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ABSTRACT

Intracellular delivery of large molecular weight therapeutics poses a significant challenge in targeted cancer therapy, as conventional delivery
vehicles often fail to achieve efficient cellular uptake and controlled release. This study presents a solution using GW26 coacervate
microdroplets (CMs), a peptide-based system, as a dual-function platform that not only facilitates the controlled release of therapeutic cargos
but also enhances cancer cell death through photothermal therapy (PTT). GW26 CMs exhibit high recruiting efficiency of photothermal
(PT) materials—chlorin e6 (Ce6) and gold nanorods—with over 80% efficiency. These CMs demonstrate high cellular uptake in tumor cells,
with 98% of CT26 colon carcinoma cells successfully internalizing Ce6-loaded CMs. Upon near-infrared laser irradiation, the PT materials
generate localized heat within the therapeutic range for PTT, triggering coacervate disassembly, concomitant cargo release, and death of dif-
ferent human cancer cells, including cervical cancer cells HeLa, colon cancer cells HCT116, and colorectal adenocarcinoma cells HT29. The
co-recruitment of the cytotoxic protein saporin enables synergistic PT and chemotherapeutic cancer treatments among all these cells, further
enhancing the therapeutic effect, in some cases exhibiting a near-complete loss in cell viability. This approach combines efficient recruitment,
controlled cargo release, and enhanced therapeutic efficacy, positioning GW26 CMs as a promising platform for multimodal cancer
therapies.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0279643

INTRODUCTION

Delivering large molecular weight (MW) therapeutics into cells
using conventional delivery systems, including lipid nanoparticles
(LNPs) and inorganic nanoparticles, remains a significant challenge in
targeted cancer therapy.1,2 These challenges arise primarily from cellu-
lar membrane barriers that restrict cargo transport, leading to limited
intracellular drug bioavailability and reduced therapeutic efficacy.3,4

Even if the lipid bilayer can be crossed by the delivery vector, endoso-
mal entrapment is another challenge that needs to be considered. For
example, LNPs often remain entrapped in endosomal compartments

where the cargos are degraded. Ionizable lipids are increasingly
employed in LNP formulations to facilitate endosomal escape, which
can, however, result in dose-dependent cytotoxicity.5,6 Furthermore,
LNP formulation requires multiple components and microfluidic tech-
nology, which adds complexity to the manufacturing process.7 Hence,
recent research is increasingly focused on developing delivery platforms
that are readily taken up by cells while exhibiting superior intracellular
drug accumulation, low cytotoxicity, and manufacturing simplicity,
particularly for chemotherapeutics and biologics that require sustained
intracellular activity to achieve their full therapeutic potential.8

APL Bioeng. 9, 036101 (2025); doi: 10.1063/5.0279643 9, 036101-1

VC Author(s) 2025

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

https://doi.org/10.1063/5.0279643
https://doi.org/10.1063/5.0279643
https://doi.org/10.1063/5.0279643
https://doi.org/10.1063/5.0279643
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0279643
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0279643&domain=pdf&date_stamp=2025-07-07
https://orcid.org/0000-0003-0422-352X
https://orcid.org/0000-0002-0731-9116
https://orcid.org/0000-0002-3459-3591
https://orcid.org/0000-0002-5838-7979
https://orcid.org/0000-0002-5500-0951
https://orcid.org/0000-0003-0864-8170
mailto:ali.miserez@ntu.edu.sg
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1063/5.0279643
pubs.aip.org/aip/apb


Peptide-based coacervate microdroplets (CMs) represent a
recently developed advanced delivery system that effectively addresses
the challenges mentioned above.9 These CMs recruit a wide range of
therapeutic agents and efficiently enter cells by a mechanism akin to
macropinocytosis and phagocytosis, making them highly effective as
delivery vehicles.10 Our group pioneered the use of these CMs for drug
delivery by focusing on the HBpep family of peptides.11 Inspired by the
histidine-rich beak proteins of the Humboldt squid, HBpeps feature
tandem repeats of the GHGxY sequence motif, where x represents a
hydrophobic residue.12 Through intermolecular p–p stacking of tyro-
sine side chains and hydrophobic interactions, these peptides undergo
phase separation into CMs under physiological conditions, triggered
by pH changes, while simultaneously recruiting cargos present in the
coacervation buffer, a process that occurs within a few seconds.13

Among the HBpep family is GW26, a 26-residue peptide with
five tandem repeats of GHGxY motifs and a terminal tryptophan
(Trp), which has been a foundational peptide for various modifica-
tions aimed at encoding stimuli responsiveness to the CMs.14

Originally developed as a versatile drug delivery system, GW26 has
demonstrated high cargo recruitment efficiency and excellent deliv-
ery efficacy in vitro.14,15 Subsequent studies have modified the
GW26 sequence to improve drug delivery and cargo release kinetics
by introducing redox-responsive moieties that allow for controlled
disassembly and cargo release within the cytoplasm.16 Despite these
advancements, the application of GW26 in the context of thermal-
triggered cargo release has not been fully explored. In this study, we
hypothesized that increasing the temperature would weaken the
inter- and intra-molecular interactions between GW26 molecules
while simultaneously strengthening the mixing entropy that offsets
phase separation. This combination of effects would likely lead to
the disassembly of the CMs and the release of the recruited cargos
into the cytoplasm.

Given its potential for thermally triggered cargo release, GW26 is
well suited for integration with photothermal therapy (PTT), an
emerging modality that exploits heat to induce cancer cell death.17,18

PTT leverages the ability of specific materials to absorb light and con-
vert it into heat, inducing localized hyperthermia to damage and kill
cancerous cells. Photothermal (PT) materials that absorb in the near-
infrared (NIR) window (650–900nm for NIR-I or 1000–1700 nm for
NIR-II) significantly improve the efficiency of PTT, since NIR light in

this range penetrates deeper into tissues, allowing better targeting of
tumors and cancerous cells.19,20 Cancer cells are particularly suscepti-
ble to heat-induced apoptosis, making PTT a promising strategy for
selective cancer cell targeting.21 The efficacy of PTT depends on the
properties of PT agents, such as their absorption in the NIR
window, biocompatibility, and light-to-heat conversion efficiency.
Chlorin e6 (Ce6), an FDA-approved photosensitizer, and gold nano-
rods (AuNRs), which exploit localized surface plasmon resonance
(LSPR) for tunable optical properties, are well-characterized PT agents
that fulfill these criteria.22–26

In this study, GW26 CMs were used as a delivery platform
for Ce6 and AuNRs, with the goal of achieving dual functionality:
controlled release of therapeutic cargos via heat-induced disassembly
of the CMs and enhanced cancer cell death through PT effects
(Scheme 1). Overall, the findings demonstrate that GW26 CMs serve
as an enhanced delivery platform for small and large MW therapeutics,
enabling both the controlled release of therapeutic cargos and the effi-
cient use of PT materials for heat-induced cancer cell death. The co-
recruitment of the cytotoxic protein saporin enables synergistic PT
and chemotherapeutic cancer treatments, further enhancing the thera-
peutic effect. This approach not only represents a significant advance-
ment in the development of multifunctional delivery systems but also
establishes a robust foundation for more effective and targeted cancer
therapies.

RESULTS AND DISCUSSION
Characterization of GW26 CMs and PT materials

GW26, a 26-residue peptide (MW 2782Da, Fig. S1A), was con-
firmed to undergo phase separation within a pH range of 7.4–9.0, as
evidenced by a marked increase in turbidity, measured as the absor-
bance at 600nm [Fig. 1(a)]. This turbidity, confirmed by differential
interference contrast (DIC) imaging, was attributed to the formation
of micrometer-sized CMs rather than peptide aggregates [Fig. 1(b)].
Further characterization showed GW26CM’s ability to recruit small
MW fluorescent molecules (Fig. S1B), with an average diameter of
around 500nm following phase separation (Fig. S1C) that was main-
tained for at least 90min post-coacervation (Fig. S1D). To investigate
the potential for heat-induced cargo release from GW26 CMs in vitro,
a series of experiments were conducted assessing the release of cargo
across a temperature range of 25–65 �C [Fig. 1(c), Supplementary Figs.

SCHEME 1. Schematic of GW26 CMs
used as multifunctional delivery systems
in cancer therapy. CMs recruiting PT
materials and large MW cargos (here the
cytotoxic protein saporin) are efficiently
delivered into cancer cells. Upon NIR
laser irradiation, PT materials generate
localized heat, inducing coacervate
disassembly and triggering the release of
recruited cargos. The heat generated by
PT materials directly induces cancer cell
death, while the released cargos further
enhance therapeutic efficacy through
chemotherapeutic mechanisms, offering a
synergistic approach to cancer treatment.
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S2A and S2B]. CMs were initially loaded with Ce6, one of the PT
materials used in this study. Following centrifugation to sediment the
CMs, it was observed that higher temperatures led to an increased con-
centration of Ce6 in the supernatant, indicating a temperature-
dependent release mechanism. As shown in Fig. 1(c), the release of
Ce6 after 10min reached approximately 50% at 45 �C and increased to
70% at 65 �C, with no significant changes in the fluorescence intensity
of the supernatant for the two controls: free Ce6 and GW26 CMs with-
out Ce6. Since 45 �C is a typical target temperature for PTT, the time-
dependent release of Ce6 at this temperature was further investigated.
As shown in Supplementary Fig. S2B, Ce6 release was rapid and nearly
linear during the first 10min, followed by a slower rate of release that
stabilized at around 80% after 60min. Once heating was discontinued,
the release gradually declined to around 10% over 50min, demonstrat-
ing the CMs’ capability to release the majority of their cargoes when
heated to temperatures suitable for PTT. Dynamic light scattering
(DLS) measurements further revealed that the size of the CMs
decreased as the temperature increased, supporting the notion that
coacervation was affected by temperature (Supplementary Fig. S2C).
These findings establish the foundation for subsequent investigations
into heat-triggered cargo release from GW26 CMs.

The PT materials used in this study included commercially
obtained chlorin e6 (Ce6), a small molecule whose MW is 596.7Da,

with its chemical structure shown in Supplementary Fig. S3A and fluo-
rescence excitation and emission peak shown in Fig. S3B, and gold
nanorods (AuNRs), which were synthesized via a seed-mediated
growth method (details provided in the Methods section). The result-
ing AuNRs were coated with silica to improve their biocompatibility
and chemical stability.27 Transmission electron microscopy (TEM)
images and DLS analysis confirmed that the AuNRs had dimensions
of 886 6 nm in length and 226 2 nm in width (Supplementary Figs.
S3C and S3D). The UV–visible spectra of the free Ce6 and AuNRs
revealed their characteristic absorption peaks within the NIR-I win-
dow, occurring at approximately 680 nm for Ce6 and 808nm for
AuNRs, consistent with previous reports [Fig. 1(d)].23

Recruitment of PT materials into GW26 CMs

The recruitment of PT materials into GW26 CMs was achieved
by diluting the peptide stock solution (in 10mM acetic acid, pH �3)
into pH 7.4 buffer containing the respective PT materials. The pH
change from�3 to 7.4 triggered peptide coacervation and the simulta-
neous recruitment of cargo present in the buffer. The successful
recruitment of Ce6 and AuNRs, each separately, into the CMs was
confirmed through fluorescence microscopy and TEM, respectively,
with distinct fluorescence observed for Ce6 and electron-dense

FIG. 1. Characterization of GW26 peptides, PT materials, and the recruitment of PT materials within GW26 CMs. (a) Turbidity measurements of GW26 peptides across a pH
range of 6–10 confirm the peptide’s narrow phase separation propensity within pH 7.4–9.0. (b) DIC image of a GW26 (0.33 mM) sample in Phosphate buffer saline (PBS)
(pH 7.4) shows micrometer-sized peptide-dense CMs. (c) Fluorescence intensity measurements show a temperature-dependent increase in Ce6 release from GW26 CMs
(red), reaching 50% at 45 �C and 70% at 65 �C. No significant change was observed in the controls: free Ce6 (blue) and GW26 CMs without Ce6 (black). (d) Absorbance spec-
tra of Ce6 and AuNRs indicate peaks at �680 and �808 nm, respectively, both within the NIR-I window. (e) Fluorescence microscopy image of GW26 CMs loaded with Ce6
shows efficient recruitment of Ce6, as evidenced by the minimal background fluorescence outside the CMs. Triangle markers indicate Ce6 recruited within GW26 CMs.
Recruitment efficiency is consistent with previously observed data for GW26.14–16,28 (f) Representative TEM image of a single GW26 coacervate loaded with AuNRs indicates
sparse recruitment of AuNRs within an intact coacervate. Triangle markers indicate AuNR or CMs.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 9, 036101 (2025); doi: 10.1063/5.0279643 9, 036101-3

VC Author(s) 2025

pubs.aip.org/aip/apb


structures for AuNRs within the CMs [Figs. 1(e) and 1(f)]. The recruit-
ment efficiency was further quantified by measuring the concentration
of PT materials in the supernatant of the samples with and without
GW26 peptide after centrifugation. This analysis revealed that Ce6 and
AuNRs were recruited with efficiencies of 81% and 95%, respectively,
consistent with previously reported data for similar cargo types.14–16,28

Optimizing the peptide-to-cargo ratios was crucial for maximizing
PT performance while minimizing the aggregation of PT materials dur-
ing coacervation. A concentration of 50lg/mL for Ce6 and AuNRs was
identified as optimal, achieving a balance between strong PT response
and coacervate stability [Figs. 1(e) and 1(f)]. Under this condition, most
Ce6 could be recruited in the CMs, creating a highly concentrated inter-
nal environment. For AuNRs, TEM imaging revealed that at 50lg/mL,
they occupied only a small fraction of the coacervate volume, indicating
sparse but effective recruitment without compromising coacervate
structural integrity [Fig. 1 (f)]. These optimized conditions were used
for all subsequent experiments unless otherwise noted.

Evaluating the PT activity of recruited PT materials

The conversion of absorbed NIR light into heat by PT agents like
Ce6 and AuNRs relies on distinct mechanisms. For Ce6, upon NIR
irradiation, the excited p-electrons in its tetrapyrrole backbone
undergo non-radiative relaxation, releasing energy as heat.29 AuNRs,
on the other hand, leverage LSPR upon NIR exposure, which signifi-
cantly enhances the electromagnetic field at their surface. This
enhancement leads to the excitation of electrons, which then relax
through non-radiative pathways, converting the absorbed energy into
localized heat.30

To evaluate the PT performance of the recruited PT materials,
Ce6- and AuNR-loaded GW26 CMs were exposed to laser irradiation
at their respective peak absorbance wavelengths (680nm for Ce6 and
808nm for AuNRs) using an experimental setup as shown in Fig. 2(a),
Supplementary Fig. S4A, and detailed in the Methods section. The
temperature increase was monitored to assess the efficiency of light-to-
heat conversion. Upon 5min of laser irradiation, both Ce6 and AuNRs
exhibited a significant increase in temperature. For Ce6-loaded CMs,
the temperature increase ranged from 1.1 to 25.6 �C depending on the
laser power density [Fig. 2(b)]. However, when the laser power density
was held constant at 1W/cm2, the temperature increase varied by 7.0–
9.5 �C when the recruited Ce6 concentration was varied from 25 to
100lg/mL (Supplementary Fig. S4B), respectively. Notably, the
recruitment of Ce6 into the CMs did not significantly alter its PT per-
formance, as the increase in temperature was comparable to that of
free Ce6 [Fig. 2(c)]. A similar pattern was observed for AuNR-loaded
CMs, where the temperature increase varied from 1.7 to 14.8 �C
depending on the laser power density [Fig. 2(d)]. However, when the
laser power density was held constant at 1W/cm2, the temperature
increase varied by 1.9–7.1 �C when the recruited AuNR concentration
was varied from 12.5 to 50lg/mL (Supplementary Fig. S4C). In con-
trast to Ce6, the PT performance of AuNRs was slightly affected by
their recruitment within the CMs, as evidenced by a more modest
increase in temperature of 7.6 �C compared to 15.6 �C for free AuNRs
[Fig. 2(e)]. We hypothesize that the shift of the absorption peak when
AuNRs are concentrated may be the underlying reason, as observed in
previous research,31,32 but this effect is minor for PT performance and
PTT, as shown in the following experiments and detailed below.

Both Ce6- and AuNR-loaded CMs demonstrated excellent pho-
tostability, maintaining consistent PT performance across five cycles
of laser-on-and-off tests (Supplementary Figs. S4D and S4E). The
high photostability of the AuNRs is attributed to the silica coating, in
agreement with previous reports.27 The PT efficiency of the recruited
materials, calculated from the cooling curves (detailed description in
the Methods section), was found to be �50% for Ce6 and �48% for
AuNRs [Fig. 2(f)], comparable to values reported in previous stud-
ies.19 These results confirm that despite the microenvironment of
the CMs, which might scatter some incident NIR light, the majority
of the light penetrates and effectively triggers the PT effect. The
system’s ability to modulate temperature by adjusting laser power
density or PT materials concentration makes it well suited for appli-
cations in PTT, where attaining a therapeutic temperature range of
40–45 �C is critical.

Delivery of recruited PT materials into cancer cells

The cellular delivery efficiency of PT materials, either AuNR-
or Ce6-loaded GW26 CMs, was assessed first using the CT26
mouse colon carcinoma cell line, a common model in PTT studies.33

Fluorescence microscopy revealed no detectable fluorescence signal
in cells treated with free Ce6 [Figs. 3(a)–3(c)], indicating poor cellu-
lar uptake. In contrast, Ce6-loaded CMs successfully delivered Ce6
into the cells, as evidenced by a strong intracellular fluorescence sig-
nal from cells 1 day post-delivery [Figs. 3(d)–3(f)]. Fluorescence-
activated cell sorting (FACS) analysis further confirmed a high deliv-
ery efficiency of Ce6, with 98% of the cells showing successful
uptake of Ce6-loaded CMs, compared to only 5% uptake of free Ce6
[Fig. 3(g)].

Similarly, DIC microscopy images demonstrated the successful
internalization of AuNR-loaded CMs, visible as dark particles within
the cells [Figs. 3(h) and 3(i)]. Since AuNRs are not fluorescent, uptake
quantification of AuNR-loaded CMs cannot be obtained by flow
cytometry. Therefore, as an indirect method, we measured AuNR con-
centration in the media post-delivery and found that at least 75% of
AuNR-loaded CMs were no longer in the media [Fig. 3(j)]. These
results are consistent with previous studies on HBpep peptides and
highlight the effectiveness of GW26 CMs as a delivery system for both
Ce6 and AuNRs.10,16,28

Importantly, both the CMs and the PT materials exhibited mini-
mal cytotoxicity in the absence of laser irradiation (Supplementary
Fig. S5). Cell viability remained high—over 90%—3 days post-delivery
for all experimental groups, including those treated with empty CMs
and those loaded with PT materials (Supplementary Fig. S6A). These
findings underscore the biocompatibility of the GW26 CMs and their
safety as delivery vehicles for PT materials in cancer therapy.

PT performance of recruited PT materials in vitro

The PT performance of Ce6- and AuNR-loaded GW26 CMs was
evaluated in vitro by assessing cell viability using the MTT assay fol-
lowing laser irradiation. Both PT materials exert their effects through
localized hyperthermia, disrupting cellular integrity by denaturing pro-
teins, damaging membranes, and triggering cell death.21 Ce6 also gen-
erates reactive oxygen species (ROS) upon light exposure, adding an
oxidative stress component that further amplifies cell death.34 As a
control, CT26 cells that were not treated with PT materials were
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exposed to laser irradiation. No significant reduction in cell viability
was observed when the laser power density was kept below 1W/cm2

or the treatment time was less than 10min. This established a baseline
for subsequent experiments [Fig. 4(a), Supplementary Fig. S6B].

Laser irradiation (0.25–1.5W/cm2 for 5min) of CT26 cells
treated with PT material-loaded CMs resulted in a marked reduction
in cell viability compared to control cells, indicating effective PT-
induced cell death [Fig. 4(b)]. Cells treated with Ce6-loaded GW26
CMs showed a significant decrease in viability, dropping to 44%
(0.6W/cm2) compared to approximately 78% for non-irradiated con-
trols or cells treated with free Ce6 [Fig. 4(b), column 4 from left]. The
extent of cell death could be modulated by adjusting the laser power
density or concentration of Ce6, with higher power densities or Ce6
concentrations leading to greater reductions in cell viability [Fig. 4(c),
Supplementary Fig. S6C].

For AuNR-loaded CMs, the PT effect was even more pronounced,
with cell viability decreasing to 12% post-irradiation (1.5W/cm2 for
5min), compared to nearly 90% in the absence of laser treatment
[Fig. 4(b), column 2 from left; Fig. 4(d); and Supplementary Fig. S6D).
This robust response underscores the superior PT performance of
AuNRs, which, despite their slightly reduced efficacy when recruited,
still outperformed free AuNRs in inducing cell death under controlled
conditions, possibly by achieving higher temperatures at their surfaces
when exposed to laser.35

To confirm cell death, CT26 cells were incubated with the fluo-
rescent dye Hoechst 33342 and examined by fluorescence microscopy.
As shown in Fig. 4(e), cells treated with both Ce6- and AuNR-loaded
GW26 CMs exhibited significantly brighter fluorescence (indicative of
cell death) after laser treatment compared to control cells that were not
treated with the PTmaterial-loaded CMs.

FIG. 2. PT performance of recruited PT
materials in GW26 CMs. (a) Experimental
setup: CM suspension was prepared by
diluting the peptide stock solution into a
buffer containing PT materials. The laser
diode was positioned above the recruited
PT materials in an Eppendorf tube, while
an IR camera recorded the temperature of
the CM suspension. (b) Temperature
increase in Ce6-loaded GW26 CMs (initial
concentration of Ce6 50 lg/mL) after
5 min of 680 nm laser irradiation at differ-
ent power densities. (c) Comparison of
temperature increase in Ce6-loaded
GW26 CMs (initial concentration of Ce6
50 lg/mL), free Ce6, and PBS after 5 min
of 1W/cm2 laser irradiation. (d)
Temperature increase in AuNR-loaded
GW26 CMs (initial concentration of AuNR
50 lg/mL) after 5 min of 808 nm laser irra-
diation at different power densities. (e)
Comparison of temperature increase in
AuNR-loaded GW26 CMs (initial concen-
tration of AuNR 50 lg/mL), free AuNR,
and PBS after 5 min of 1W/cm2 laser irra-
diation. Recruitment within CMs affects
the PT performance of AuNRs, yet the
temperature increase remains within the
effective range for PTT. (f) PT efficiency of
Ce6- and AuNR-loaded GW26 CMs.
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Synergistic PT- and chemo-therapy with saporin

Characterization of GW26 CMs and PT materials PT performance
and synergistic therapy in vitro confirmed that GW26 CMs could release
their cargos upon heat stimulation. Since the recruited PT materials gen-
erated significant heat upon laser irradiation, we hypothesize that this
temperature increase could trigger CM disassembly while simultaneously

releasing co-recruited cargos in vitro. Saporin, a ribosome-inactivating
protein that leads to cell death via apoptosis,36 is commonly used in can-
cer therapy and was chosen as the co-recruited cargo for these experi-
ments. To test this hypothesis, saporin and PT materials were co-
recruited within GW26 CMs, delivered into cells, and subjected to laser
irradiation to assess whether cell viability would decrease further.

FIG. 3. Delivery of recruited PT materials into CT26 cells. (a) Merged image of (b) DIC image and (c) fluorescence image, showing control cells 1 day post-delivery of free Ce6.
(a)–(c) No detectable uptake of Ce6. (d) Merged image of (e) DIC image and (f) fluorescence image, showing cells 1 day post-delivery of Ce6-loaded GW26 CMs. (d)–(f)
Efficient uptake of Ce6, evidenced by the bright fluorescence within the cells, confirming that Ce6 requires a delivery system such as GW26 for effective cellular delivery. (g)
Fluorescence signal of cells treated with free Ce6 or Ce6-loaded GW26 CMs, as measured by FACS, shows that nearly all cells have taken up Ce6 when delivered with GW26
CMs. (h) DIC image of control cells 1 day post-delivery of free AuNR showing few dark particles, indicating poor uptake. (i) DIC image of cells 1 day post-delivery of AuNR-
loaded GW26 CMs showing a significant amount of dark particles, indicating enhanced AuNR uptake. (j) Delivery efficiency of Ce6 (measured by FACS) and AuNR (measured
by quantifying residual AuNR) mediated by GW26 CMs highlights the significant enhancement in PT material uptake when delivered with GW26 CMs. The high delivery effi-
ciency is consistent with previous studies.10,16,28
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FIG. 4. Synergistic anti-cancer perfor-
mance of PT materials and saporin medi-
ated by GW26 CMs delivery in vitro. (a)
Viability of cells in the absence of GW26
CMs or PT materials (50 lg/mL) and after
5 min irradiation of laser (1W/cm2) with
different power densities shows no signifi-
cant detrimental effect due to laser irradia-
tion. (b) Cell viability under different
combinations of laser, GW26 CMs-
mediated delivery, or PT materials treat-
ment. When the laser was applied to cells
treated with PT material-loaded GW26
CMs, the viability significantly decreased.
(c) Cell viability after incubation with Ce6-
loaded GW26 CMs (50 lg/mL of Ce6)
and 5 min of 0.2–0.6W/cm2 laser irradia-
tion at different power densities. (d)
Recruited 50 lg/mL AuNR treated cell via-
bility after 5 min irradiation of 0.2–1.5W/
cm2 laser with different power densities.
(e) Hoechst 33342-dyed cells after 1W/
cm2 laser irradiation for 5 min. The green
triangles indicate live cells with dimmer
fluorescence, while the red triangles indi-
cate dead cells with brighter fluorescence.
Cells treated with PT material-loaded
GW26 CMs showed brighter fluorescence,
implying lower viability. (f) Cell viability
under different combinations of laser
(1W/cm2), saporin, or PT materials treat-
ment. Viability decreased further when
laser was applied to cells for 5 min with
both PT materials and saporin delivered.
(g) Cell viability of different cell lines fol-
lowing GW26 CM-mediated delivery and
laser irradiation (1W/cm2 for 5 min). All
cell lines showed a decrease in cell viabil-
ity after delivery of PT materials and laser
irradiation, except HCT116 cells treated
with AuNRs. A further decrease in viability
was observed when the PT materials
were co-recruited with saporin for all
groups.
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Upon laser irradiation, cell viability of CT26 cells reduced further
compared to what was observed with only PT material-loaded GW26
CMs, which can be attributed to the release of saporin, triggered by
heat-induced disassembly of CMs by the PT materials [Fig. 4(f)].
Specifically, cells treated with GW26 CMs co-recruiting AuNR and sap-
orin exhibited a viability of just 8%, compared to 12% for cells treated
with AuNR alone. Similarly, CT26 cells treated with GW26 CMs co-
recruiting Ce6 and saporin showed a decrease in viability to 32%, com-
pared to 44% for cells treated with Ce6 alone [Fig. 4(f)]. Notably, in the
absence of laser irradiation, cell viability remained above 80% for all
groups, confirming that the observed effects were due to the controlled
release of saporin, triggered by NIR laser-induced heat.

A similar trend of reduced cell viability was observed in other
human cancer cell lines, such as HeLa (human cervical cancer),
HCT116 (human colon cancer), and HT29 (human colorectal adeno-
carcinoma). Following the treatment with GW26 CMs loaded with PT
materials with/without saporin and under laser irradiation, these dif-
ferent cell types exhibited a significant reduction in cell viability when
compared to control cells treated with the PT materials without GW26
CMs. Moreover, co-recruitment of saporin with either AuNR or Ce6
led to a slightly greater reduction in viability than PT materials alone.
Notably, HeLa cells were highly sensitive to AuNR–saporin treatment,
with viability dropping to �5%, while HCT116 cells exhibited near-
complete loss of viability (�2%) following treatment with Ce6–
saporin.

Interestingly, CT26 and HeLa cells showed higher responsiveness
to AuNR-mediated PTT, whereas HCT116 and HT29 cells were more
susceptible to Ce6-mediated PTT. In contrast, HCT116 cells exhibited
near-complete resistance to AuNR-based treatment. Although the
mechanisms driving these cell-type-specific responses remain unclear,
such variability has been previously reported. Varvar�a et al. showed
that AuNRs coated with lipoic acid and gellan gum elicited only mod-
est PT effects in HCT116 cells, reducing viability by just 20%–40%.37

The results suggest that mere thermal elevation alone may be insuffi-
cient to cause significant cytotoxicity in this cell line, although the
underlying mechanisms were not further investigated. These cell line-
dependent differences in PTT responsiveness likely reflect the broader
phenomenon of therapeutic resistance, which is well documented in
the context of both PT and photodynamic therapies.38,39 Multiple fac-
tors may contribute to such resistance, including: (1) enhanced efflux
of PT agents via ATP-binding cassette (ABC) transporters like P-
glycoprotein (P-gp) and ABCG2; (2) activation of pathways that repair
and tolerate PTT-induced damage; (3) upregulation of antiapoptotic
proteins; (4) PTT-induced autophagy as a cue to promote cell growth;
(5) nitric oxide (NO)-induced cryoprotective effects; (6) increased
expression of heat shock proteins (HSPs); (7) activation of DNA repair
mechanisms; and (8) changes in cytoskeleton, cell adhesion, and cell
morphology. The exact reason for the difference of PT response in this
research requires, thus, more extensive studies.

Despite differences in the magnitude of PTT-induced effects
across cell types, these findings highlight the potential of GW26 CMs
as an effective platform for combinatorial cancer therapies, where the
synergistic effects of PTT and heat-triggered release of cytotoxic agents
can be harnessed to achieve enhanced therapeutic outcomes.

CONCLUSION

This study demonstrates the versatility and efficacy of GW26
CMs as a robust platform for the delivery of PT materials, enabling

both laser-induced heat-triggered cargo release and synergistic PTT.
GW26 CMs were shown to efficiently recruit and deliver Ce6 and
AuNRs into multiple cancer cell lines, with high recruitment efficiency
and minimal cytotoxicity in the absence of external triggers. PT perfor-
mance remained effective even after recruitment within the CMs, as
evidenced by significant temperature increase upon laser irradiation,
leading to effective cancer cell ablation.

Moreover, the potential for synergistic cancer therapies was
explored by co-recruiting the cytotoxic protein saporin alongside PT
materials within the CMs. The heat generated by laser-activated PT
materials facilitated the controlled release of saporin, further enhanc-
ing the therapeutic effect and leading to significant reductions in cell
viability. This dual-function approach of combining the cytotoxic
effects of PTT with the controlled release of therapeutic agents demon-
strates the potential of GW26 CMs to achieve more effective cancer
treatments.

In summary, the findings extend the application of HBpep
(GW26) CMs beyond simple drug delivery, positioning them as a ver-
satile tool for intracellular delivery of PT materials and the facilitation
of synergistic cancer therapies. The ability to finely tune the PT effect
and control the release of therapeutic agents within the cellular envi-
ronment underscores the potential of this system for future develop-
ments in combinatorial cancer therapies. Further research will focus
on optimizing these CMs for in vivo applications, exploring their utility
in a broader range of therapeutic contexts, and investigating the under-
lying cause of the observed variability in PT response.

METHODS
Materials

Wang resin ([4-[(4-methylphenyl)methoxy]phenyl]methanol)
and fluorenylmethoxycarbonyl (Fmoc)-protected peptides were pur-
chased from GL Biochem (Shanghai) Ltd. DMF (N,N-dimethylforma-
mide), piperidine, oxyma (ethyl 2-cyano-2-(hydroxyimino)acetate),
TIPS (triisopropylsilane), ACN (acetonitrile), a-CHCA (alpha-cyano-
4-hydroxycinnamic acid), DMSO (dimethyl sulfoxide), NaBH4

(sodium borohydride), NaOH (sodium hydroxide), CTAB (cetyltrime-
thylammonium bromide), MPTMS [(3-mercaptopropyl)trimethoxysi-
lane], and TEOS (tetraethyl orthosilicate) were purchased from
Sigma-Aldrich, Merck KGaA. DIC (N,N-diisopropylcarbodiimide),
TFA (trifluoroacetic acid), and NaOL (sodium oleate) were purchased
from Tokyo Chemical Industry Ltd. Diethyl ether and acetic acid were
purchased from Schedelco Pte Ltd. DCM (dichloromethane), PBS, cell
lines, DMEM, RPMI 1640, McCoy’s 5A, FBS (fetal bovine serum),
trypsin, EDTA (ethylenediaminetetraacetic acid), MTT [3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], Hoechst 33342,
and saporin were purchased from Thermo Fisher Scientific Inc. Ce6
was purchased from Adooq Bioscience Ltd. HAuCl4�3H2O (hydrogen
tetrachloroaurate (III) trihydrate) was purchased from Alfa Aesar.
AgNO3 (silver nitrate) and ascorbic acid were purchased from
Honeywell, Fluka. Hydrochloric acid was purchased from VWR
Chemicals.

Synthesis and characterization of peptides

Peptides were synthesized using the solid-phase peptide synthesis
method on an automated peptide synthesizer (LibertyBlue, CEM
Corp.). Using Wang resin as a support, 5mL piperidine (20 vol% in
DMF) was added into the reaction vessel each time and reacted at
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70 �C for 2min to remove the protection group at the N-terminus of
the peptide chain. Then, 5mL N-terminus Fmoc-protected amino
acids (2M in DMF) was added into the reaction vessel each time, with
1mL DIC (1M in DMF), 1mL oxyma (0.5M in DMF), and 2mL
DMF. The reaction was performed at 90 �C for 4min to couple the
new amino acid to the peptide chain. The two steps were repeated until
all amino acids were coupled. After synthesis was completed, the resin
was transferred into a funnel and washed with DMF and DCM for 30–
60 s with nitrogen bubbling. After dried by nitrogen flow, 5mL cleav-
age cocktail was added to immerse the resin, including 95% TFA, 2.5%
TIPS, and 2.5% H2O. After cleaving for 2 h, the liquid phase was fil-
tered. Then 30mL cold diethyl ether was added, precipitating the pep-
tides from the cleavage cocktail. The mixture underwent centrifugation
at 8000 rpm, 10min for three times to collect the peptides and wash
the impurities on their surface. After centrifugation, the peptides were
dried in nitrogen flow before being dissolved in 5% acetic acid. High-
performance liquid chromatography (HPLC) was used to purify the
peptides on an Agilent 1260 Preparative HPLC equipment with an
Agilent C8 column. The mobile phase was water and ACN. After col-
lection, the fractions containing peptides were transferred into a
�80 �C refrigerator (Thermo Fisher Scientific Inc.). After freezing for
12 h, they were transferred into a freeze dryer (Labconco Corp.). Dry
peptide samples were obtained after the freeze-drying finished in
1–2days. The peptides were stored at �20 �C and dissolved in 10mM
acetic acid as a 10mg/mL stock solution before usage.

As for the characterization of peptides, matrix-assisted laser
desorption ionization—time of flight mass spectrometry (MALDI-
TOF MS, Shimadzu Performance, Shimadzu Corp.) was used to detect
the MW, with a-CHCA as the matrix. After confirming the peptide
MW, the coacervation ability of the peptide was tested by measuring
its turbidity on a plate reader (Tecan Spark, Tecan Trading AG). 20lL
GW26 peptide stock solution was pipetted into 180lL buffers (Tris,
phosphate, or Bis) with final pHs of 6.5, 7.0, 7.4, 7.5, 8.0, 8.5, 9.0, and
9.5, separately. The samples were then transferred into a 96-well plate,
which was then inserted into the plate reader. Their absorbance at
600nm was measured and compared. The absorbance represented the
turbidity of the solution. Following turbidity measurements, 20lL CM
suspension diluted to 100lg/mL in PBS was pipetted to a glass-
bottom dish, and an optical microscope (Zeiss Life Cell Observer II,
Leica Camera AG) was used to observe the morphology of the sample
to confirm the coacervation in DIC using a 40� objective.

As for characterizing the release of cargoes from CMs when tem-
perature increases, 0.1mg Ce6 was dissolved in 1mL PBS, and the pep-
tide solution at the concentration of 2mg/mL (in 10mM acetic acid)
was pipetted into the solution with a 1:9 (v/v) ratio. The CM suspen-
sion was then pipetted into 1.5mL Eppendorf tubes for 1mL each and
centrifuged at 1000 rpm for 2min to precipitate all CMs at the bottom.
100lL supernatant from each tube was collected for measurement of
fluorescence emission intensity later. All tubes were then sealed with
Parafilm and put on a heating block (Hangzhou Xinyi Co. Ltd.), whose
temperature was adjusted from 25 to 65 �C at a step of 10 �C. After the
temperature reached each value and was maintained for 10min, one
Eppendorf tube was taken out, quickly centrifuged (4000 rpm, 10 s),
and its top 100lL supernatant was then collected and transferred into
a 96-well plate. After all samples were collected and cooled to room
temperature, the 96-well plate was inserted into the plate reader. Their
fluorescence emission at 680 nm under excitation at 505 nm was

measured and compared. Alternatively, the temperature of the heating
block was maintained at 45 �C, and one Eppendorf tube was taken out
every 10min for sample collection. The release percentage r of the
samples was calculated by

r ¼ I2 � I1
I0 � I1

; (1)

where I0 represents the fluorescence emission intensity of the samples
before coacervation, I1 represents the intensity of the supernatant after
coacervation but before heating, and I2 represents the intensity of the
supernatant after heating.

DLS analysis was performed on a DLS analyzer (Zetasizer Pro,
Malvern Panalytical Ltd). 200lL CM suspension diluted to 50lg/mL
in PBS was pipetted into a quartz cuvette and inserted into the equip-
ment. The size distribution and average size (calculated from the inten-
sity distribution) were measured to quantify the variation of CM size
for 90min at 25 �C, and when the temperature rose from 25 to 65 �C
(measured 10min after the temperature stabilized).

Synthesis and characterization of PT materials

Ce6 was purchased commercially. AuNR was synthesized by the
seed-mediated growth method. The seed solution was prepared by first
mixing 5mL of 200mM of CTAB with 5mL of 0.5mM
HAuCl4�3H2O dispersed in aqueous solutions at 30 �C and stirred at
700 rpm. 0.6mL of freshly prepared NaBH4 solution was then added
to the HAuCl4�3H2O–CTAB solution under vigorous agitation
(1200 rpm) for 2min to form the gold seeds, and the solution was
matured for 30min at 30 �C. The growth solution was prepared by
mixing 7 g of 77mM CTAB and 1.115g of 15mM NaOL in 250mL of
hot water first. Then, 24mL of 4mM AgNO3 were added to the solu-
tion at 30 �C without stirring for 15min. Next, 250mL of 1mM
HAuCl4�3H2O aqueous solution, preheated to 30 �C, was added to the
previous solution and allowed to react at 700 rpm for 90min.
Subsequently, 1.5mL of 37wt.% HCl was added to lower the pH to
1.8, with stirring maintained at 400 rpm for another 15min. Then,
1.25mL of a 64mM ascorbic acid aqueous solution was added, and the
solution was briefly stirred at 1000 rpm for 30 s. Finally, 400lL of the
preheated seed solution was injected into the above solution under vig-
orous stirring (1000 rpm) for another 30 s. The final suspension was
aged undisturbed overnight in the oven at 30 �C. The next day, it was
centrifuged at 7000 rpm for 30min two times to remove the excess co-
surfactants. To form silica coating, 3.8mL of the stock 30 �C AuNR
solution was centrifuged at 5600 rcf for 15min, then 500lL of the pel-
let was redispersed in 6.25mL of water to set the CTAB concentration
at 1.6mM, followed by adjusting the pH to 4 and stirred at 400 rpm
for 20min. TEOS (20 vol% in MeOH) was then added to the solution,
with consistent stirring at 800 rpm for 1h. Then the pH of the solution
was adjusted to 8, and the solution was stirred at 400 rpm for 20min.
After undisturbed at room temperature for 18h, the solution was first
sonicated and then centrifuged for 15min at room temperature at
5600 rpm. The supernatant was gently removed, and the pellet in the
centrifuge tube was sonicated for 3min. The sedimented core–shell
particles were redispersed three times in 15mL of EtOH and twice
with the same volume of ultrapure water.

For characterization, 50lg AuNR (0.14 nM) was dissolved in
1mL PBS buffer. 50lg Ce6 (83.9 nM) was first dissolved in 100lL
DMSO and then diluted by PBS buffer to 1ml. The PT materials were
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first tested for their absorbance within NIR windows. 1mL of each sam-
ple was transferred into quartz cuvettes, and the UV–vis–NIR absorp-
tion spectrophotometer (Agilent Cary 5000) was used to measure their
absorption spectra between 500 and 1200nm. The fluorescence of Ce6
was tested then through a 3D scan. 200lL Ce6 solution was pipetted
onto a 96-well plate and inserted into the plate reader. When the excita-
tion wavelength varied from 450 to 550nm, the emission fluorescence
intensity between 600 and 800nm was collected. The fluorescence peak
can thus be utilized to evaluate the recruitment of Ce6.

Quantification of recruitment and efficiency for PT
materials into GW26 CMs

To evaluate if the PT materials could be recruited by GW26 CMs,
the peptide stock solution was pipetted into separate AuNR or Ce6
samples solubilized at a concentration of 50lg/mL with a 1:9 (v/v)
ratio to make CM suspensions. Fluorescence microscope images were
collected for recruited Ce6, while high-resolution transmission electron
microscopy (HRTEM, TEM JEOL 2100F) images were collected for
recruited AuNR.

Then the recruitment efficiency for each material was measured
using the characteristic absorption or fluorescence emission peak in
the spectra of the corresponding PT materials obtained above. Before
the measurements, the intensity of the peak for different PT materials
(100lL) under different concentrations was obtained on the spectro-
photometer. According to Beer–Lambert law

A ¼ �lc: (2)

The intensity A has a linear relationship as a function of the solution
concentration c within the low concentration range in the experiment.
Thus, a reference A–c line could be obtained (Supplementary Figs. S7A
and S7B). The suspension made above was centrifuged at 8000 rpm for
Ce6 or 1000 rpm for AuNR for 10min, making all CMs sediment at
the bottom of the centrifuge tube. Then the absorption or fluorescence
peak intensity of the supernatant was measured using a plate reader.
The concentration of the supernatant was then derived from the refer-
ence curve. The concentration after (c1) and before (c2) recruitment
was used to measure the recruitment efficiency gr

gr ¼
c2 � c1
c2

: (3)

Characterization of PT performance of recruited PT
materials

1mL of fresh CM suspension was pipetted into a 1.5mL
Eppendorf tube and put on a rack. The laser diode (Nanjing Zhixin
Corp.) with a specific wavelength (680 or 808 nm) was placed vertically
on the top of the tube mouth, with the exact location varying between
0.5 and 2 cm to achieve optimal irradiation. The power density of the
laser was adjusted between 0.25 and 2W/cm2. The sample was irradi-
ated for 5min, during which an infrared camera (FLIR Systems Inc.)
monitored the temperature of the samples every 0.5min. After 5min,
the laser was turned off, and the temperature was recorded every
0.5min for another 5min. To test the reproducibility and the PT effi-
ciency, this process was repeated five times.

The PT efficiency was then calculated using the general protocol
commonly seen in previous research.40 The efficiency gh is defined as

gh ¼
hSDT

I 1� 10�Að Þ ; (4)

where h refers to the heat absorption coefficient, S refers to the area
exposed to light, DT refers to the variation of sample temperature
(excluding the buffers, tubes, etc.), I refers to the power density of the
laser, and A refers to the absorption of the sample. The value of T, I,
and A can be obtained from the measurement, but the value of hS is
obtained indirectly through the cooling process of PT materials.
During this process, as the system has no thermal input, it satisfies

R cmð Þ � Tdt ¼ �hSdT; (5)

where c refers to heat capacity, m refers to mass, and t refers to time.
By integrating it, we have

t ¼ �R cmð Þ
hS

ln
T � T1

T0 � T1
; (6)

where T0 represents the temperature before cooling and T1 represents
the temperature after cooling. Thus, hS can be derived from the slope
of t � ln T�T1

T0�T1
graph (Supplementary Figs. S8A and S8B). Substituting

the values of all variables into formula (3), the PT efficiency was
obtained.

Delivery of PT materials into tumor cells and
quantification of delivery efficiencies

CT26, HeLa, HCT116, and HT29 cancer cells were cultured in
the CO2 incubator (37.5 �C, 5% CO2, Thermo Fisher Scientific Inc.).
One day before delivery, 1� 105 cells were suspended in media con-
taining 90% plain media (RPMI/DMEM/McCoy) and 10% FBS and
transferred to 35 cm2 Petri dishes. After 24h incubation, the cells were
washed with PBS twice before their culture media was changed to
900lL plain media and 100lL fresh CMs suspension recruited either
with AuNR or Ce6. Then the cells were incubated for another 4 h,
removed from media, washed with PBS twice, and cultured in normal
media (90% plain media, 10% FBS). Fluorescence and DIC images
were collected for cells with and without CMs, Ce6, or AuNR, respec-
tively, each day until the fifth day post-delivery, to observe the cellular
uptake of PTmaterial-recruited CMs.

Then the delivery efficiency of PT materials was evaluated. As for
cells with Ce6 delivered, FACS was utilized to measure the efficiency: 2
days after delivery, around 5� 105 cells were washed with PBS twice
and treated with 0.25% trypsin-EDTA for 5min to detach the cells
from the wall of the dishes. The cell suspension was then centrifuged
at 300� g for 5min, and the cell pellet was resuspended in 500lL
FACS buffer (95% PBS, 5% FBS) and transferred into a 5mL round-
bottom tube. The FACS analyzer (LSR Fortessa X20, BD Biosciences)
then measured the fluorescence of the cell suspension at the excitation
of 550 nm and emission of 650nm and derived the delivery efficiency.
As for cells with AuNR delivered, however, an alternative was applied
as AuNR is not fluorescent: after the 4 h incubation post-delivery, the
media containing CMs suspension was collected. 5% volume equiva-
lent hydrochloric acid (1M) was added to lower the pH, disassemble
CMs, and release AuNR. Then the absorbance of the media at 808 nm
was measured using a plate reader and divided by that of the group
with culture media and CMs suspension but not used to culture any
cell. The value represented the AuNR not entering the cells and was
used to determine the delivery efficiency.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 9, 036101 (2025); doi: 10.1063/5.0279643 9, 036101-10

VC Author(s) 2025

pubs.aip.org/aip/apb


The cell viability after delivery of PT materials was quantified by
MTT assay.41 After delivery, the cells were incubated for 3 days. They
were then washed by PBS for two times, and cultured in fresh media
with 90% RPMI and 10% MTT (50lM). After another 4 h incubation,
50% volume equivalent DMSO was added into each well to dissolve
the precipitates. After 10min incubation under room temperature,
100lL of the solution was transferred into a 96-well plate, which was
shaken for 5min and inserted into the plate reader. The absorbance of
the solution in the wells at 570 nm was measured. The cell viability was
then calculated as

g ¼ A1 � A2

A0 � A2
; (7)

where A1 is the absorption of the experimental group, A0 is the absorp-
tion of the control group with all live cells, and A2 is the absorption of
the control group with no cells.

Characterization of PT performance and cell
cytotoxicity of recruited PT materials in vitro

Cancer cells were first incubated in 96-well plates with the initial
density of 1� 104 cm�2. After 1 day incubation, recruited Ce6 or
AuNR with different concentrations were delivered; for control groups,
they were not treated with CMs or with free Ce6 or AuNR only. After
another 1 day incubation, they were taken out and put on a horizontal
surface. The laser diode (Nanjing Zhixin Group) with a specific wave-
length (680 or 808 nm) was placed vertically on the top of the well
with cells, with the exact location adjusted to achieve optimal irradia-
tion by observing if the laser spot covered the whole well homoge-
neously. The power density of the laser was adjusted between 0.25 and
2W/cm2. Each well was irradiated for 5min. After incubation for
another 1 day, the MTT assay was utilized to quantify the viability of
cells after laser treatment.

Then, Hoechst 33342 was used as a fluorescence dye to visualize
the cell death after laser irradiation. The cells were separated from
old media, washed twice by PBS, and added 1mL Hoechst 33342
(100ng/mL in PBS). After 15min incubation at room temperature, the
dye was discarded, and PBS was added to wash excessive dye twice
before the addition of 1mL plain RPMI. The cells were then observed
with a fluorescence microscope at the emission of 460nm when
excited by 350nm light for their morphology.

Characterization of co-delivery of PT materials and
saporin and their cell cytotoxicity in vitro

Cancer cells were first incubated in 96-well plates with the initial
density of 1� 104 cm�2. One day post-incubation, the media of cells
was changed to 90lL plain media and 10lL fresh CMs suspension,
prepared by pipetting 1lL peptide stock solution into the mixture of
4.5lL 100lg/mL PT materials and 4.5lL saporin solution with ideal
concentration tested above. The cells were incubated for 4 h, and the
media was changed to normal media (90% plain media, 10% FBS).
After incubation for another 2 days, the MTT assay was utilized to
determine the cell viability. Then the cells were put under a laser diode
with a respective wavelength and irradiated under a 1W/cm2 laser for
5min. After incubation for another 1 day, the MTT assay was utilized
to determine the cell viability.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional figures on peptide
and PT materials characterization, cargo release characterization, PT
performance of recruited PT materials, delivery of PT material-loaded
CMs into cells, and in vitro PT performance.
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