components and thus act 
as a physical barrier that impedes NP delivery deep within 
tumors [50]. To test the tumor-targeting ability of AF-SPNs 

in vivo, nude mice bearing 4T1 xenografts were IV injected 
with either AF-SPNs, unwrapped SPNs (uSPNs) or 4T1 murine 
breast cancer cell membrane-wrapped SPNs (CC-SPNs). At 
48 h post IV injection, the maximal PA intensity enhancement 
(DPA) in the tumors of AF-SPN treated mice was 1.8- and 
1.5-fold higher than that for uSPN and CC-SPN treated mice, 
respectively. These results were consistent with FL images in 
which the tumor FL intensity of AF-SPN treated mice was 
1.5- and 1.3-fold higher than that of uSPN and CC-SPN 
injected mice, respectively. After tumors were exposed to 
808 nm light (0.3 W/cm2, 5 min), the maximal tumor tempera
ture was 50 �C for AF-SPN injected mice, which was 4.0 and 
6.0 �C higher than that for CC-SPN and uSPN injected mice, 
respectively. Congruently, tumor volumes decreased to the 
greatest extent in mice that received irradiation plus AF- 
SPNs. Overall, this study confirmed that targeting activated 
fibroblasts with MWNPs is a promising approach to enhance 
cancer imaging and PTT. Other work has shown that SPNs 
based on a different material that are wrapped with RBC 
membranes can potently image and treat 4T1 tumors in 
mice [16]. Future studies that use the same core but different 

Figure 1. Representative MWNP used for PTT, PA imaging and FL imaging. (A) Scheme of ICNP. (B) FL and PA images of MCF-7 breast cancer tumors in mice fol
lowing IV injection with either ICG, INPs or ICNPs. (C) Thermal images of MCF-7 tumor-bearing mice exposed to an 808 nm laser for 5 min (1 W/cm2) after IV injec
tion of PBS, ICG, INPs or ICNPs. (D) Tumor growth curves of different groups after treatments (n ¼ 5). Reprinted (adapted) with permission from Chen et al. 
[8,p.10049]. Copyright 2016 American Chemical Society.
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membrane coatings (activated fibroblasts, cancer cells, RBCs) 
would be extremely valuable in guiding the design of 
MWNPs for dual cancer imaging and PTT.

Beyond single membrane coatings, hybrid membrane 
coatings have also been explored in combination with semi
conducting materials for dual PA imaging and PTT of cancer. 
For instance, DOX-loaded hollow copper sulfide NPs have 
been coated with hybrid RBC and B16-F10 melanoma cell 
membranes to produce DCuS@[RBC–B16] NPs for combin
ation imaging/PTT/chemotherapy of melanoma (Figure 2A) 
[25]. Unlike gold-based nanoprobes whose optical absorb
ance varies with the surface plasmon resonance, the optical 
properties and NIR absorption of copper sulfide NPs is based 
on energy band-band transitions of Cu2þ ions [9]. When 
administered IV to nude mice bearing subcutaneous B16-F10 
xenografts, CuS@[RBC–B16] NPs (without DOX loaded) 
achieved a strong localized PA signal in the tumor 4 h post- 
injection (Figure 2B). Additionally, the CuS@[RBC–B16] NPs 
had a similar blood retention time to NPs that had only an 
RBC membrane coating, which was greater than the reten
tion of NPs with B16-F10 coatings or no coating (Figure 2C). 
Owing to the combined long-circulation and homotypic tar
geting properties of the hybrid membrane coating, the 

CuS@[RBC–B16] NPs exhibited the greatest tumor delivery 
(Figure 2D). Accordingly, when tumors were irradiated with 
1064 nm light (1 W/cm2, 5 min) both CuS@[RBC–B16] NPs and 
DCuS@[RBC–B16] NPs yielded impressive tumor growth 
inhibition (Figure 2E). Collectively, these data indicate that 
hybrid membrane coating is advantageous when designing 
theranostic MWNPs.

2.1.3. Pigmented materials for combined PA imaging 
and PTT

Pigmented materials can also support dual PA imaging and 
PTT. Examples include melanin, a natural organic polymer 
derived from tyrosine which has semiconducting properties, 
and Prussian blue, an inorganic dark blue pigment derived 
from oxidation of ferrous ferrocyanide salts. In one study, 
melanin was extracted from cuttlefish ink sacs to create NPs 
that were then wrapped with RBC membranes for enhanced 
PTT and PA imaging [23]. The Melanin@RBC NPs and bare 
melanin NPs were IV injected into Balb/c nude mice bearing 
A549 subcutaneous lung tumors and at 4 h post-injection 
the Melanin@RBC NPs exhibited a 1.35-fold enrichment of PA 
tumor signal intensity compared to unwrapped melanin NPs. 
By 24 h, the PA signal in the tumor dropped significantly, 

Figure 2. Representative example of membrane-wrapped semiconducting material for combined PTT and PA imaging. (A) Hybrid membrane-coated DOX-loaded 
hollow cupper sulfide NPs (DCuS@[RBC–B16] NPs) were explored for combination imaging/PTT/chemotherapy of melanoma. (B) CuS@[RBC–B16] NPs achieved a 
strong localized PA signal in tumors 4 h post IV injection. (C) Blood retention time of CuS NPs that were unwrapped or coated with RBC membranes, B16-F10 mem
branes or hybrid RBC–B16 membranes. (D) Biodistribution of unwrapped, RBC-wrapped, B16-wrapped or hybrid membrane-wrapped CuS NPs in tumor-bearing 
mice after IV injection. (E) Relative tumor volume of mice exposed to different treatments (1: NS, 2: CuS@[RBC–B16], 3: DOX, 4: NIR laser (1064 nm, 1 W/cm2), 5: 
DCuS@[RBC–B16], 6: CuS@[RBC–B16] with NIR laser, 7: DCuS@[RBC–B16] with NIR laser). Reprinted (adapted) with permission from Wang et al. [25,p.5241]. 
Copyright 2018 American Chemical Society.
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which the authors attributed to potential degradation of the 
NPs by hydrogen peroxide (H2O2) produced by surrounding 
cancer cells. When tumors of NP-injected mice were irradi
ated with 808 nm light (2 W/cm2, 5 min) 4 h post-injection, 
the Melanin@RBC NPs had an approximately 100% antitumor 
rate, compared to bare melanin NPs that had �78% tumor 
inhibition. When irradiated at a lower power density of 1 W/ 
cm2 for 10 min, the Melanin@RBCs still provided significant 
tumor inhibition that was much greater than that of 
unwrapped melanin NP controls.

In related work, melanin NPs have been coated with 
hybrid membranes derived from RBCs and MCF-7 human 
breast cancer cells to produce Melanin@RBC-M NPs for dual 
imaging/PTT [24]. Hybrid membranes were made with vary
ing source membrane ratios and the ratio of 1:1 RBC:MCF-7 
provided an optimal balance between the prolonged blood 
circulation of RBC membranes and the homotopic targeting 
of MCF-7 cell membranes. Further studies evaluated the size- 
dependent PA imaging, tumor accumulation and photother
mal performance of Melanin@RBC-M NPs in nude mice bear
ing subcutaneous MCF-7 tumors by varying the melanin core 
size (64, 93, 124 and 148 nm). PA signal and tumor accumula
tion decreased as NP size increased and, regardless of core 
size, the PA signal plateaued 4 h after IV injection. When 
tumors in the same animal model were irradiated with an 
808 nm laser (1 W/cm2, 10 min), Melanin@RBC-M NPs with a 
124 nm core yielded the greatest tumor temperature increase 
(from 29.6 to 54.0 �C). PTT mediated by this hybrid mem
brane-wrapped formulation caused complete tumor elimin
ation, while PTT mediated by RBC membrane-wrapped or 
unwrapped melanin NPs caused 92.3% or 30% tumor inhib
ition, respectively. These data, like those for the CuS NP sys
tem described above, again demonstrate hybrid membrane 
coatings are beneficial compared to single membrane 
coatings.

The other major pigmented material explored as a dual 
PA imaging/PTT agent is Prussian blue. Recent work demon
strated that membrane-wrapped Prussian blue NPs can 
enable mild-temperature PTT [26]. When tumor tissues are 
heated above 50 �C, it can trigger inflammation that facili
tates undesirable immune escape and metastasis or induce 
nonspecific necrosis in surrounding healthy tissues. To avoid 
these complications, mild-temperature PTT that heats tumors 
to less than 45 �C has been explored. Wang et al. synthesized 
zinc-glutamate-modified Prussian blue NPs that were loaded 
with triphenylphosphine (TPP)-conjugated lonidamine and 
then wrapped with HepG2 hepatocellular carcinoma cancer 
cell membranes. Lonidamine is an anticancer drug that 
reduces tumor cells’ energy production by inhibiting glycoly
sis and mitochondrial respiration, so it was conjugated to the 
mitochondria-targeting group TPP to enhance its effect. 
Nude mice bearing subcutaneous HepG2 tumors were IV 
injected with either unwrapped or membrane-wrapped NPs, 
which achieved relative PA signal in tumors of 2.6 and 4.4 at 
12 h post-injection. When tumors were irradiated with an 
808 nm laser (1 W/cm2, 5 min), the tumor temperature 
increased to 44.9 ± 1.7 �C for the membrane-wrapped NP- 
treated mice, which caused a tumor inhibition rate of 89.2% 

after 16 days of monitoring, confirming the therapeutic 
potential of mild-temperature PTT. Overall, these NPs pro
vided targeted drug delivery, effective mild-temperature PTT 
and enhanced PA imaging. A noted improvement that could 
be made to this nanoformulation or similar ones would be 
to develop a simpler and more facile design for easier clinical 
translation.

2.2. MWNPs for combination MRI and PTT

2.2.1. Membrane-wrapped iron oxide NPs as 
phototheranostics

Compared to optical imaging techniques, MRI offers the 
advantage of deep tissue imaging with high resolution and 
contrast, with the tradeoff of reduced imaging speed. Iron 
oxide (Fe3O4) NPs are the most widely used material for dual 
PTT/MRI, because they are excellent T2-weighted MRI con
trast agents that also offer good biocompatibility and high 
stability in physiological environments [22]. Several groups 
have wrapped Fe3O4 magnetic nanoclusters (MNCs) with cell- 
derived membranes for image-guided PTT [19–22,51]. 
Examples include MNCs wrapped with RBC membranes for 
MRI-enhanced PTT of breast cancer and cervical cancer [20– 
22], MNCs wrapped with myeloid-derived suppressor cell 
(MDSC) membranes for melanoma imaging/treatment [19], 
and iron oxide NPs wrapped with mesenchymal stem cell 
(MSC) membranes for prostate cancer imaging/treatment 
[51]. Across studies, membrane-wrapped formulations have 
provided greater tumor contrast and photothermal ablation 
than uncoated formulations. Additionally, MDSC membrane- 
wrapped MNCs have provided greater tumor targeting, MRI 
contrast and PTT than RBC-wrapped MNCs, likely because 
MDSCs expeditiously accumulate in tumors in response to 
cytokines and chemokines released from the inflammatory 
tumor microenvironment [19].

Of note, one study compared RBC membrane-wrapped 
Fe3O4 NPs produced by conventional mechanical extrusion 
(RBC-MN-Cs) to those prepared by microfluidic electropor
ation (RBC-MN-Es) [20]. After IV injection into Balb/c nude 
mice bearing MCF-7 xenografts, MR imaging showed RBC- 
MN-Es yielded superior darkening of tumor regions 24 h 
post-injection compared to RBC-MN-Cs and unwrapped MNs, 
indicating more tumor accumulation. RBC-MN-Es also exhib
ited lower enrichment in the spleen and liver after 48 h, 
demonstrating superior avoidance of MPS clearance organs. 
Finally, RBC-MN-Es provided more potent PTT upon 808 nm 
laser irradiation. Collectively, these results give evidence that 
microfluidic electroporation may provide more complete/ 
effective cell membrane coatings than conventional extru
sion. Further study of microfluidic electroporation is impor
tant for the future translation of theranostic MWNPs into 
industrially manufactured products.

Beyond modifying the membrane type or coating tech
nique to enhance tumor delivery, MR contrast and PTT effi
cacy, another tactic to enhance dual imaging/PTT is to use 
materials that support NIR-II excitation or combination ther
apy. For example, Lin et al. created core-shell or rattle-type 
Fe3O4@CuS NPs wrapped in RBC membranes that could be 
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guided to tumors by external magnetic fields, which allowed 
for enhanced MRI and PTT within the NIR-II window that 
allows deeper tissue penetration and increased maximum 
permissible light exposure [21]. In a different approach, Mu 
et al. modified hydrophobic iron oxide NPs with a polydop
amine coating that facilitated adsorption of small interfering 
ribonucleic acid (siRNA) for gene regulation, and these NPs 
were coated with MSC membranes for imaged-guided PTT 
and siRNA delivery to human DU145 prostate cancer xeno
grafts in Balb/c mice [51]. After the NPs were IV injected, 
there was obvious tumor darkening in T2-weighted MR 
images taken 24 h post-injection compared to unwrapped 
control NPs, and ICP-AES at 48 h confirmed greater tumor 
accumulation of the MSC MWNPs. The MWNPs designed to 
provide both PTT and siRNA-mediated silencing of an over
expressed proto-oncogene reduced tumor volume by 60% 
when combined with 808 nm light (0.6 W/cm2, 6 min) com
pared to 40% for non-targeting NPs combined with irradi
ation. It was shown that the MSC coating benefited MR 
image contrast, as well as increased the therapeutic effects 
of the delivered siRNA and PTT [51]. Future work should con
tinue to explore new approaches to enhance the success of 
MWNPs for combination MR imaging and therapy. In particu
lar, researchers should develop MWNPs as positive contrast 
agents for T1-weighted MRI, which could be advantageous 
over the use of MWNPs as negative contrast agents for T2- 
weighted MRI.

2.2.2. Triple-modality MWNPs for MR, PA and FL imaging
Since different imaging techniques offer distinct benefits and 
drawbacks, it is desirable to develop MWNPs that support 
multimodal imaging and thereby improve the precision and 
sensitivity of imaging or provide more information about the 
NP location or tumor properties. In one exciting example, 
A549 lung cancer cell membrane camouflaged NPs were 
designed for triple-modality MRI, FLI and PAI for accurate 
tumor diagnostics and effective antitumor treatment [47]. 
This system consisted of PLGA NPs loaded with ICG along 
with perfluoro-15-crown-5-ether (PFCE), an excellent 19F MRI 
agent. For in vivo evaluation, the A549 membrane-wrapped 
PFCE- and ICG-loaded NPs (AM-PP@ICGNPs) or unwrapped 
controls were IV injected into nude mice bearing A549 tumor 
xenografts at an ICG concentration of 200 mg/mL. A strong 
FL intensity was achieved in tumors of AM-PP@ICGNPs 
treated mice at 24 h and steadily persisted through 48 h, 
with intensity 3.6-fold higher than the waning signal 
achieved by bare NPs at 48 h. At 24 h, the PA signal intensity 
of AM-PP@ICGNPs inside tumors was 1.4-fold higher than 
that of unwrapped controls. Moreover, there was a 2.37 
intratumoral 19F MRI intensity for AM-PP@ICGNPs compared 
to only 0.84 for unwrapped controls. To assess PTT efficacy 
in vivo, mice bearing A549 tumors received wrapped NPs or 
controls IV and were subsequently irradiated with a 765 nm 
laser at 400 mW/cm2 for 15 min. At the end of three treat
ment periods and 18 days of monitoring, AM- 
PP@ICGNPs þ laser reduced tumor volumes by 86% where 
other treatment groups only experienced progressive tumor 
growth. In sum, AM-PP@ICGNPs could inhibit tumor growth 

while also supporting multimodal tumor imaging [47]. Such 
multimodality systems have great promise for future clinical 
use as anticancer treatments while ensuring high precision 
imaging of tumor regions throughout the treatment process. 
However, multimodal imaging may require increased time 
and cost, so researchers and clinicians must carefully con
sider the cost/benefit ratio when making decisions on the 
best modality/modalities to use for a particular indication.

2.3. Membrane-wrapped NPs for dual PTT and FL 
imaging

To facilitate FL imaging and PTT of tumors, NIR dyes like ICG 
are typically loaded in polymeric NPs [10] or liposomal NPs 
[11], which can be wrapped with cell membranes to enhance 
tumor delivery. While this approach has been widely 
explored, this section focuses on formulations that have 
been used to image and treat glioblastoma.

Glioblastoma is particularly challenging to treat because 
IV-administered therapies must bypass tight junctions in the 
blood–brain barrier (BBB) and blood–tumor barrier (BTB) that 
block about 98% of small-molecule or macromolecule drugs 
and contrast agents from entering the brain [10]. To over
come this barrier, one group synthesized copolymer NPs 
loaded with ICG, which were wrapped with membranes 
derived from various types of metastatic cancer cells to 
enable them to traverse the BBB and perform FL imaging 
and PTT. The membrane sources evaluated included meta
static mouse melanoma cells (B16-F10), metastatic murine 
mammary carcinoma cells (4T1) and normal fibroblast cells 
(COS-7). The ability of these membrane-coated NPs to cross 
the BBB and facilitate FL imaging of tumors was evaluated in 
animal models with different degrees of BBB disruption at 
different stages of disease development. In healthy mice 
with an intact BBB, animals treated with B16-F10 and 4T1 
MWNPs had 15- and 14-times higher FL intensities in the 
brain 8 h after IV injections than bare NP-treated mice, show
ing that coating NPs with metastatic cancer cell membranes 
is promising for early-stage diagnosis of brain tumors when 
the BBB is mostly intact. Subsequent studies examined deliv
ery to orthotopic U87MG-Luc glioblastoma tumors either 
7 days or 14 days post tumor cell inoculation, where the 
later-stage tumors are larger and exhibit greater levels of 
BBB disruption. In mice with ‘early-stage disease’ (7 days 
post-cell inoculation), the FL signal in tumors 8 h post IV 
injection was approximately 11-fold higher in mice that 
received MWNPs compared to bare NPs and in the ‘late- 
stage tumor model’ (14 days post-cell inoculation) the differ
ence was 5 times. The reduced difference between wrapped 
and unwrapped NPs in the later-stage disease model may be 
attributed to the greater level of BBB disruption allowing 
more unwrapped NPs to passively accumulate in tumors. 
Importantly, the improved BBB penetration and tumor deliv
ery achieved by the MWNPs also allowed them to increase 
PTT efficacy. In a therapeutic study, B16- or COS7-MWNPs 
were IV administered to mice bearing orthotopic gliomas 
7 days post cell inoculation. Eight hours after IV injections, 
glioma sites were irradiated with an 808 nm laser (1 W/cm2, 
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5 min). Tumors of B16-MWNP þ laser treated mice heated to 
48 �C while those of COS7-MWNP þ laser treated mice only 
rose to 39.8 �C, which is below the minimum temperature 
needed to cause irreversible tissue damage. Collectively, 
these results confirmed NPs coated with metastatic cancer 
cell membranes can successfully traverse the BBB in healthy 
and cancer conditions to act as an effective FL imaging tool 
and PTT agent.

Similar results were obtained in a study where liposomes 
loaded with ICG were wrapped with C6 rat glioma cell mem
branes [11]. The wrapped and unwrapped liposomes were 
tested in later-stage (14 days post C6 cell inoculation) and 
earlier-stage (7 days post C6 cell inoculation) orthotopic gli
oma mouse models to assess efficiency at crossing the BBB 
for FL imaging and PTT. As expected, the wrapped liposomes 
outperformed their unwrapped counterpart as both a tumor 
FL imaging agent and a PTT mediator in both stages of dis
ease. Beyond ICG, the NIR dye IR792 has also been loaded in 
polymer-based NPs that were wrapped with macrophage 
membranes to provide successful FL imaging and PTT of 
glioblastoma [13]. The advantage of macrophages as a coat
ing is that they contain proteins such as integrin a4 and 
macrophage-1 antigen that are responsible for penetrating 
the BBB and targeting glioblastoma. When tested in nude 
mice bearing orthotopic glioblastoma, these NPs reached an 
apex of FL intensity 24 h after IV injections. Moreover, they 
clearly delineated tumors with a high SNR of 4.16 compared 
to 1.03 SNR for free IR792 and 1.05 SNR for unwrapped NPs 
(Figure 3A). When administered to healthy nude mice, the 
MWNPs exhibited FL in the brain at 6 h, indicating they may 
be able to cross the BBB even in healthy brains with normal 
vasculature and tight junctions. As anticipated, when tumor- 
bearing mice were treated with the IR792-loaded MWNPs 
and laser irradiation, they effectively suppressed tumor 
growth and increased median survival time to 22 days com
pared to 16 days for unwrapped NPs plus laser or 14 days for 
saline control (Figure 3B,C). These results, coupled with those 
for ICG platforms above, demonstrate the potential of NIR 
dye-loaded MWNPs to enhance imaging and therapy of 
early-stage or late-stage glioblastoma. Moving forward, it will 
be important for researchers to determine what compo
nents/features of the membranes in MWNPs (e.g., specific 
proteins, phospholipids, carbohydrates) are enabling their 
improved passage across the BBB. As the BBB is one of the 
most challenging vascular barriers to penetrate, understand
ing the structure-function relationship of these materials 
might be extremely informative to fields of (nano)medicine 
focused on enabling treatment of cancers and other diseases 
impacting the brain.

2.4. MWNPs for image-guided PTT using other imaging 
techniques

Beyond PA, MR and FL imaging, many other imaging modal
ities can be combined with phototherapeutic NPs for image- 
guided cancer therapy, including X-ray CT, surface-enhanced 
Raman scattering (SERS) and long-persistent luminescence 
imaging. These alternative techniques are discussed below.

CT is an attractive imaging modality because it provides 
high resolution, no depth limitation and 3D reconstruction 
options. While a wide variety of NPs are being developed as 
CT contrast agents (including those based on gold, iron 
oxide and dyes like ICG), bismuth (Bi)-based NPs are particu
larly promising owing to their high X-ray attenuation coeffi
cient, which gives them superior imaging capabilities [52,53]. 
Zhao et al. developed quercetin (QE)-loaded hollow bismuth 
selenide (Bi2Se3) NPs camouflaged with macrophage mem
branes (M@BS-QE NPs) for multimodal imaging and therapy 
of breast cancer [28]. QE was added to the NP cores to 
inhibit heat shock protein 70 (HSP70) and thereby reduce 
tumor cell resistance to PTT. QE was also used because it 
can limit tumor cell proliferation by inhibiting the expression 
of protein kinase B (Akt) and active Caspase-3 via down- 
regulation of the p-Akt/MMP-9 signal pathway. Macrophages 
were selected as the membrane exterior to exploit the a4 
integrin/vascular cell adhesion molecule-1 (VCAM-1) inter
action between macrophages and cancer cells and the C–C 
chemokine ligand 2 (CCL2)/CCR2 chemokine axis, which 
should increase NP targeting of primary tumors, their stro
mata and pulmonary metastases. The goal was to use this 
platform for targeted hyperthermia and triggered QE release. 
For antitumor phototherapy studies, Balb/c mice bearing 
subcutaneous 4T1 breast cancer tumors were IV injected 
with M@BS-QE NPs then tumors were subjected to 808 nm 
laser irradiation (2 W/cm2, 5 min). M@BS-QE NPs þ laser 
treated mice experienced sharp reduction in tumor volumes 
and the greatest amount of cell apoptosis within tumors, 
while maintaining body weight indicative of low systemic 
toxicity. M@BS-QE NPs þ laser treated mice also exhibited the 
greatest down-regulation of MMP9 expression, suggesting 
successful QE release. To analyze CT imaging capabilities, 4T1 
subcutaneous tumor-bearing mice were intratumorally 
injected with M@BS or Iohexol, a commercial CT contrast 
agent. M@BS had a much higher CT value at the tumor site 
(�295 HU) compared to those treated with Iohexol 
(�183 HU), showing its success as a CT contrast agent. 
Future work should examine CT contrast after IV delivery. To 
assess the antimetastatic potential of M@BS-QE NPs, a breast 
cancer lung metastasis model was established in Balb/c mice 
by injecting 4T1 cells into the tail veins. After IV injection of 
various treatments without irradiation, the percentage of 
mice with metastatic nodules was 100% for phosphate buf
fered saline (PBS), 75% for free QE, 66% for BS-QE NPs and 
17% for M@BS-QE NPs. The success of M@BS-QE NPs to pre
vent lung metastasis was attributed to the active cancer cell 
targeting ability of the macrophage membranes. Overall, the 
biomimetic Bi-based NPs could successfully perform PTT, pro
vide hyperthermia-triggered drug release, enhance CT imag
ing of tumors and limit lung metastasis. Future work should 
further explore the ability of these and other NPs to enhance 
CT contrast and treatment of primary tumors and metastases 
after IV (rather than intratumoral) injection.

Another less utilized but very promising technique is SERS 
imaging, which relies on the ability of NPs to enhance the 
Raman scattering of tethered molecules. In one study, gold 
nanodendrites (AuNDs) loaded with ICG were used for 
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combination NIR-I activated photodynamic therapy (PDT), 
NIR-II activated PTT, PAI, FLI and SERS imaging [18]. The 
AuNDs were coated with RAW 264.7 macrophage mem
branes to enable targeted delivery to MDA-MB-231 human 
breast cancer cells via the active binding of macrophage- 
expressed a4 integrins to overexpressed VCAM-1 on MDA- 
MB-231s. The AuNDs were also conjugated with a mitochon
dria-targeting cationic compound, TPP, to help deliver the 
ICG specifically to mitochondria once inside target cells to 
increase PDT efficacy and enable SERS imaging. The com
plete formulation was termed AuND-TPP-ICGs@MCM. When 
IV injected into nude mice with subcutaneous MDA-MB-231 
tumors, AuND-TPP-ICG@MCM successfully enabled FL imag
ing (Ex: 640 nm, Em: 720 nm), NIR-II PAI (Ex: 1200 nm via a 
visual sonic system) and SERS imaging (Ex: 785 nm diode 
laser). The NPs also successfully mediated PTT and PDT upon 
excitation with 1064 nm (1.0 W/cm2, 10 min) and/or 808 nm 
(0.3 W/cm2, 5 min) light. This unique system nicely demon
strates the ability to provide NIR-II PTT and NIR-I PDT along 
with FL, PA and SERS imaging in a single NP platform.

Finally, a relatively new field of biomedical imaging uses 
NIR persistent luminescence nanoparticles (PLNPs) to over
come the tissue autofluorescence that limits traditional FL 
imaging. Because PLNPs emit luminescence even after excita
tion has ceased, they can achieve a high SNR. One platform 
for dual persistent luminescence imaging and PTT was devel
oped from Zn1.25Ga1.5Ge0.25O4:Cr3þ,Yb3þ,Er3þ (ZGGO) coated 
with mesoporous silica, which was further loaded with IR825 
and the chemotherapeutic drug irinotecan (Ir) [27]. The NPs 
were coated with hybrid membranes made from a 1:1 ratio 
of CT26 murine colorectal carcinoma cell membranes and 
RAW 264.7 murine macrophage membranes, resulting in the 
final platform termed IR825/Ir ZGGO@ SiO2@CMM. In vivo 
studies in Balb/c mice bearing subcutaneous CT26 tumors 
showed that the hybrid membrane-wrapped NPs provided 
greater contrast enhancement, PTT effects and chemother
apy than NPs coated with only CT26 or only macrophage 
membranes, further supporting the concept that hybrid 
membrane coatings are advantageous to membrane coatings 
derived from a single cell type. Future research into PLNPs 

Figure 3. Example of a MWNP used for dual FL imaging and PTT. (A) NIR-II FL images of mice bearing glioblastoma tumors following IV injection with either 
IR792, DINPs (unwrapped NPs loaded with IR792) or MDINPs (macrophage membrane-wrapped NPs loaded with IR792). (B) Representative bioluminescence images 
of tumors after treatment with different agents combined with 808 nm irradiation. (C) Survival rates of mice in different groups after PTT (n ¼ 5). Reprinted 
(adapted) with permission from Lai et al. [13,p.48]. Copyright 2019 American Chemical Society.
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may further demonstrate the benefits of these systems over 
traditional FL imaging contrast agents for image-guided can
cer therapy.

Overall, as new imaging techniques are developed and 
combined with phototherapeutic NPs, the imaging and treat
ment of tumors is expected to continually improve. 
Ultimately, these advances will benefit patients by ensuring 
complete tumor elimination without fear of relapse.

3. Conclusions: perspective on the path forward for 
MWNPs for image-guided PTT

Cell membrane-wrapped theranostic NPs show great promise 
to enhance the imaging and treatment of solid-tumor can
cers in murine models. Table 3 summarizes the different sys
tems presented in this review. As highlighted here, MWNPs 
consistently exhibit greater accumulation in tumors than 
their PEGylated or unwrapped counterparts, which allows 
them to provide better tumor contrast and heat tumors 
more effectively when activated by laser light in vivo. 
Importantly, wrapping theranostic NPs with cell membranes 
does not alter their optical properties or heating profiles and 
endows them with unique biointerfacing capabilities that are 
inherited from the source cells. These capabilities include 
immune evasion that prolongs the NPs’ systemic circulation 
and thereby improves their passive tumor accumulation. 
Some membranes (such as those derived from cancer cells, 
macrophages, MDSCs and others) provide natural tumor-tar
geting abilities owing to specific cell adhesion molecules pre
sent on the membrane surface. Alternatively, targeting can 
be achieved by engineering non-targeting membranes such 
as those derived from RBCs to express targeting moieties. 
While MWNPs for dual imaging/PTT have shown tremendous 
promise in pre-clinical studies, more research is required for 
them to realize their full potential.

Some challenges that might limit the clinical translation 
of phototheranostic MWNPs to patient care include (i) the 
shallow penetration depth of NIR light in tissues, which 
makes it ineffective in imaging and eradicating deep tumors 
when applied externally, (ii) the heterogeneity and potential 
toxicity of some theranostic NPs owing to the materials 
incorporated and (iii) tumor thermal resistance. The issue of 
limited penetration depth could be overcome by designing 
theranostic NPs that absorb light in the NIR-II window rather 
than the NIR-I window, which has already been demon
strated as feasible [13]. Alternatively, fiber optic probes could 
be inserted into tumors to irradiate them from within, which 
is the approach that has been used in human clinical trials 
[5,6]. Regarding potential toxicity, although many of the 
reported systems have proven short-term biocompatibility in 
animal studies, their long-term safety needs to be addressed 
since a large amount of administered MWNPs accumulate in 
healthy tissues like liver and spleen [54]. The excellent safety 
profile of PEGylated nanoshells in humans is encouraging [7], 
but whether these or other NPs remain biocompatible when 
coated with cell-derived membranes remains to be eluci
dated. Another potential challenge to clinical translation of 
MWNPs is their inherently high heterogeneity owing to the 

complexity of the cellular membrane components included 
in the design, which may limit manufacturing scale-up. The 
processes to collect large amounts of cell membranes and 
produce clinical doses of MWNPs with batch-to-batch con
sistency will need to be refined for this technology to 
become a clinical reality [43]. Finally, tumor thermal resist
ance is an issue that needs to be addressed as excessively 
heated cells can increase their expression of HSPs that pre
vent apoptosis, reducing the efficacy of PTT [55]. Mild-tem
perature PTT has been explored to address this issue, with 
promising results [26,56]. Some studies have shown that 
mild-temperature PTT can sensitize cancer cells to other 
therapies, and these synergistic effects allow for lower doses 
of each agent to be administered [57,58]. While each of 
these challenges individually is addressable, more research is 
needed to develop a system that can address all these limi
tations simultaneously.

Other areas of research that need to be addressed to 
advance the field of MWNPs for cancer imaging, PTT and 
other applications include understanding the fate and mem
brane integrity of IV-administered NPs after distribution. 
Although these particles exhibit high stability in serum con
ditions in vitro and extended circulation in vivo in mice, it is 
still unknown how the high shear stress and serum proteins 
in blood vessels might alter the structure/composition of the 
membrane layer surrounding MWNPs. Another under- 
researched area is how the tumor microenvironment affects 
the success of membrane-wrapped theranostic NPs. Most 
research in solid-tumor cancer PTT focuses on thermally 
ablating cancer cells, but the tumor microenvironment has 
numerous cell types that play a huge role in disease progres
sion [59]. In one clever approach, NPs were wrapped with 
activated fibroblast membranes to target cancer-associated 
fibroblasts, with promising results [15]. Future research 
should further explore the ability to more completely target 
both cancer cells and stromal cells in the tumor microenvir
onment to maximize contrast enhancement and therapeutic 
efficacy.

As the field matures, it will be important to define the 
characteristics of phototheranostic MWNPs that maximize 
tumor delivery and efficacy. While prior research suggests 
NPs with diameter of 30–200 nm and neutral or negative 
zeta potential exhibit the greatest tumor delivery [60], more 
research is needed to define structure-function relationships 
for MWNPs specifically. We postulate that different mem
brane coatings will be required to maximize targeting of 
tumors in distinct locations (e.g., brain versus breast versus 
bone) since specific membrane-embedded proteins mediate 
the targeting capabilities of MWNPs, but this should be con
firmed experimentally and through meta-analyses of litera
ture. We also believe it will be important for membrane 
coatings to be complete (i.e., fully surround the NP) and sta
ble in biological conditions to maximize tumor delivery. 
Whether the wrapping technique (extrusion, microfluidic mix
ing or sonication) influences the coating completeness and 
stability needs to be determined. Researchers will also need 
to consider the source of membranes for clinical applications. 
An ideal scenario would be to make personalized MWNPs 
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using membranes sourced from a patient’s own cells (such 
as collecting cancer cell membranes from cells collected 
during a tumor biopsy), as this would minimize the potential 
for immune response. However, if this is not feasible, an 
alternative approach could be to source more abundant 
RBC or leukocyte membranes from donors with blood-type 
compatibility and modify them with targeting moieties if 
desired [43]. Such membrane-sourcing and scale-up consid
erations will be critical to the successful clinical implementa
tion of MWNPs for dual tumor imaging and PTT.

To conclude, membrane-wrapped theranostic NPs have 
great potential for image-guided PTT of solid-tumor cancers, 
but challenges to their clinical translation exist. Once these 
challenges are addressed, MWNPs for dual cancer imaging 
and PTT are likely to transform patient care.
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