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Cancer treatment has become one of the biggest challenges in modern medicine. Recently, many
efforts have been devoted to treat tumors by surgical resection, radiotherapy, or chemotherapy.
In comparison to these methods, photo-thermal therapy (PTT) with noninvasive, controllable, direct, and
precise characteristics has received tremendous attention in eliminating tumor cells over the past
decades. In particular, PTT based on biomacromolecule-based photo-thermal agents (PTAs)
outperforms other systems with high photo-thermal efficiency, simple coating, and low immunogenicity.
Considering the unique advantages of biomacromolecule-based PTAs in tumor treatment, it is necessary
to summarize the recent progress in the field of biomacromolecule-based PTAs for tumor treatment.
Herein, this minireview outlines recent progress in the fabrication and applications of
biomacromolecule-based PTAs. Within this framework, various types of biomacromolecule-based PTAs
are highlighted, including cell-based agents, protein-based agents, nucleotide-based agents, and
polysaccharide-based PTAs. In each section, the functional design, photo-thermal effects, and potential
clinical applications of each type of PTA are discussed. Finally, a brief perspective for the development
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1. Introduction

Malignant tumors are considered as a dominant cause of human
death and disability."™ The traditional clinical treatments for
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of biomacromolecule-based PTAs is presented.

tumors mainly include surgical resection,* radiation therapy,’
and chemotherapy.”” However, these methods do not always
eliminate cancer cells completely and are often accompanied by
a series of related complications.>® Recently, photo-thermal
therapy (PTT) has emerged as a promising cancer treatment
relying on the thermal necrosis/apoptosis of cancer cells by
specific laser irradiation.'®"® As a consequence, PTT has
attracted great attention owing to its high therapeutic efficiency,
minimal invasiveness, and great penetration depth when compared
to traditional treatments."*'* Over the past decades, various near
infrared (NIR) light-triggered photo-thermal agents (PTAs) have
been widely investigated in cancer treatment, such as organic
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and inorganic nanomaterials.'>'® A large number of inorganic-
based PTAs, such as noble metal nanomaterials (gold,"”
platinum and silver'®), carbon nanomaterials,'® quantum dots
(QDs),*® black phosphorus,®* and sulfide nanoparticles, have
been extensively investigated for cancer treatment in vivo and
in vitro. Despite the high photo-thermal effect of these PTAs,
their practical clinical applications are still restricted by their
weak biodegradability and long-term toxicity concerns.”*>*
Similarly, biocompatible organic-based PTAs have also been
fabricated and used for photo-thermal tumor elimination, such
as indocyanine green (ICG), croconine, porphyrin liposomes,
and Prussian blue.”> However, the photo-stability and low
reproducibility of such PTAs lead to low photo-thermal conversion
efficiency and tumor uptake efficiency in vivo,”® thereby limiting
their further biomedical applications.””*® Therefore, it is of
great importance to develop alternatives with high photo-
thermal efficiency, good biodegradability and low toxicity.
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Biomacromolecules including cell membrane structures,
proteins, nucleic acids, and polysaccharides are common
materials for preparing biomimetic nanomaterials.>**® With
their specific molecular structures,®® innate biocompatibility,
and multifunctional properties,®” these materials are widely
used in drug delivery,**>> bioimaging,*® bioengineering,®"*®
and synthesis of hybrid PTAs. In particular, biomacromolecules
like protein and double-stranded DNA can be utilized as
templates to synthesize PTAs with specific 3D structures and
diameters, exhibiting morphology dependent enhanced tissue
penetration and cellular uptake.***® The highly hydrophilic
nature of biomacromolecule-based PTAs allows them to be used
under physiological conditions. Additionally, owing to their
intrinsic nature, biomacromolecule-based PTAs demonstrate
excellent biocompatibility and biodegradability, reducing the
cytotoxicity of pristine photo-sensitive agents and prolonging
their circulation time in vivo, which are beneficial for PTT. The
functional domains in antibodies and aptamers further
endow the hybrid PTAs with highly specific recognition and
combination capability towards the corresponding antigens in
tumor cells, achieving an active targeting ability.*"*> Therefore,
biomacromolecule-based PTAs are promising materials to break
the current limitations and cause a great revolution for the
cancer clinical treatment by integrating diagnosis and PTT with
minimized side effects.

Herein, we will summarize recent progress in the fabrication
and application of PTAs based on biomacromolecules, such as
cytomembranes, proteins, nucleic acids, and polysaccharides.
We will highlight four different types of biomacromolecule-based
PTAs, including cell-based PTAs, protein-based PTAs, nucleic acid-
based PTAs, and polysaccharide-based PTAs (Fig. 1). The sources
of cells, effective components, types of photosensitive agents,
merits and shortcomings are summarized in Table 1. The key
aspects related to the functional design, structural control, and
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Fig. 1 Schematic illustration of the preparation of multifunctional biological macromolecule based PTAs, e.g., (A) cell-based PTAs, (B) protein-based
PTAs, (C) nucleotide-based PTAs and (D) polysaccharide-based PTAs. The improved biomimetic PTAs with good biocompatibility, active tumor targeting,
and higher photo-thermal conversion efficiency will be an ideal platform for tumor PTT.

photo-thermal enhancement of each type of biomacromolecule-
based PTAs will be discussed in detail. Perspectives and potential
challenges toward clinical application with biomacromolecule-
based PTAs will also be presented.

2. Cell-based PTAs
2.1 Erythrocyte-based PTAs

In general, homologous proteins and polysaccharides on the
surfaces of red blood cell (RBC) membranes protect them from
the attack of immune cells.*® Thus, the coating of the cell
membrane can reduce the immunogenicity of PTAs and
prolong their circulation time. Additionally, red blood cells
have no nuclei and organelles. Simple steps such as swelling,
ultrasound treatment, and centrifugation can be used to obtain
high purity cell membranes.”® However, it is difficult to meet

This journal is © The Royal Society of Chemistry 2021

the drug concentration required for treatment simply by relying
on the enhanced permeability and retention (EPR) effect.
Improved efficacies have been obtained by a reasonable
construction of erythrocyte-based agents and preventing the
loss of generated heat as described below.

Qin et al. successfully explored a new platform based on red
blood cell membrane camouflaged melanin (Melanin@RBC)
nanoparticles for in vivo antitumor PTT study.** Melanin@RBC
nanoparticles were easily produced by mixing and repeatedly
extruding (Fig. 2A). Both melanin and RBC membranes were
extracted from natural living organisms, resulting in the good
biocompatibility and long residence time of the as-obtained
nanoparticles. In addition, the obtained Melanin@RBC
NPs with strong absorption in the NIR region showed a
higher photo-thermal conversion efficiency (40%) in
comparison with melanin-like polydopamine NPs (29%)
(Fig. 2B). With the remarkably higher photo-thermal
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Table 1 Summary of the sources of cells, effective components, photosensitive agents, merits and shortcomings in the application in tumor PTT

Effective Photosensitive
Source of cells components agents Merits Shortcomings
Red blood cells**™> Membrane  Melanin NPs Easy to obtain and purify; low immuno- No active targeting ability towards solid
PVP-Au NCs genicity; long circulation time tumors
Gold nanorods
Neutrophils*® Membrane  Black phosphorus Inflammation-directed chemotactic ability =~ Residual immunogenicity; no direct
tumor targeting ability
Macrophages””*® Entire cell Gold nanorods Active targeting capability towards certain Confined tumor targeting abilities
tumors; deep penetration
T cells®® Membrane  ICG Stronger active targeting abilities towards Difficulty in culturing T cells; low yield
most tumors
Platelets®*>" Membrane  Polypyrrole Low immunogenicity; trauma induced No direct tumor targeting ability
Gold nanorods aggregation
Cancer cells®>*? Membrane  ICG Low immunogenicity; homologous adhesion Confined tumor targeting abilities; strict

Bacteria®*

conversion efficiency and optimal accumulation of PTAs at
significant PTT efficacy was achieved in A549

tumors,

Entire cell

tumor-bearing mice (Fig. 2C).
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(A) Schematic illustration of the preparation of RBC membrane camouflaged melanin (Melanin@RBC) nanoparticles. (B) Pharmacokinetics and

photo-thermal conversion curves of melanin NPs/Melanin@RBC NPs. (C) Tumor volume curves of A549 tumors in different treatment groups. Reprinted
with permission from ref. 43. Copyright 2017, Elsevier. (D) As the extracellular matrix began to slacken off, the photo-thermal conversion efficiency
returned to its original state. Reprinted with permission from ref. 44. Copyright 2014, American Chemical Society. (E) In vivo photo-thermal conversion
imaging and tumor volume curves. Reprinted with permission from ref. 45. Copyright 2017, American Chemical Society.
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photo-thermal conversion efficiency.** Due to the rupture of the
cell membrane by multiple cycles of radiation, the photo-
thermal efficiency returned to its original state (Fig. 2D).
To further improve the accumulation of PTAs with the EPR
effect, Jiang and coworkers used cyclopamine to disrupt the
extracellular matrix of pancreatic ductal adenocarcinoma
(PDA).*> As the tumor blood perfusion was improved, the
erythrocyte membrane modified gold nanorods (MGNRs)
showed a higher tumor accumulation (1.8-fold that of the
control group). As a result, with the integrated advantages of
tumor microenvironment regulation and long-circulation
biomimetic MGNRs, outstanding in vivo photo-thermal and
therapeutic effects were achieved (Fig. 2E).

2.2 Leukocyte-based PTAs

In addition to erythrocytes, white blood cells (WBCs) including
granulocytes, monocytes, and lymphocytes have also received
great attention. As the main participants in cellular immunity
and humoral immunity, leukocytes can not only resist the
invasion of bacteria, viruses, and other microorganisms, but
also kill and inhibit tumors.’”*® Additionally, leukocytes
exhibit deforming movement across the vascular barrier and
migrate to the diseased region under the chemotaxis of

View Article Online
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inflammatory factors, when inflammation occurs.”® Thus, coating
of leukocyte membranes might improve PTAs’ penetration into
the tumor site through active targeting and enhance the photo-
thermal effect by accumulating PTAs.®°

As the primary leukocytes, neutrophils (NEs) migrate to
inflammatory sites rapidly. It is known that the explosion
growth of tumors would cause chronic inflammation; thus
the NEs will be constantly recruited to the tumor sites.®* Su
et al. developed a biomimetic nanoplatform (NG/BP-PEI-LY
NPs) consisting of black phosphorus (BP), TGF-B, and the NE
membrane.*® It is found that, by intravenous injection, the
as-obtained NG/BP-PEI-LY NPs were gradually accumulated at
the tumor site through the EPR effect and chemotaxis of few
inflammatory factors (Fig. 3A). Upon NIR laser irradiation, the
outstanding PTT and photo-dynamic therapy (PDT) effects
stimulated acute inflammatory response, which in turn
recruited much more NG/BP-PEI-LY NPs during the second
administration (30.9% improvement in the fluorescence inten-
sities at the tumor site, Fig. 3B). As a result, the maximum
temperature in the second round of irradiation increased by
3.9 °C (Fig. 3C). This treatment-induced self-amplification
strategy showed a strong antitumor and anti-metastasis effect
(Fig. 3D).
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Fig. 3 (A) Schematic representations of the formation of NG/BP—PEI-LY NPs using black phosphorus (BP), TGF-B, and the NE membrane. (B)
Fluorescence imaging and (C) photo-thermal conversion imaging of 4T1 orthotopic transplantation tumor-bearing mice with different treatments. Once
the NG/BP—-PEI-LY NPs were intravenously injected into the tumor-bearing mice, there would be an obvious accumulation at the tumor site through the
EPR effect and further chemotaxis of inflammatory factors caused by irradiation. (D) Tumor volume curves and quantitative analysis of pulmonary
metastatic nodules in different groups. Reprinted with permission from ref. 46. Copyright 2020, Royal Society of Chemistry.
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In comparison with neutrophils, the stronger inflammation-
directed chemotactic ability of macrophages can not only drive
the accumulation of PTAs in chronic inflammatory tumor
tissue but also swallow tumor cells directly.®* Li et al. used
macrophages as bio-carriers to deliver gold nanorods (Au NRs)
to tumor sites for PTT.*” Via macrophage vehicles, the
FITC labeled Au NRs could gradually penetrate the tumor mass
and achieve an enhanced tumor coverage. However, the
pure FITC-labeled Au NRs administered by intratumoral
injection could hardly overcome the extracellular matrix to
reach the tumor tissues (Fig. 4A). Nguyen et al. used RAW
264.7 macrophages to phagocytize small-sized gold nanorods
and doxorubicin (DOX)-containing temperature-sensitive
liposomes (DOX-LPs).*® The obtained AuNRs + DOX-LPs@
RAW showed a high penetration efficiency (>10%) with 3D
ellipsoidal tumors (4T1 cells) in vitro. In addition, the remarkable
tumor targeting ability in vivo was verified by intravenously
injecting DiD (fluorescent probe)-labeled AuNRs + DOX-LPs@
RAW into 4T1 tumor-bearing mice (Fig. 4B). In the following
antitumor study, after the intratumoral injection of AuNRs +
DOX-LPs@RAW, the temperature in the tumor site increased to
54.6 °C upon 808 nm laser irradiation (1.5 W cm™? for 5 min),
which was higher than that in the AuNPs + DOX-LP treated mouse.
Moreover, the heat accelerated release of DOX from the liposomes
would further promote the elimination of tumor cells (Fig. 4C).
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Immune leukocytes like T cells can alter targeting properties
due to the variation of the microenvironment. The activated T
cells can specifically recognize the major histocompatibility
complex (MHC) on the surfaces of tumor cells through the
T cell antigen receptor (TCR) on the membrane, exhibiting
natural and high tumor affinity.®>°* Han et al. developed core-
shell nanoparticles (N3-TINPs) by translocating Nz;-modified
natural T cell membranes on photosensitizer agents
(hybrid of ICG and polylactic acid) (Fig. 4D).*° In addition
to the retained immune recognition for tumor active
targeting, the N3 group on T cells can specially bind to the
bicyclo[6.1.0]Jnonyne (BCN) motif modified tumor cell
membranes through bio-orthogonal chemistry reaction. Through
a dual-targeting strategy, N;-TINPs aggregated in large numbers at
the tumor site (monitored by fluorescence imaging with Raji
cell-bearing NOD/SCID mice), which is 1.5 times higher than that
with pure TINPs. The maximum temperature in the N;-TINP
treated mice could reach 53 °C upon 808 nm laser irradiation
(0.8 W ecm ™2, 5 min), resulting in the elimination of tumors after
16 days.

2.3 Platelet based PTAs

Platelets (PLTs), another natural component of blood, are
produced by mature megakaryocytes. When blood vessels are
damaged or ruptured, static platelets are stimulated to stretch
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48 h, and 72 h after intratumoral injection of FITC labelled Au NRs (top) and

macrophage carried FITC labelled Au NRs (bottom). Reprinted with permission from ref. 47. Copyright 2016, Elsevier. (B) In vitro and in vivo tumor (4T1)

penetration ability tests of macrophages with and without NP payloads. (C)
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treatment groups. Reprinted with permission from ref. 48. Copyright 2020, American Chemical Society. (D) Schematic illustration of the formation of
Nz-labeled T cell membrane coated NPs, and their antitumor application. Reprinted with permission from ref. 49. Copyright 2019, John Wiley & Sons.
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out tentacles on their surfaces to trap plasma proteins and
clotting factors. Thereafter, the platelets further release
thrombin to induce the conversion of fibrinogen to fibrin, which
net the red blood cells to form a solid haemostatic embolus,
blocking the damaged wounds and vessels.®® Inspired by this,
Wau et al. developed a biomimetic antitumor platform with PLT
membranes, NIR laser responsive polypyrrole (PPy) NPs, and
DOX.>® Pure PLT membranes were developed by a repeated
freeze-thaw process. Due to the immune evasion ability of the
PLT membrane, the hybrid PTAs had a higher accumulation in a
Huh7 orthotopic tumor, resulting in an obvious temperature
increase (the maximum temperature in a PLT-PPy + laser mouse
and a PLT-PPy-DOX + laser mouse was 50.3 °C and 51.2 °C,
respectively) (Fig. 5A). Consequently, the hepatocellular carci-
noma cells were significantly eliminated by the combination of
PTT and temperature controlled chemotherapy (Fig. 5B). Rao
et al. directly used entire PLTs as biocarriers to deliver gold
nanorods (AuNRs) for precise and enhanced tumor PTT.”!
Through the electroporation process, the Au NRs were easily
embedded into PLTs. Apart from their good biocompatibility
and long circulation time in vivo, the administered PLT-Au NRs
were continuously attracted to the tumor sites because of the
applied localized 808 nm laser irradiation. In stark contrast to
the pristine Au NR and PLT membrane-Au NP treatments, the
experimental group exhibited an enhanced photo-thermal con-
version effect (about 4 °C increase after each round of exposure,
Fig. 5C) and tumor inhibition (Fig. 5D).

2.4 Cancer cell based PTAs

In stark contrast to leukocytes, cancer cells are not restricted
by a variety of antigens, which might induce immunogenicity.
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Fig. 5 (A) Infrared thermal images of Huh7 orthotopic tumor-bearing
mice upon 808 nm laser irradiation (2.5 W cm~2 for 5 min). (B) Tumor
volume data. Reprinted with permission from ref. 50. Copyright 2020,
Royal Society of Chemistry. (C) Infrared thermal images of CAL-27 tumor-
bearing mice upon 808 nm laser irradiation (2 W cm™2 for 5 min) for
different treatment periods. (D) Tumor volume curves. Reprinted with
permission from ref. 51. Copyright 2018, John Wiley & Sons.
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The major histocompatibility complex (MHC) as an antigen-
presenting molecule has extremely low expression on the
membranes of cancer cells. Thus, cytotoxic T lymphocytes
(CTLs) cannot recognize the cancer antigens, which will further
facilitate escape.®®  Additionally,
membrane-derived platforms with diameters of less than

immune cancer cell
200 nm have long residence times in circulation. This behavior
increases the possibility to pass through tumor regions and
permeate tumor tissues. It is reported that the over-expressed
surface adhesion molecules and homologous adhesion
domains on the membranes of cancer cells are responsible
for multicellular aggregation formation, thus improving the
retention rate of PTAs in the tumor tissues.®”

Chen et al developed a cancer cell membrane cloaked
nanoparticle system (ICNPs), consisting of an ICG/polylactic
acid (PLGA) self-assembly core and a cancer cell (MCF-7)
membrane shell, which can synchronously recognize and eradicate
tumors (Fig. 6A).>> Apart from the FL/PA dual-modal imaging
and photo-thermal conversion abilities inherited from ICG, the
resulting ICNPs with tumor-associated antigens adhere to the
surfaces of solid tumors composed of MCF-7 (human breast
cancer) cells more efficiently (3.1 fold compared to INPs and 4.75
fold compared to ICG). In addition, the ICNPs could not be easily
intercepted by the liver and kidney due to the perfect camouflage,
resulting in the increasing accumulation of PTAs. Consequently,
significant photo-thermal conversion (55.3 °C) and antitumor
therapeutic effects were achieved upon NIR light irradiation
in vivo. More recently, a biomimetic drug delivery system
was designed by coating the 4T1 cancer cell membrane on DOX-
loaded gold nanocages (Fig. 6B).>* The resulting CDAuNs could
rapidly and selectively target the breast tumor sites. Upon NIR laser
irradiation, the hyperthermia from PTT further induced DOX
release. The excellent synergistic treatment strategy presented a
tumor-suppressive rate of 98.9% in the original tumor and 98.5%
in metastatic tumors, respectively.

2.5 Bacteria-based PTAs

Bacteria, as one of the most common microorganisms, have
been proved to have antitumor effects.® The non-toxicity of
engineered bacteria can directly help T lymphocytes to recognize
and kill tumor cells.®® In addition, salmonella in tumors could
induce cell apoptosis through various mechanisms such as com-
petition for nutrition, stimulation of an immune response, or
release of toxins. Furthermore, owing to the anoxic environment
of tumors, the accumulation of bacteria in tumors is ~1000 timest
higher than that in normal organs.”® Therefore, bacteria are
often used as vehicles to deliver therapeutic agents including
chemical toxins, DNA, enzymes, and nanoparticles to solid
tumor tissues.”' Chen et al coated polydopamine on the
surface of facultative anaerobe Salmonella VNP20009 to form
pDA-VNP.>* The obtained bio-materials penetrated and grew in
the avascular, hypoxic areas of deep tumors after intravenous
administration. The local temperature in the center of tumors
could reach 55.1 °C upon NIR laser irradiation (808 nm,
1.18 W c¢cm™? for 5 min), which was sufficient for tumor
PTT (Fig. 7A). In this process, pDA-VNP also stimulated
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tumor chemotherapy and photo-thermal therapy of the original tumor and metastatic tumors. Reprinted with permission from ref. 53. Copyright 2016,

John Wiley & Sons.

immune cells (natural killer cells, CD8"/CD4" T lymphocytes) to
migrate to the tumor tissues and secrete IFN-y and TNF-a,
generating cellular and humoral immunity (Fig. 7B).
Consequently, this synergistic treatment strategy eliminated
all the cancer cells and no recurrence was observed (Fig. 7C).

3. Protein-based PTAs

As the most important functional biological macromolecule in
the body, proteins are involved in all cell activities. Because of

their special spatial structure, outstanding biocompatibility, and
multifunctionality, protein-based PTAs have received tremendous
attention. The types of proteins, sources, types of photosensitive
agents, merits, dominant functions, and shortcomings are
summarized and compared in Table 2.

3.1 Natural or recombinant protein-based PTAs

Owing to its good biocompatibility and availability, serum
protein, a kind of globular protein, has been approved by the
FDA for clinical use.*"*> Additionally, the natural hydrophobic
domain in the center of serum protein promotes its use as a
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Fig. 7 (A) Schematic illustration of the utilization of polydopamine coated facultative anaerobe Salmonella VNP200094T1 for enhanced tumor photo-
thermal therapy and PD-1 blockage induced immune therapy. (B) In vivo immune response including CD8*/CD4* T lymphocytes and antitumor factors.
(C) Tumor volume curves. Reprinted with permission from ref. 54. Copyright 2019, John Wiley & Sons.
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Table 2 Summary of the types of proteins, sources, types of photosensitive agents, merits, dominant functions, and shortcomings in the application in

tumor PTT
Photosensitive
Type of protein Source agents Merits and functions Shortcomings
Bovine serum From cow ICG Nanocarriers of small molecules; enhanced bio-  No active targeting abilities
albumin”>7”3 blood Rhodamine compatibility; synthesis template or vessel towards solid tumors

Human serum From human Black
albumin®®7* blood phosphorus
Ag,S
nanoparticles
Ovalbumin” Egg ICG
Silk fibroin”® Silk
oxide
Collagen protein”” Animal tissues Gold
nanoparticles
Elastin-like E. coli Ag;AusS,
polypeptide”® nanoparticles
Monoclonal antibody =~ Hybridoma ICG
(anti-EGFR)*! technique

Monoclonal antibody Gold
(anti-P53)”° nanoparticles
Monoclonal antibody
(anti-VEGF)®

carrier for water-insoluble organic dyes.”> Zhou et al. designed
and synthesized novel PTAs, named RC-BSA, via the hybridization
of rhodamine, hemicyanine derivatives, and bovine serum
albumin (BSA).”® The as-obtained biomaterials with a diameter
of about 135 nm showed strong NIR absorption in the NIR-I
window. Upon 915 nm laser irradiation, the photo-thermal
conversion efficiency could reach 28.7% (Fig. 8A). Through intra-
tumoral administration and irradiation (915 nm laser, 1.0 W cm >
for 10 min), all the original tumors (4T1) disappeared within two
days. More recently, Sheng et al developed human serum
albumin (HSA)-ICG hybrid nanoparticles (HSA-ICG NPs) by inter-
molecular disulfide conjugations.”* Compared to pristine ICG, the
obtained HSA-ICG nanoparticles (about 75 nm) presented a
higher accumulation in tumor tissues 24 h post injection (the
content of ICG is 28.8% dose per g, and the tumor-to-normal
tissue ratio is 36.12 + 5.12) (Fig. 8B). With the guidance of
fluorescence and photo-acoustic dual-modal imaging, 808 laser
irradiation (0.8 W cm™? for 5 min) was precisely applied to 4T1
tumor-bearing mice 24 h after intravenous administration. As a
result, all the cancer cells were eliminated by the PTT and PDT
effects, and the survival rate remained at 100% for at least 50 days.
In addition, serum protein can also be used as a synthesis
template for inorganic materials. Yang et al. utilized HSA nano-
cages to fabricate Ag,S NPs of various diameters in a precisely
controlled manner (Fig. 8C).>* The prepared Ag,S NPs exhibited
obvious size dependent characteristics in NIR-II fluorescence,
photo-thermal conversion efficiency, and residence time. In this
regard, Ag,S NPs with a diameter of 9.8 nm were used for in vivo
antitumor study. All the 4T1 cancer cells were eliminated after
intravenous administration (50.0 umol kg~ ') upon 785 nm laser
irradiation (1.5 W em ™2 for 5 min). Furthermore, the natural
globular protein can act as a nanovaccine to activate the immune
system for tumor immunotherapy. Pan et al constructed the
simplest multifunctional nanovaccine by mixing ovalbumin
(OVA) and ICG (Fig. 8D).”” The prepared OVA-ICG nanovaccine

This journal is © The Royal Society of Chemistry 2021

Abundant source; immunotherapy
Nano-graphene Abundant source; component of hydrogel

Limited functional groups

Abundant source; synthesis template

Low immunogenicity; abundant functional groups; Constraints on synthesis
component of hydrogel
Specific combination with the epidermal growth  Expensive; not all tumor cells have
factor receptor (EGFR) on cancer cells

Specific combination with mutant-type p53 protein
over-expressing breast tumors

Graphene oxide Specific combination with the vascular endothelial
growth factor (VEGF) receptor on cancer cells

technology

these antigens

with 80.8% OVA and 19.2% ICG demonstrated remarkable NIR
absorption and intense NIR fluorescent emission. In this study,
the researchers found that the OVA could activate cellular
immunity (secreting tumor necrosis factor-o) and humoral
immunity (secreting interleukin-6) simultaneously. Benefiting
from the synergistic photo-thermal-immunotherapy, melanoma-
bearing mice were well treated. In all, natural globular proteins
are alternative candidates as nanocarriers for small molecule dyes
and inorganic PTAs.

Apart from globular proteins, fibrous proteins, e.g., elastin,
collagen, gelatin, and silk fibroin, with good biocompatibility
are also widely utilized for fabricating hybrid photo-thermal
materials.® He et al. developed a silk fibroin hydrogel by
hybridizing upconversion nanoparticles (UCNPs) and nano-
graphene oxide (SF/UCNP@NGO) (Fig. 9A).”°® The UCNPs
intratumorally injected with the hydrogel could be illuminated
by 980 nm laser irradiation, which was used for tumor fluorescence
imaging. Owing to the photo-thermal conversion ability of NGO, all
the treated 4T1 tumors were completely suppressed upon 808 nm
laser irradiation. In addition to the silk fibroin hydrogel, collagen
protein hydrogels with inorganic anionic clusters were also applied
to PTT (Fig. 9B).”” Taking advantage of the stability of the hydrogel
in vivo, the loaded PTAs could be ensured at a therapeutic
concentration through the PTT. However, the immunogenicity of
proteins should be concerned when using such a large dose of
natural proteins in vivo.** In this regard, recombinant proteins or
peptides with low immunogenicity have been designed and used
for the preparation of photo-responsive hydrogels.*>** Recently,
Wei and coworkers developed a new type of injectable NIR light-
responsive hydrogel consisting of elastin-like polypeptide (ELP),
chitosan, and Au/Ag hybrid nanoparticles (Ag;AuS, NPs) via elec-
trostatic interactions and forming amide bonds (Fig. 9C).”®
The obtained hydrogel presented an outstanding photo-thermal
conversion efficiency of 39.0%, which was higher than that of the
pristine nanoparticles (35.6%). Beyond its photo-thermal ability,
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(A) Schematic illustration of RC-BSA NPs for NIR laser induced PTT. Reprinted with permission from ref. 73. Copyright 2016, American Chemical

Society. (B) Human serum albumin (HSA)-ICG hybrid nanoparticles for enhanced PTT. Reprinted with permission from ref. 74. Copyright 2014, American
Chemical Society. (C) Schematic illustration of the preparation of Ag,S NPs using albumin nanocages as the reaction template (left), and the size
dependent photo-thermal conversion and distribution abilities. Reprinted with permission from ref. 39. Copyright 2017, American Chemical Society.
(D) Photo-thermal conversion abilities of OVA-ICG hybrid NPs, and the accompanying immune response during the PTT in vivo. Reprinted with

permission from ref. 75. Copyright 2018, John Wiley & Sons.

the protein/polysaccharide-based hydrogel minimized the
cytotoxicity of AgzAuS, NPs (73.6% vs. 94.8%), presenting high
biocompatibility. In the antitumor study, through peritumoral
administration and irradiation with an 808 nm laser
(1.0 W cm™?), the local temperature could rapidly exceed
50 °C, which was high enough for tumor PTT. After 14 days
of observation, tumors in tongue tumor-bearing mice were
significantly inhibited after hydrogel treatment together with
laser irradiation. The survival rate was remarkably improved
due to the reversion of losing weight, suggesting the recovery of
tongue functions.

3.2 Functional protein-based PTAs

Functional proteins play a variety of roles in immune regulation,
hormonal regulation, and enzymatic reaction. Different from
natural proteins, functional proteins are always used for nano-
particle surface functionalization rather than as carriers.
Recently, active targeting based on specific ligands that target
conjugated receptors on cancer cells has been investigated.
Monoclonal antibodies (mAbs) prepared by hybridoma

7016 | J Mater. Chem. B, 2021,9, 7007-7022

technology can only target the specific epitope on the corres-
ponding cancer cells, which have been widely explored for
immunotherapy and nanomedicine. Yu et al. coated a single
layer of anti-epidermal growth factor receptor (anti-EGFR) bio-
molecules on polymer/salt/ICG aggregates (Fig. 10A).*' Taking
advantage of the targeting properties of anti-EGFR, NPs could
specifically bind to the surfaces of tumor cells that highly express
EGFR (1483 cell line) (Fig. 10B). Apart from the inhibitory effect
on tumors due to mAbs, an enhanced PTT effect was achieved
owing to the additional accumulation of PTAs via active target-
ing. Xu et al developed an ultra-small NIR responsive PTA
(p53-PLGA@Au NPs), which can conjugate to the mutant-type
P53 protein over-expressing breast tumors (MCF-7) and induce a
site-specific PTT effect.”® Deng et al. utilized polyethylene glycol
(PEG) as the ‘“bridge” to conjugate anti-vascular endothelial
growth factor (VEGF) antibodies on GO/HSA nanoparticles.®
In addition to the PTT effect, the release of thermally controlled
Paclitaxel (PTX) further improved the antitumor effect.
Consequently, the survival rate of experimental mice was still
100% after 100 days of observation. These results demonstrate

This journal is © The Royal Society of Chemistry 2021
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that the conjugated mAbs can not only enhance the PTT effect by
increasing the accumulation of PTAs via active targeting, but also
induce an immune-mediated antitumor activity.*” Although
mAbs demonstrated potential applications in the field of PTT,
the high cost limits their widespread use in clinics.

4. Nucleic acid-based PTAs

The surface modifications of PTAs with nucleotides could
improve the hydrophilia and biocompatibility of PTAs due to
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the abundant hydroxide radicals. Taking advantage of the
hydrogen bonding between complementary bases,*® nucleotide
sequences are often designed and synthesized to efficiently com-
bine the over-expressed nucleotides in cancer cells, conducting
specific functions, e.g., gene silencing, fluorescence signalling, drug
delivery, and active targeting.***" The temperature responsive
property of nucleotides could induce drug release.

Recently, Han et al. developed intelligent nanoconjugates
comprising hairpin DNA (hpDNA) and UCNP@Au NPs
(Fig. 11A).°° The double-helical framework of hpDNA provided
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Fig. 10 (A) Schematic illustration of the preparation of anti-EGFR modified polymer/salt/ICG aggregates. (B) Presentation of tumor adhering abilities
with fluorescence scanning. Reprinted with permission from ref. 41. Copyright 2010, American Chemical Society.
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Wiley & Sons. (B) Schematic illustration of the formation of sgc8 aptamer modified gold-coated iron oxide (FesO4@Au) nanoroses. The resulting hybrid
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(C) Schematic representation of the construction of aptamer covered AUMPs and the NIR triggered guest drug release with the binding aptamer
dissociation. Reprinted with permission from ref. 92. Copyright 2012, John Wiley & Sons.

sufficient space for small drug molecule insertion. Upon NIR
laser irradiation, the hyperthermia generated from UCNP@Au
NPs further induced the hpDNA to untwist and release DOX,
resulting in a synergetic antitumor effect. Due to their spatial
structure, the aptamers can specifically conjugate to their
targets, e.g., proteins, cells, and even tissues.”’ For instance,
Li et al. conjugated sgc8 aptamers on prepared gold-coated
iron oxide (Fe;O4@Au) nanoroses (Fig. 11B).*> The resulting
biomaterial demonstrated an active targeting ability towards
CCRF-CEM leukemia cells. Based on the properties of dual
molecular imaging, NIR absorption, and thermally-sensitive
drug release, an observable killing of tumors was realized.
In another research study, Yang et al. demonstrated a novel
NIR light responsive antitumor drug nonvehicle based on
mesoporous silica coated gold nanorods (AUMPs) and nucleolin
targeting aptamers (Fig. 11C).°> A G-quadruplex DNA cap
(2.4 nm) assembled with a 12-mer oligonucleotide and a
26-mer guanine-rich oligonucleotide DNA aptamer (AS1411) to
gate the micropores (2.5 nm) and prevent the leakage of DOX.
Under the guidance of AS1411, the nonvehicle achieved an active
targeting to MCF-7 cells. When NIR laser irradiation was applied,
the heat generated by Au NPs caused the duplex DNA to
dehybridize, allowing the release of DOX.

Taking advantage of the specific pairings between comple-
mentary bases, nucleic acids are also used to prepare injectable
hydrogels for loading PTAs. In our previous studies, we

7018 | J Mater. Chem. B, 2021, 9, 7007-7022

developed a DNA-inorganic hydrogel (DNA-UCNP-Au) by
complexing salmon sperm DNA and cationic upconversion
lanthanide-Au  hybrid nanoparticles (UCNP-Au NPs)
(Fig. 12A).%* Since the NIR-light responsive UCNP-Au NPs were
confined in the network constructed of DNA strands, the light
energy was converted to heat rapidly. In addition, the photo-
thermal efficiency was improved from 32.44% to 42.7% in
comparison to pristine PTAs (Fig. 12B). Tomoya Yata et al. used
a hexapod-like structured DNA with CpG sequences to
construct a hydrogel framework (Fig. 12C). The direct PTT
effect due to the irradiated Au NPs accompanied by immuno-
therapy (by accelerating the production of tumor-associated
IgG) further inhibited the proliferation of tumor cells.”*

5. Polysaccharide-based PTAs

Natural polysaccharides, such as alginate, hyaluronic acid (HA),
cellulose, and chitosan, have been widely investigated in
medical fields due to their broad range of resources, good
biocompatibility, non-toxicity, and biodegradability.”>°® Xing
et al. demonstrated a facile and green method to synthesize
cellulose and black phosphorus nanosheet (BPNS) hybrid
hydrogels (Fig. 13A). The obtained hydrogels inheriting the
excellent photo-thermal properties from BPNSs could
effectively inhibit the proliferation of SMMC-7721 tumors via

This journal is © The Royal Society of Chemistry 2021
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intratumoral injection upon 808 nm laser irradiation and mesoporous silica nanoparticle (MSN) modified gold nano-
(1 W em™2 for 5 min) (Fig. 13B).”” Chen et al reported an bipyramids (Au NBs) (Fig. 13C). Due to the high adhering ability
injectable drug delivery and light triggered release system, of HA to the surfaces of CD44" cancer cells, an enhanced
consisting of azobenzene, o-cyclodextrin-functionalized HA, accumulation of HA modified PTAs in the tumors was
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observed. When NIR laser irradiation was applied, the high
temperature that originated from Au NBs not only accelerated
the formation of an elastic hydrogel by crosslinking azobenzene
with cyclodextrin but also had a good PTT effect. The slow
release of DOX inhibited the recurrence of cancer cells.’®
Similarly, calcium alginate based hydrogels have been tremen-
dously explored as engineered materials for their matchable
mechanical properties to soft tissues. One of our previous
related studies demonstrated an injectable hydrogel containing
NIR responsive UCNP-Au hybrid NPs and alginate with a high
G/M ratio (Fig. 13D)." Via peritumoral injection, the Ca** in the
extracellular matrix facilitated the formation of a tough UCNP-
Au-Alg-Ca”®" hydrogel, isolating the tumors in space. All the
cancer cells died from necrosis and apoptosis upon repeated
808 nm laser irradiation. Additionally, the damaged bone
structure was stabilized and repaired using such hydrogels.

6. Conclusions and perspectives

Due to their minimally-invasive, direct, and precise characteristics
of photo-thermal therapy, PTAs have been widely investigated in
modern medicine. In stark contrast to organic molecules or
inorganic nanoparticles, biomacromolecules exhibit excellent bio-
compatibility, structural controllability, and multi-functionality.
Such behaviors can be exploited as functional primitives to
manipulate the performance of next-generation PTAs. By taking
advantage of simple coating, high photo-thermal effects, and low
immunogenicity, biomacromolecule-based PTAs show promising
application in cancer therapy. Moreover, the multi-functionality of
biomacromolecule-based PTAs, such as imaging, targeting, and
drug-loading, further broadens their applications in drug delivery
and early diagnosis. Therefore, we summarized recent advances of
biomacromolecule-based PTAs, such as cell-based PTAs, protein-
based PTAs, nucleotide-based PTAs, and polysaccharide-based
PTAs. In addition, we also highlighted the functional design,
structural control, and photo-thermal enhancement of such
biomacromolecule-based PTAs.

Although a variety of biological macromolecule-based agents
have been generated, there are still many challenges that still
need to be addressed to take full advantage of biomacromolecules,
especially in biomedical applications. On one hand, the tedious
expression or synthetic routes of biomacromolecules limit their
biomedical applications.”” On the other hand, it remains
challenging to utilize currently reported biomacromolecule-
based PTAs due to their poor structural stability. In addition,
the photo-thermal efficiency of such materials should be
further improved before their practical clinical application.

The design of stable biomacromolecule-based PTAs with
high photo-thermal effects and biodegradability will greatly
improve their photo-thermal behaviors in biomedical applications.
To further promote the application of biomacromolecule-based
PTAs, new synthetic biological techniques will be developed to
achieve the mass production of biomacromolecules, e.g., functional
proteins and nucleotides. The functionalization of biomacro-
molecules could also be integrated to improve the structural

7020 | J Mater. Chem. B, 2021, 9, 7007-7022
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stability of PTAs in vivo. Due to the vigorous proliferation ability
of cancer cells, it is difficult to completely eliminate them through
one shot of irradiation in clinics. Therefore, researchers should pay
more attention to immunotherapies with permanent anti-tumor
effects. Using biomacromolecule-based PTAs as nanocarriers to
deliver immunologic adjuvants or as factors to directly induce
immune cascade reactions may have an enhanced antitumor effect.
Additionally, the recognition and treatment of metastatic tumors
and suspected lymph nodes through multifunctional PTAs should
also be the focus of future studies. Overall, the development of
biomacromolecule-based PTAs with various tailored properties and
on-demand functionalities will open up new possibilities for next-
generation biomedical materials and break through the current
limitations in tumor treatment in clinics.
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