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Abstract
The potential of glioblastoma (GBM) photodynamic therapy (PDT) is limited by inadequate GBM drug delivery, 
and the development of resistance to PDT as a result of cellular damage response that critically involves the 
hypoxia-inducible factor-1α (HIF-1α) and yes-associated protein (YAP). Herein, addressing these challenges, we 
demonstrated a strategy of photo-controlled, targeted co-delivery of verteporfin (Vp), a photosensitizer and 
YAP inhibitor as well, and acriflavine (Af ), a HIF-1α inhibitor via platelets for enhanced GBM PDT. Mouse platelets 
were separately loaded with Vp (Vp@Plt) and Af (Af@Plt) and the mixture thereof is termed Vp@Plt + Af@Plt. 
Alternatively, platelets were simultaneously loaded with Vp and Af to yield (Vp + Af )@Plt. First, both Vp@Plt + Af@
Plt and (Vp + Af )@Plt were shown to achieve rapid and efficient laser-triggered, GBM-targeted delivery of Vp and 
Af, which led to markedly higher phototoxicity in the GBM cells (GBCs) and ultimately more potent GBM PDT than 
Vp@Plt in mice. Next, a mechanistic study revealed the induction of a mutually promotional interaction of HIF-1α 
and YAP in the GBCs in response to PDT-inflicted DNA damage. This interaction protected HIF-1α from degradation 
and meanwhile assisted in the nuclear translocation of YAP leading to increased nuclear presence of both HIF-1α 
and YAP and escalated DNA damage repair activity under their regulation. Both Af and Vp were found to block 
the PDT-induced HIF-1α-YAP interaction and thereby severely impaired DNA damage repair, eventually resulting in 
exacerbated cell death. In conclusion, Af and Vp can be adequately co-delivered in GBM via platelets in a photo-
controlled manner to achieve efficacious GBM PDT through double blocking of the HIF-1α-YAP interaction in the 
GBCs.
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Introduction
Glioblastoma (GBM) is a highly aggressive type of brain 
tumor classified as a grade IV astrocytoma that origi-
nates from astrocytes in the brain and spinal cord [1]. 
GBM is the most common high-grade primary brain 
tumor in adults and is characterized by rapid growth and 

a tendency to invade nearby brain tissue, making it one 
of the most lethal types of brain cancer [2, 3]. GBM can 
result in death within six months or less without treat-
ment. Even with treatment, the prognosis remains poor 
due to GBM’s resistance to conventional therapies and 
the brain’s limited capacity to repair itself. Currently, 
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the treatment of GBM involves a multi-modal approach 
aiming to extend survival and improve quality of life, 
although a cure remains elusive [2–4]. The standard 
care of GBM involves maximal safe surgical resection to 
reduce its size and alleviate symptoms followed by con-
current chemoradiotherapy and adjuvant temozolomide 
(TMZ) to target residual tumor cells and further control 
tumor growth [5, 6]. This approach, however, has not 
significantly improved survival rates, which remain low, 
with a median survival of approximately 8 to 15 months 
post-diagnosis. This predicament largely stems from 
some difficult challenges in the treatment of GBM, such 
as the GBM cells’ (GBCs’) inherent resistance to many 
conventional therapies and the blood-brain barrier and 
disrupted tumor blood supply which hinder effective 
drug delivery to the tumor site. Recurrence is common 
despite aggressive treatment, and the tumor often returns 
more resistant to treatment [7, 8]. Given the situation, 
there is an imperative need for innovative therapeutic 
strategies and approaches. Emerging therapies, such as 
photodynamic therapy (PDT), are being intensely inves-
tigated for the treatment of GBM.

PDT works by sensitizing tumor tissue with a photo-
sensitizer, followed by exposure to a specific wavelength 
of light to activate the photosensitizer. The energized 
photosensitizer then converts molecular oxygen in the 
milieu into highly reactive oxygen species (ROS), particu-
larly singlet oxygen, which induces cell damage and death 
[9–12]. PDT also disrupts the blood vessels supplying the 
tumor, depriving it of necessary nutrients and oxygen, 
which leads to tumor cell death [13]. There are reports 
that PDT can stimulate anti-tumor immune responses 
[13–15]. PDT offers a highly targeted, minimally inva-
sive, and effective treatment option for GBM, with the 
added benefits of fewer side effects and the potential to 
overcome resistance to conventional therapies [15–18]. 
Recent developments indicate that PDT may enhance 
local control of tumors and improve patient outcomes, 
particularly when combined with standard therapies 
like surgery, chemotherapy, and radiotherapy [19–23]. 
Despite its great potential, PDT faces several challenges 
that severely limit translation of its value in the treatment 
of GBM, the most salient among which are inadequate 
tumor photosensitizer distribution and retention and 
development of resistance [17, 19, 23, 24].

In this study, we propose to overcome the two chal-
lenges at the same time using a strategy of ‘GBM-tar-
geted co-delivery of verteporfin (Vp) and acriflavine (Af)’, 
which is explained below. Vp is a benzoporphyrin deriva-
tive photosensitizer that can be excited by 690  nm of 
laser and has been clinically used for PDT of the wet form 
of macular degeneration [25]. Af is an acridine derivative 
with pleitropic biological effects, but best known for its 
inhibition of the hypoxia-inducible factor-1α (HIF-1α) 

[26]. HIF-1α is a subunit of a heterodimeric transcrip-
tion factor hypoxia-inducible factor 1 (HIF-1) and is 
considered the master transcriptional regulator of cel-
lular and developmental response to hypoxia [27–29]. 
HIF-1α is also critically involved in the cellular damage 
responses, which underlie the development of tumor 
resistance to multiple therapies [30–35]. In a preliminary 
study, we performed RNA sequencing analysis of in vitro 
mouse GBCs exposed to Vp under 690 nm laser irradia-
tion (LI). Obtained results revealed upregulated genes 
that are mostly related to cellular responses to decreased 
oxygen levels, hypoxia, and the HIF-1 signaling pathway 
(Fig. S1). Moreover, eight significantly upregulated genes 
were found to be involved in PDT-induced HIF-1 sur-
vival signaling [36]. These observations implicate HIF-1α 
as a key player in the GBCs’ resistant response to PDT. 
We therefore initially proposed that Af would disable the 
resistance mechanisms controlled or regulated by HIF-1α 
in the GBCs and thereby potentiate Vp-mediated GBM 
PDT.

To achieve GBM-targeted co-delivery of Vp and Af, we 
employed and expanded a technique of ‘platelets with 
photo-controlled release property’ which we devised 
and demonstrated in a previous work [37]. Explained 
briefly, unengineered platelets are separately loaded with 
Vp and Af to yield Vp@Plt and Af@Plt, respectively, and 
the mixture thereof is termed Vp@Plt + Af@Plt. Alter-
natively, platelets are simultaneously loaded with Vp 
and Af, which approach is termed (Vp + Af)@Plt. Intra-
venously injected Vp@Plt + Af@Plt or (Vp + Af)@Plt are 
distributed to the GBM vasculature via the bloodstream. 
Laser irradiation (LI) of the GBM generates ROS in the 
loaded platelets which are immediately activated and 
form aggregates in the tumor blood vessels, accompa-
nied by rapid and massive offloading of cargo Vp and Af. 
Note that Af@Plt activation is not induced by LI but is 
secondary to LI-activated Vp@Plt. Oxidative disruption 
of the vascular endothelium by ROS facilitates Vp and Af 
penetration of and spread in the tumor tissue. Once the 
offloaded drugs are distributed in the tumor cells, a sec-
ond LI of the GBM causes photodynamic damage of the 
tumor cells, which is enhanced by Af.

We first used in vitro and in vivo GBM models to dem-
onstrate the strategy of photo-controlled, targeted co-
delivery of Vp and Af via platelets for enhanced GBM 
PDT. Next in the mechanistic study, we set out to prove 
our original hypothesis that Af might potentiate the 
photo-cytotoxicity of Vp + LI(690  nm), i.e. Vp-medi-
ated photodynamic action (PDA) through inhibiting 
the induced HIF-1α. However, our investigation ended 
up revealing a much more complex picture than had 
been initially assumed, which involved both Af and Vp 
blocking a PDA-induced interaction of HIF-1α and the 
yes-associated protein 1 (YAP). YAP is an important 
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transcription co-regulator that promotes the expression 
of genes involved in cell survival and apoptosis suppres-
sion and can be specifically inhibited by Vp [25]. An in-
depth discussion is made on the novelty and significance 
of our findings.

Results
Photo-controlled co-delivery of Vp and Af via platelets 
achieved potentiated GBM PDT
Characterization of Vp@Plt, Af@Plt, Vp@Plt + Af@Plt, and 
(Vp + Af)@Plt
Vp@Plt and Af@Plt were prepared by incubating isolated 
mouse platelets (106/mL) separately with Vp (3 µg/mL in 
PBS) and Af (10 µM in PBS) for 30  min. (Vp + Af)@Plt 
were prepared by incubating mouse platelets with a mix-
ture of Vp (3 µg/mL) and Af (10 µM) in PBS for 30 min. 
The uploading of Vp, Af, and Vp + Af were confirmed by 
confocal microscopy (Fig.  1A, B). Vp@Plt only exhib-
ited Vp-derived fluorescence and Af@Plt only exhibited 
Af-derived fluorescence while (Vp + Af)@Plt exhibited 
both Vp- and Af- derived fluorescence at the same time 
(Fig.  1A, B). The non-toxic loading concentration for 
Vp (3  µg/mL) and Af (10 µM) were determined using 
the CCK-8 test to assay the viability of platelets after 
incubation with Vp or Af across a range of concentra-
tions (Fig.  1C, D). Under these conditions, loading effi-
ciency was 0.48  µg/106 platelets for Vp and 0.25  µg/106 
platelets for Af. Vp@Plt were quite stable within 8  h of 
preparation showing no significant sign of activation and 
spontaneous release as indicated by the expression of 
surface CD62p and cellular Vp fluorescence (Fig. 1E, F). 
Upon LI (690 nm, 0.5 W/cm2, 60 s), Vp@Plt exhibited a 
spike of ROS generation with concurrent platelet activa-
tion and rapid loss of Vp (Fig. 1G-I). Notably, the GBC-
conditioned culture medium (GCM) could also induce 
Vp@Plt activation and discharge of Vp, albeit to a much 
lesser extent (Fig. 1H, I). On the other hand, Af@Plt also 
maintained stability within 8  h of preparation without 
activation and spontaneous release (Fig.  1J, K). Neither 
LI (690 nm) nor mixing with Vp@Plt had any remarkable 
effect on Af@Plt (Fig. 1L, M). However, LI (690 nm) on 
the mixture of Vp@Plt + Af@Plt effected marked platelet 
activation and rapid loss of Af from the Af@Plt (Fig. 1L, 
M). Similarly, (Vp + Af)@Plt remained stable showing lit-
tle sign of platelet activation and spontaneous offloading 
within 8 h of preparation but exhibited a marked loss of 
Vp and Af upon LI (690 nm) (Fig. 1N-P).

Photo-triggered, GBM-targeted delivery mediated by Vp@Plt, 
Vp@Plt + Af@Plt, and (Vp + Af)@Plt
We next demonstrated photo-controlled drug delivery 
from Vp@Plt, Vp@Plt + Af@Plt, and (Vp + Af)@Plt to in 
vitro mouse GBCs (GL261) per an experimental protocol 
shown in Fig.  2A. Working concentration was 0.48  µg/

mL for Vp and 0.25  µg/mL for Af. The GBCs only dis-
played a low content of Vp, Af, Vp + Af, and Vp + Af fol-
lowing 1 h of treatment of Vp@Plt, Af@Plt, Vp@Plt + Af@
Plt, and (Vp + Af)@Plt, respectively (Fig.  2B, C), likely 
due to a low level of platelet activation and drug release 
elicited by the GBCs (Fig. 1H, I). In contrast, LI (690 nm, 
0.5 W/cm2, 60 s) at the outset of the treatment resulted 
in sharply increased drug contents in all groups of GBCs 
but those treated with Af@Plt (Fig. 2B, C), indicating the 
occurrence of LI-triggered delivery of Vp and co-deliv-
ery of Vp & Af to the GBCs from the loaded platelets. 
The lack of LI-triggered drug delivery by Af@Plt alone 
(Fig. 2C) is reasonable as LI (690 nm) does not excite Af. 
Next, the GBCs that had been treated with Vp@Plt exhib-
ited pronounced ROS generation upon a second LI 1  h 
after the first LI (Fig. 2D), which led to significant cyto-
toxicity manifested as cell viability loss (WST-8), DNA 
damage (γH2AX), ER stress (CHOP, GRP78), and apop-
tosis (Annexin V, Bax & Bcl-2) (Fig.  2E-J). Significantly, 
photo-controlled co-delivery of Vp and Af by way of Vp@
Plt + Af@Plt (Fig.  2E-G) and (Vp + Af)@Plt (Fig.  2H-J) 
both led to markedly enhanced photo-cytotoxicity over 
Vp@Plt.

The in vitro results were then validated in mice bearing 
intra-cranial grafted GBMs per protocols shown in Fig. 
S4. The animals, according to their assignments, were 
each given an intravenous bolus injection of Vp@Plt, Af@
Plt, (Vp + Af)@Plt, or Vp@Plt + Af@Plt, in 200 µL of PBS. 
The dosage was 24  µg/kg for Vp and 12.5  µg/kg for Af. 
After a drug-to-light interval of 1 h, two extra-cranial LI 
(690 nm, 0.5 W/cm2, 60 s) were applied to each animal at 
the tumor site at a 2-hr interval. The first LI was meant 
to induce GBM-targeted, photo-controlled drug delivery 
and the second LI was for activation of the Vp distributed 
in the tumor and thereby elicitation of photodynamic 
damage of the tumor. As shown in Fig. 3A, all animals but 
those injected with Af@Plt exhibited remarkable drug 
distribution in the GBMs 2 hrs after the first LI. Notably, 
the mice injected with Vp@Plt only displayed Vp fluores-
cence in the GBMs while the mice injected with either 
(Vp + Af)@Plt or Vp@Plt + Af@Plt displayed both Vp 
and Af fluorescence in the GBMs, indicating successful 
co-delivery of the two agents. The lack of Af distribution 
in the GBMs in the Af@Plt-injected mice is in keeping 
with the in vitro observation shown in Fig.  2C, which 
are both ascribed to the fact that Af is not excited by LI 
(690  nm). Further along, increased drug fluorescence 
indicating accumulation of delivered drug was observed 
in all animals but those injected with Af@Plt 24 h after 
the second LI (Fig. 3B). In agreement with the drug deliv-
ery profiles, the mice that had received (Vp + Af)@Plt 
or Vp@Plt + Af@Plt exhibited more massive and severe 
tissue necrosis in the GBMs than those that received 
Vp@Plt 24  h after the second LI, indicating that the 
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Fig. 1  Characterization of Vp@Plt, Af@Plt, Vp@Plt + Af@Plt, and (Vp + Af )@Plt. A & B: Confocal microscopy of Vp@Plt + Af@Plt, and (Vp + Af )@Plt. Vp fluo-
rescence (red) was observed in the Cy5 channel with 650 nm excitation and emission at 670 nm. Af fluorescence (green) was observed in the FITC chan-
nel with 488 nm excitation and emission at 520 nm. a: Bright field. b: Vp-derived fluorescence. c: Af-derived fluorescence. d: Merge of a, b, and c. C&D: 
Platelets incubated with Vp and Af at a range of concentrations were maintained in PBS and aliquots of the loaded platelets were taken at different time 
points for viability assay. E Spontaneous activation of Vp@Plt over time, indicated by surface CD62P expression. F: Spontaneous offloading from Vp@
Plt over time, indicated by intracellular Vp content. G: ROS generation in the Vp@Plt upon LI (690 nm). H: Activation of Vp@Plt by LI (690 nm) and GBC-
conditioned culture medium (GCM). I: Offloading from Vp@Plt triggered by LI (690 nm) and GCM. J: Spontaneous activation of Af@Plt over time, indicated 
by surface CD62P expression. K: Spontaneous offloading from Af@Plt over time, indicated by intracellular Af content. L: Activation of Vp@Plt + Af@Plt by LI 
(690 nm). M: LI (690 nm) triggered offloading of Af@Plt in mixture with Vp@Plt but not Af@Plt solo. N&O: Spontaneous offloading from (Vp + Af )@Plt over 
time, indicated by intracellular Vp and Af content. P: LI (690 nm) triggered offloading of (Vp + Af )@Plt. Values are means ± standard deviation (SD) (n = 3, 
*p < 0.05, **p < 0.01, ***p < 0.001). Representative flow cytometry contour plots for E-P are presented in Fig. S2
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Fig. 2  Photo-triggered drug delivery from Vp@Plt, Vp@Plt + Af@Plt, and (Vp + Af )@Plt to in vitro GBCs and subsequent photocytoxicity. A: Experimental 
protocol. Briefly, Vp@Plt, Af@Plt, Vp@Plt + Af@Plt, and (Vp + Af )@Plt were separately mixed with GL261 cells and the mixture received two LI (690 nm, 
0.5 W/cm2, 60 s) at an interval of 1 h. The GL261 cells were taken out for analysis at indicated time points. B&C: Vp and Af contents in the GL261 cells after 
the first LI, assayed by flow cytometry. D: ROS generation in the GL261 cells upon the 1st and 2nd LI. E-G: Photo-cytotoxicity of Vp@Plt + Af@Plt vs. Vp@
Plt and Af@Plt indicated by WST-8 test, annexin v staining, and expression of γH2AX, Bax, Bcl-2, CHOP, and GRP78. H-J: Photo-cytotoxicity of (Vp + Af )@
Plt vs. Vp@Plt and Af@Plt indicated by WST-8 test, annexin v staining, and expression of γH2AX, Bax, Bcl-2, CHOP, and GRP78. Values are means ± standard 
deviation (SD) (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). Representative flow cytometry contour plots for E-P are presented in Fig. S3. Quantitative analysis 
of Western blot data in G & J is shown in Fig. S12 & Fig. S13 in the supplement information
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Fig. 3  Photo-triggered, GBM-targeted drug delivery by Vp@Plt, Vp@Plt + Af@Plt, and (Vp + Af )@Plt and subsequent phototoxicity to the GBM. Experi-
mental protocol is shown in Fig. S3. Briefly, intracranial GBM-bearing mice were intravenously injected with Vp@Plt, Af@Plt, Vp@Plt + Af@Plt, or (Vp + Af )@
Plt and, 1 h later, received 2 LI (690 nm, 0.5 W/cm2, 60 s) at the tumor site at a 2-hr interval. Part of the animals were sacrificed 2 hr after the 1st LI and the 
rest sacrificed 24 h after the 2nd LI. The brains were taken for fluorescent staining, H&E staining and microscopy. A: Vp and Af fluorescence in the GBMs 
2 hr after the 1st LI. B: Vp and Af fluorescence in the GBMs 24 h after the 2nd LI. C: H&E staining of the brain and GBM tissues harvested 2 hr after the 1st 
LI and 24 h after the 2nd LI. Areas circled in the dotted lines are tissues with severe necrosis. Representative higher magnification confocal fluorescent 
microscopic images of are presented in Fig. S5 & S6
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co-delivered Af enhanced Vp-mediated photo-damage 
of the GBMs (Fig. 3C). By contrast, none of the control 
animals that had received an intravenous injection of 
Vp + Af, or (Vp + Af)@Plt, or Vp@Plt + Af@Plt but with-
out LI displayed significant drug distribution, accumula-
tion (Fig. 3A, B), and massive tissue necrosis (Fig. 3C) in 
the GBMs. Nor did the mice that had received the Af@
Plt injection plus LI present massive tissue necrosis in the 
GBMs they were carrying (Fig. 3C).

Vp@Plt + Af@Plt and (Vp + Af)@Plt achieved more potent 
GBM-targeted PDT than Vp@Plt
For evaluation of therapeutic efficacy, mice bearing intra-
cranial grafted GBMs were treated per a protocol illus-
trated in Fig.  4A. Briefly, the GBM-bearing mice which 
were divided into six groups, according to their assign-
ments, were each given an intravenous bolus injection of 
②Plt, ②(Vp + Af)@Plt, ③Af@Plt, ④Vp@Plt, ⑤(Vp + Af)@
Plt, or ⑥Vp@Plt + Af@Plt, in 200 µL of PBS. The dosage 
was 24 µg/kg for Vp and 12.5 µg/kg b.w. for Af. After a 
drug-to-light interval of 1 h, the animals in groups ②, ③, 
④, ⑤, and ⑥ each received 2 LI (690 nm, 0.5 W/cm2, 60 s) 
at the tumor site at a 2-hr interval. Two further LI were 
performed, one 24 h and the other 48 h after the second 
LI. The animals in group ② only received the first LI 1 h 
after drug injection. The first LI was meant for GBM-
targeted, photo-triggered drug delivery and all the other 
LI were for activation of the Vp distributed in the tumor 
and thereby elicitation of photodynamic damage of the 
tumor. The treatment protocol was performed twice at an 
interval of 5 days. As shown in Fig. 4B-F, Vp@Plt- medi-
ated PDT (Vp@Plt + LI×4, group ④) showed remarkable 
anti-GBM efficacy with such manifestations as markedly 
slowed tumor growth, significant extension of host sur-
vival, and much alleviated body weight loss. More impor-
tantly, both (Vp + Af)@Plt (group ⑤) and Vp@Plt + Af@
Plt (group ⑥) achieved tangibly higher therapeutic effi-
cacy than Vp@Plt (group ④). Particularly, 3 out of the 5 
animals in group ⑤ that received (Vp + Af)@Plt + LI×4 
and 2 out of the 5 animals in group ⑥ that received 
Vp@Plt + Af@Plt + LI×4 were still alive at the end of the 
experiment by which time all otherwise treated animals 
had already been lost. In contrast, neither (Vp + Af)@
Plt + 1st LI (group ②) nor Af@Plt + LI×4 (group ④) exhib-
ited appreciable therapeutic efficacy. Furthermore, gross 
examination of resected brains showed smaller tumor 
growths and significantly better preserved brain mor-
phology in groups ④, ⑤ and ⑥ (Fig.  5A). H&E staining 
also revealed massive tissue necrosis in the tumor grafts 
in groups ④, ⑤ and ⑥, and there was no apparent brain 
tissue damage (Fig.  5B). Remarkably, tumor grafts in 
groups ②, ④, ⑤ and ⑥, at the time of host sacrifice which 
was 25 days after the last time of drug administration, still 
displayed appreciable drug retention as indicated by the 

drug-derived fluorescence (Fig.  5C). These observations 
are compelling proof that (1) photo-controlled delivery 
of Vp via Vp@Plt achieved efficacious anti-GBM PDT, (2) 
photo-controlled co-delivery of Vp and Af, either through 
(Vp + Af)@Plt or Vp@Plt + Af@Plt achieved more potent 
anti-GBM PDT than Vp@Plt.

Both Af and Vp could potentiate GBM PDT through 
blocking PDT-induced interaction of HIF-1α and YAP in 
GBCs
Both Af and Vp potentiated photodynamic toxicity in GBCs
We next set out to demonstrate our original mechanistic 
hypothesis that Af might potentiate the photo-cytotox-
icity of Vp-mediated PDA through blocking the induced 
HIF-1α. Vp, however, has pharmacological activities (e.g. 
inhibition of YAP) [38, 39] that would likely bear on its 
photo-cytotoxicity and the activity of Af. Considering this 
possibility, we adopted another photosensitizer, chlorin 
e6 (Ce6) plus 808  nm of excitation light (Ce6 + LI(808)) 
in parallel with Vp + LI(690 nm) in the mechanistic study. 
We had previously demonstrated that Ce6 can be excited 
by LI(808 nm) which does not excite Vp [37]. Herein, as 
shown in Fig. 6A, Ce6 generated ROS in the GBCs under 
LI(808  nm) but Vp did not. Af as expected potentiated 
Ce6’s photo-toxicity to the GBCs under LI(808  nm), 
as was indicated by a marked increase in DNA damage 
(γH2X & comet assay) and apoptosis (surface annexin v) 
(Fig. 6B-D). Surprisingly, Vp also potentiated the photo-
cytotoxicity of Ce6 under LI(808 nm) (Fig. 6B-D). TEM 
provided further evidence that both Af and Vp enhanced 
GBC apoptosis induced by Ce6 + LI(808  nm) (Fig.  6E). 
These findings suggest that (1) Vp has non-photosensi-
tizing effects that might potentiate the photo-toxicity of 
itself and other photosensitizers; and (2) the potentiative 
action of Af might not be limited to Vp-mediated PDA 
but also apply to other photosensitizers.

PDA induced HIF-1α, which both could be suppressed by Af 
and Vp
As mentioned above, our initial hypothesis was 
that Af might potentiate the photo-cytotoxicity of 
Vp + LI(690 nm) through repressing the induced HIF-1α. 
Thus, to begin with, we examined the effect of Af on the 
gene transcription (mRNA level), protein content, deg-
radation activity (indicated by the levels of PHD2 and 
P-VHL) of HIF-1α, and its downstream targets in in vitro 
GBCs following exposure to Vp + LI (690  nm). CoCl2, a 
widely used hypoxia-mimicking agent that increases 
HIF-1α by inhibiting the PHD [40], was used for con-
trol. As shown in Fig.  7A, HIF-1α mRNA level showed 
little change following exposure to Vp + LI(690  nm). 
Paradoxically, there was an obvious increase of HIF-1α 
protein and its downstream targets (VEGFA, GLUT1, & 
CA9) (Fig. 7B-E). This apparent inconsistency could only 
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Fig. 4  Anti-GBM efficacy of PDT mediated by photo-activated Vp@Plt, Vp@Plt + Af@Plt, and (Vp + Af )@Plt. A: Experimental protocol. Briefly, five groups 
of GBM-bearing animals were intravenously injected with platelets (Plt), Af@Plt, Vp@Plt, (Vp + Af )@Plt, and Vp@Plt + Af@Plt, respectively (①③④⑤⑥). The 
animals were then subjected to a succession of 4 LI (0.5 W/cm2, 60 s) at intervals at the tumor site. The treatment protocol took 3 days to complete and 
was repeated once. As control, another group of animals were injected with (Vp + Af )@Plt and only received the 1st LI (②). B: Fluorescent images of brain 
tumors in vivo taken on day 1, 7, and 14 into therapy. GBM-derived luminescence on day 1 and the increase in GBM-derived luminescence up to day 14 
was quantified and showed in Fig. S7. C & D: Survival analysis of treated animals. E & F: Body weight of treated animals monitored over the therapy dura-
tion. Body weight growth rates were calculated by regression analysis. Values were means ± SD (n = 5)
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Fig. 5  Typical morphology of orthotopic GBC graft tumors and tumor drug retention at the end of therapy. A: Gross examination of resected brains. B: 
H&E staining of brain tissue slides. C: Confocal fluorescent microscopy of brain tissue slides
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be attributed to decreased HIF-1α degradation as was 
indeed indicated by a reduction in PHD2 and P-VHL, 
the principal enzymes responsible for HIF-1α degrada-
tion (Fig.  7F). Af, as expected, alleviated the upregu-
lation of HIF-1α and its downstream targets induced 
by Vp + LI (690  nm) (Fig.  7E). CoCl2 also upregulated 

HIF-1α and its downstream targets (Fig.  7E) with con-
sistently decreased PHD2 and P-VHL (Fig. 7F) and these 
effects were not only alleviated by Af but, interestingly, 
also by Vp (Fig.  7E, F). This observation suggests that 
Vp may have non-photosensitizing effects on the PDA-
induced HIF-1α and this assumption was substantiated 

Fig. 6  Both Af and Vp potentiated the photo-toxicity of Ce6 under LI (808 nm). A: Ce6 but not Vp generated ROS under LI (808 nm) in in vitro GL261 cells. 
Effect of Vp, Ce6, Ce6 + Af, and Ce6 + Vp under LI (808 nm) on cell surface annexin v expression (B), γH2AX (C), DNA damage indicated by the comet assay 
(D), and cell morphology observed via SEM (E). Representative flow cytometry contour plots for A & B are shown in Fig. S9 A & B. Comet assay images for 
D are shown in Fig. S9C
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Fig. 7  Both Vp and Af suppressed HIF-1α induction caused by Vp under LI (690 nm) or Ce6 under LI(808 nm). Effect of Vp and Af on mRNA levels of HIF-1α 
(A), VEGFA (B), GLUT1 (C), and CA9 (D), their protein levels (E), and levels of HIF-1α degradation enzymes PHD2 and P-VHL(F) in G261 cells exposed to PDA 
mediated by Vp under LI(690 nm). CoCl2 was used as a control treatment in A-F. Effect of Vp and Af on mRNA levels of HIF-1α (G), VEGFA (H), and CA9 (I), 
their protein levels (J), and levels of HIF-1α degradation enzymes PHD2 and P-VHL (K) in G261 cells exposed to PDA mediated by Ce6 under LI (808 nm). 
Values were means ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). Quantitative analysis of Western blot data in F is shown in Fig. S14 in the supplement 
information
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by the use of Ce6 + LI(808 nm). As shown in Fig. 7G-K, 
Ce6 + LI(808  nm), like Vp + LI(690  nm), had little effect 
on HIF-1α mRNA level but resulted in a remarkable 
increase in HIF-1α protein and its downstream targets 
(VEGFA & CA9), as well as decreased PHD2 and P-VHL 
indicative of diminished HIF-1α degradation. Signifi-
cantly, both Af and Vp markedly suppressed the upreg-
ulation of HIF-1α protein and its downstream targets 
with little bearing on HIF-1α mRNA (Fig. 7G-J), and this 
effect was accompanied by an increase in P-VHL indi-
cating recovered HIF-1α degradation (Fig.  7K). The in 
vitro results were well reflected in the in vivo orthotopic 
GBMs exposed to Vp@Plt + LI (690 nm), which exhibited 
enhanced expression of HIF-1α and VEGFA, which was 
alleviated by Af delivered either in the form of (Vp + Af)@
Plt or Vp@Plt + Af@Plt (Fig.  8A). To recap briefly, PDA 
induced HIF-1α by reducing its degradation rather than 
upregulating its gene transcription, and this effect could 
be antagonized by both Af and Vp leading to increased 
HIF-1α degradation.

PDA induced YAP, which could both be suppressed by Vp and 
Af
In light of the above observations and the fact that Af is 
a recognized HIF-1α inhibitor and Vp is a well-known 
YAP inhibitor [25, 26], we suspected that PDA might 
induce an interplay of HIF-1α and YAP in the GBCs. To 
explore this notion, we surveyed the gene transcription 
(mRNA level), protein content, and degradation activity 
of YAP in in vitro GBCs exposed to PDA. Under Vp + LI 
(690 nm), there was an upsurge in YAP mRNA but, para-
doxically, no increase in YAP protein (Fig. 9A & B). This 
inconsistency could only be explained by increased YAP 
degradation which was clearly indicated by a marked 
increase in YAP-Ser127-P and P-LATS1 (Fig. 9B). (Note: 
P-LATS1 is the activated formed of LATS1, which trig-
gers YAP phosphorylation at Ser127 (YAP-Ser127-P), 
resulting in cytoplasmic retention and degradation [41]). 
Vp, an agent known to promote YAP degradation [38, 
39], was strongly indicated to be the actor underlying 
the decreased YAP protein by another two lines of evi-
dence. First, Vp alleviated CoCl2-induced YAP protein 
level without affecting YAP mRNA (Fig. 9A & B). Second, 
Ce6 + LI(808 nm) also induced YAP and its downstream 
targets (Survivin & CTGF) as well and Vp alleviated the 
induced protein level of YAP and its downstream targets 
without affecting YAP mRNA (Fig.  9C-G). Significantly, 
Af also repressed the induced YAP protein level and 
its downstream targets without affecting YAP mRNA 
(Fig. 9C-G), and both Vp and Af resulted in heightened 
YAP degradation as was indicated by a marked increase 
in YAP-Ser127-P and P-LATS1 (Fig. 9D). The orthotopic 
GBMs displayed enhanced YAP and CTGF expression 
following exposure of Vp@Plt + LI (690  nm) (Fig.  8B), 

which appeared to be inconsistent with the observed YAP 
decrease in in vitro GBCs (Fig. 9B). This inconsistency, as 
is discussed later, is attributed to the aggravated hypoxia 
in the tumor tissue as a result of PDT. Notwithstanding, 
the enhanced YAP and CTGF expression was alleviated 
by Af delivered either in the form of (Vp + Af)@Plt or 
Vp@Plt + Af@Plt (Fig.  8B), which is in keeping with the 
in vitro findings. To recap briefly, PDA induced YAP via 
upregulating its gene expression, which effect could be 
antagonized both by Vp and Af leading to increased YAP 
degradation.

A synthesis of the findings in subsections 2.2 and 2.3 
suggest that PDA might induce an interplay of HIF-1α 
and YAP, which begins with heightened YAP gene tran-
scription and leads to reduced degradation of both 
factors; both Af and Vp could block this interaction 
therefore increasing the degradation of HIF-1α and YAP. 
There has been study suggesting that HIF-1α can physi-
cally interact with YAP in cancer and non-cancer cells 
under hypoxic stress, promoting the functions of both 
factors [34, 42, 43]. We wondered PDA might induce a 
similar interaction in GBCs and found relevant evidence 
which is presented below.

PDA elicited an interplay of HIF-1α and YAP which could both 
be blocked by Af and Vp
The GBCs exhibited a conspicuous nuclear co-localiza-
tion of HIF-1α and YAP following exposure of Vp + LI 
(690  nm), or Ce6 + LI (808  nm), or CoCL2 (Fig.  10A). 
Co-IP assay also identified increased binding of HIF-1α 
and YAP both under Vp + LI (690  nm) and Ce6 + LI 
(808  nm), which could be both suppressed by Vp and 
Af (Fig.  10B, C). Notably, the Co-IP assay also demon-
strated the changes in HIF-1α and YAP protein levels at 
the same time following exposure to PDA (Fig. 10B, C). 
Both Vp + LI (690  nm) and Ce6 + LI (808  nm) triggered 
an increase of HIF-1α which could be alleviated by AF. 
But YAP behaved differently. Under Vp + LI (690  nm), 
the YAP level declined, which was ascribed to Vp-medi-
ated degradation and compounded by the addition of 
Af (Fig.  10B). Under Ce6 + LI (808  nm), the YAP level 
increased, which could be both suppressed by Af and 
Vp (Fig. 10C). Overall, these observations are consistent 
with those shown in Figs.  7 and 9. Silencing of HIF-1α 
and YAP by siRNA produced a further line of evidence of 
an HIF-1α-YAP interplay induced by PDA. Knock-down 
of HIF-1α and YAP both alleviated the nuclear co-local-
ization of HIF-1α and YAP elicited by Ce6 + LI (808 nm) 
(Fig.  11A) and suppressed the induction of HIF-1α, 
YAP, and their downstream targets (Fig.  11B). Also, 
WST-8 assay (Fig. 11C) and cell surface annexin v assay 
(Fig.  11D) indicated that knock-down of HIF-1α and 
YAP both potentiated the photo-cytotoxicity of Ce6 + LI 
(808 nm) much like Af and Vp did (Fig. 6).
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To recap, PDA elicited an interaction of HIF-1α and 
YAP which boosted their nuclear distribution and 
thereby increased the expression of their downstream 
targets. Af or Vp could block this interaction impacting 

both HIF-1α and YAP and potentiate the PDA-induced 
toxicity in the GBCs. In light thereof, we posited that 
the HIF-1α-YAP interaction might be part of the cel-
lular response to PDA-inflicted cell damage, which is 

Fig. 8  Af delivered in the form of (Vp + Af )@Plt and Af@Plt + Vp@Plt both suppressed the induction of HIF-1α and YAP caused by Vp@Plt under LI (690 nm) 
in intracranial GBM tissues. Experimental protocol is shown in Fig. S4. Briefly, intracranial GBM-bearing mice were intravenously injected with Vp@Plt, Af@
Plt, Vp@Plt + Af@Plt, or (Vp + Af )@Plt and, 1 h later, received 2 LI (690 nm, 0.5 W/cm2, 60 s) at the tumor site at a 2-hr interval. The animals were sacrificed 
24 h after the 2nd LI. The brains were taken for immunohistochemical (IHC) staining of HIF-1α, VEGFA (A), YAP, and CTGF (B)
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Fig. 9  Both Vp and Af suppressed YAP induction caused by Vp under LI (690 nm) or Ce6 under LI(808 nm). Effect of Vp and Af on YAP mRNA level (A), 
protein levels of YAP, YAP-Ser127-P, LATS1, and P-LATS1 (B) in G261 cells exposed to PDA mediated by Vp under LI (690 nm). CoCl2 was used as a control 
treatment in A & B. Effect of Vp and Af on YAP mRNA level (C), protein levels of YAP, YAP-Ser127-P, LATS1, and P-LATS1 (D), mRNA levels of Survivin (E) and 
CTGF (F), and their protein levels (G) in G261 cells exposed to PDA mediated by Ce6 under LI(808 nm). (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). Quantita-
tive analysis of Western blot data in B & D is shown in Fig. S15 in the supplement information
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mobilized for damage repair and sustaining cell survival. 
Evidence is as follows.

PDA-elicited HIF-1α-YAP interaction resulted from DNA 
damage and led to upregulated DNA repair activity
As pronounced DNA damage was identified following 
exposure to PDA (Fig. 2), we blocked the DNA damage 

response in PDA-exposed GBCs employing pharmaco-
logic inhibitors of the ATR, ATM, and DNA-PK, which 
are major DNA damage sensors [44, 45]. As shown in 
Fig.  12A-C, inhibition of each of the 3 sensors could 
suppress the upregulation of HIF-1α and YAP and their 
downstream targets either induced by Vp + LI (690  nm) 
or Ce6 + LI (808  nm). On the other hand, SMUG1 and 

Fig. 10  Vp under LI (690 nm) and Ce6 under LI (808 nm) both stimulated an interplay of HIF-1α and YAP, which could be blocked by Vp or Af. A: Enhanced 
fluorescent co-localization of HIF-1α and YAP in the nucleus. CoCl2 was used as a control treatment. B&C: Co-immunoprecipitation (CO-IP) analysis indi-
cated increased binding of HIF-1α and YAP, which effect could be both suppressed by Vp and Af
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DNA ligase IV (LIG4) are key enzymes involved in 
nuclear DNA repair [46, 47]. Both Af and Vp markedly 
suppressed the induction of the two enzymes either 
caused by Vp + LI (690  nm), or Ce6 + LI (808  nm), or 
CoCl2 (Fig. 12D-E). Consistently, knock-down of HIF-1α 
and YAP both suppressed the induction of SMUG1 and 
LIG4 caused by Ce6 + LI (808 nm) (Fig. 12F). In short, the 
HIF-1α-YAP interaction was elicited for mobilization of 
DNA repair which could be both blunted by Af and Vp.

Discussion
In the first part of this work, we realized highly efficient 
GBM-targeted co-delivery of Af and Vp through a strat-
egy of ‘platelets with photo-controlled release property’ 
and demonstrated that the co-delivered Af significantly 
enhanced Vp-mediated, GBM-targeted PDT in lab mice 
(Fig.  13). This strategy, originally devised in one of our 
previous work [37], relies on stable loading of the cargo 
drugs in the platelets and exploits the PDA-generated 
ROS to trigger platelet activation and cargo offloading, 
thereby achieving photo-controlled, GBM-directed drug 

delivery. The delivery of small-molecule drugs and the 
co-delivery approaches are the two major advancements 
from the original strategy. Platelets contain three main 
types of granules that can serve as depots for internalized 
drugs, i.e. the alpha granules, approximately 60–80 per 
platelet, dense granules, 4–6 per platelet, and lysosomes 
[48, 49]. The small-molecule drugs employed herein were 
Af and Vp, both of which could be stably loaded in plate-
lets in quantity. Af interacts with platelet granules pri-
marily by localizing to dense granules, where it acts as 
a serotonin analog [50, 51]. Af is a derivative of acridine 
with lysosomotropism which means this agent due to 
its weak basic nature can also accumulate in lysosomes 
[52]. On the other hand, Vp upon uptake by platelets is 
believed to target the alpha granules and dense gran-
ules which are released upon platelet activation [53, 54]. 
During platelet activation, Af- and/or Vp-laden gran-
ules undergo exocytosis, releasing their contents into 
the extracellular space. It is the properties of Af and Vp 
to target specific granules that enable their stable car-
riage by platelets. It is a reasonable generalization that 

Fig. 11  Knock-down of HIF-1α and YAP both prevented the interplay of HIF-1α and YAP stimulated by Ce6 under LI (808 nm) and potentiated the photo-
cytotoxicity. Knock-down of HIF-1α and YAP both alleviated fluorescent co-localization of HIF-1α and YAP in the nucleus (A), decreased the expression of 
HIF-1α, VEGFA, YAP, and Survivin (B), and led to enhanced photo-cytotoxicity indicated by WST-8 assay (C) and surface annexin v staining (D). Values were 
means ± SD (n = 3, *p < 0.05, ***p < 0.001). Representative flow cytometry contour plots for D are shown in Fig. S10
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Fig. 12  Induction of HIF-1α and YAP by PDA was a downstream event to DNA damage and led to upregulation of DNA damage repair activity. A-C: Phar-
macological blocking of DNA damage sensors (i.e. ATR, ATM, and DNA-PK) alleviated induction of HIF-1α and YAP both caused by Vp under LI (690 nm) 
and Ce6 under LI(808 nm). AZD6738, KU-55,933, and LY293646 are inhibitors of the ATR kinase, ATM kinase, and DNA-PK, respectively. D&E: Both Af and 
Vp blocked induction of DNA repair enzymes (i.e. SMUG1 and LIG4) caused by Vp under LI(690 nm) or Ce6 under LI(808 nm). F: Knock-down of HIF-1α and 
YAP both prevented the induction of SMUG1 and LIG4 caused by Ce6 under LI(808 nm). G: Af delivered in the form of (Vp + Af )@Plt and Af@Plt + Vp@Plt 
both suppressed the induction of SMUG1 and LIG4 caused by Vp@Plt under LI(690 nm) and potentiated the DNA damage (indicated by γH2AX and P-ATR 
expression) in intracranial GBM tissues. Experimental protocol is shown in Fig. S4. Briefly, intracranial GBM-bearing mice were intravenously injected with 
Vp@Plt, Af@Plt, Vp@Plt + Af@Plt, or (Vp + Af )@Plt and, 2 h later, received 2 LI (690 nm, 0.5 W/cm2, 60 s) at the tumor site at a 2-hr interval. The animals were 
sacrificed 24 h after the 2nd LI. The brains were taken for IHC staining of γH2AX, P-ATR, SMUG1, and LIG4
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any other drugs that target the platelet granules can 
potentially be carried by platelets for active delivery as 
long as they do not cause platelet activation and tox-
icity per se. Co-delivery of Af and Vp was achieved via 
two approaches i.e. (Vp + Af)@Plt and Vp@Plt + Af@
Plt. While both approaches proved to be efficacious in 
terms of GBM-targeted delivery and PDT, Vp@Plt + Af@
Plt would be more flexible in potential translation as this 
approach allows more freedom in dosage adjustment 
and choice of drug combination. Both approaches also 
showed no signs of systemic adverse effects (Fig. S8). Ini-
tially, our rationale for co-delivering Af with Vp was to 
use Af to potentiate Vp-mediated photodynamic toxic-
ity to the GBCs by simply inhibiting the induced HIF-1α. 
As it turned out, however, the Vp-mediated PDA did not 
just induce HIF-1α but an interplay of HIF-1α and YAP 
of which Vp is a potent inhibitor. Thus, Vp served dual 
purposes both to wreak photodynamic cell damage and 
block the induced HIF-1α-YAP interplay together with 
Af.

HIF-1α is believed to be regulated primarily through 
oxygen availability. Under normoxic conditions, prolyl 
hydroxylases (PHDs) hydroxylate HIF-1α, leading to its 
degradation via the VHL ubiquitin-proteasome pathway. 

In contrast, hypoxia inhibits this hydroxylation, allowing 
HIF-1α to accumulate, dimerize with HIF-1β, and acti-
vate target genes involved in metabolism, angiogenesis, 
and cell survival [55–57]. HIF-1α also interacts with vari-
ous cofactors and transcription factors that further mod-
ulate its activity and gene expression in response to the 
tumor microenvironment [57, 58]. YAP is regulated pri-
marily through the Hippo signaling pathway and mecha-
notransduction. YAP1 levels are directly controlled by 
the canonical Hippo kinases, MST1/2 and LATS1/2, 
which modulate its cytoplasmic retention and pro-
teasomal degradation [59, 60]. YAP functions as a tran-
scriptional co-activator, primarily binding to the TEAD 
proteins to promote the expression of oncogenic genes 
involved in cell proliferation, survival, and metastasis [61, 
62]. HIF-1α has been reported to interact with YAP pri-
marily under hypoxic stress but details are lacking about 
the mechanism involved. YAP by itself can hardly enter 
the nucleus as it lacks the canonical nuclear localization 
signals (NLS) [63]. HIF-1α was found to act as a direct 
carrier to promote YAP’s translocation into the nucleus, 
allowing YAP to protect cells from DNA damage during 
hypoxia in canine kidney cells [33]. YAP was also sug-
gested to stabilize HIF-1α and enhance its transcriptional 

Fig. 13  Schematic illustration of potentiation of anti-GBM PDT by double blocking of HIF-1α-YAP interplay through co-delivery of Af and Vp via platelets 
with photo-controlled release property
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activity, contributing to cellular responses to hypoxia, 
such as protecting against DNA damage and apoptosis in 
canine kidney cells and papillary thyroid cancer cells [33, 
42]. Af can bind to HIF-1α, preventing its dimerization 
with HIF-1β and inhibiting its transcriptional activity 
[26]. Vp inhibits YAP primarily by increasing the levels of 
14-3-3σ, a chaperone protein that sequesters YAP in the 
cytoplasm, preventing its nuclear translocation and sub-
sequent interaction with other factors such as TEAD [38, 
39, 64]. Vp may also directly alter YAP conformation, fur-
ther disrupting its ability to bind to other proteins [64].

In light of the above knowledge, the latter, mecha-
nistic part of our work demonstrated that a mutu-
ally promotional interaction of HIF-1α and YAP was 
induced by PDA both mediated by Vp + LI(690 nm) and 
Ce6 + LI(808 nm) under normoxic conditions as a result 
of DNA damage and this interaction led to escalated 
DNA damage repair activities regulated by HIF-1α and 
YAP (Fig.  14). This interplay started with an upsurge in 
YAP level due to increased gene expression, which case 
differs significantly from those under hypoxic stress 
where it is initiated by HIF-1α accumulation due to 

depressed degradation [33, 43, 65]. The induced YAP 
bound to HIF-1α and the binding appeared to help both 
YAP and HIF-1α. On one hand, binding to YAP might 
stabilize HIF-1α by protecting it from degradation by 
PHD and PVHL which are constantly active under nor-
moxic condition. On the other hand, binding to HIF-1α 
might assist in the nuclear translocation of YAP which 
lacks the canonical NLS. Thus, the outcome of the bind-
ing of HIF-1α and YAP was increased nuclear presence 
of both factors leading to enhanced gene expression 
of their downstream targets, among which were key 
enzymes involved in DNA damage repair e.g. SMUG1 
and LIG4. SMUG1 is a glycosylase that removes uracil 
from single- and double-stranded DNA in nuclear chro-
matin, thus contributing to base excision repair while 
LIG4 is a key enzyme required for DNA double-strand 
break repair [46, 47]. Our work further revealed that Af 
might block HIF-1α from binding to YAP leaving HIF-1α 
to rapid degradation under normoxic condition and the 
unbound YAP is sequestered in the cytoplasm undergo-
ing degradation. Vp, on the other hand, might directly 
and potently promote the degradation of YAP thus 

Fig. 14  Schematic illustration of the HIF-1α-YAP interaction, its upstream cause and downstream outcome (A), and the effects of Vp and Af thereon (B)
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leaving the HIF-1α unprotected from rapid degradation 
under nomoxia. Hence, Af and Vp might synergize with 
each other to block the PDA-induced HIF-1α-YAP inter-
play in the GBCs and thereby severely reduce nuclear 
translocation of both factors, resulting in depletion of 
the DNA repair enzymes, and ultimately exacerbat-
ing PDT-induced DNA damage and cell death. It should 
be pointed out that YAP is constitutively expressed in 
GBM cells and it is generally a hypoxic tissue environ-
ment inside the in vivo GBMs with a basal activity of 
HIF-1α, which is unlike the normoxic in vitro condition. 
It is reasonable to assume that there is a basal activation 
of the HIF-1α-YAP interaction in the in vivo GBM cells 
to promote survival in the hypoxic local environment. 
PDT would aggravate hypoxia in the GBM tissue due to 
oxygen consumption and destruction of tumor blood 
vessels by the platelet aggregates, leading to enhanced 
HIF-1α-YAP interaction in the GBCs. This might explain 
why the orthotopic GBMs still displayed enhanced YAP 
and CTGF expression following exposure of Vp@Plt + LI 
(690  nm) (Fig.  8B), which was inconsistent with the in 
vitro results shown in Fig. 9B. The mechanistic study also 
featured the innovative approach of adopting Ce6 + LI 
(808  nm) in parallel with Vp + LI (690  nm). Ce6 + LI 
(808 nm) induced the same cellular responses as Vp + LI 
(690 nm) only minus Vp’s non-photosensitizing effects on 
YAP. It was through comparing the cellular responses of 
Vp + LI (690 nm) and Ce6 + LI (808 nm) + Vp that we were 
able to identify Vp’s effect on the interplay of HIF-1α and 
YAP. Regarding the mechanism of PDA mediated by Ce6 
under 808 nm excitation, it is well documented that Ce6 
can be excited upon two-photo absorption though Ce6 
shows no absorption at 808  nm [66–68]. Ce6 is also a 
potent sonosensitizer and we have incorporated Ce6 in 
nanoparticles to achieve targeted sonodynamic therapy 
(SDT) of GBM [69, 70]. But interestingly, Ce6-mediated 
SDT did not induce the HIF-1α-YAP interaction in the 
GBCs as observed following Ce6-mediated PDT [70]. 
Finally, the mutually promotional interplay of HIF-1α 
and YAP was also induced in the human U251 GBM cells 
following exposure to Ce6 + LI (808 nm), which could be 
blocked by both Af and Vp (Fig. S11). This proves the rel-
evance of our findings in human GBM. One caveat from 
our work is that extra-cranial LI was adopted for the ease 
of operation. Although the extra-cranial LI worked to 
good effects on GBM models in mice which have a very 
thin layer of bone in their skulls, it has difficulty penetrat-
ing the think and dense human cranial bone, rendering it 
impractical for clinical use. However, this problem may 
be overcome by the interstitial PDT [71, 72].

Conclusions
Af and Vp can be adequately co-delivered in GBM via 
unengineered platelets in a photo-controlled manner. 
GBM cells can mobilize a mutually promotional interac-
tion of HIF-1α and YAP to bolster repair of PDT-inflicted 
DNA damage. Af can synergize with Vp to potentiate 
GBM PDT through double blocking of the HIF-1α-YAP 
interaction.

Materials & methods
Reagents, antibodies, and their respective suppliers are 
detailed in Supplementary Table 1.

Cell culture
GL261-luciferase (GL261-luc) cells and U251 cells were 
purchased from the Cell.

Bank of Shanghai Institutes for Biological Sciences 
(Shanghai, China). Cells were maintained in the DMEM 
medium with 10% fetal bovine serum (QmSuero/
Tsingmu.

Biotechnology, Wuhan). All cell lines were maintained 
in a humidified incubator with 5% CO2 at 37  °C and 
passaged.

Animals
Male C57BL/6J mice aged 4–6 weeks were purchased 
from the Laboratory Animal Center of Hubei Province 
(Hubei, China). Animal handling and experimental pro-
cedures were in line with protocols approved by the Ani-
mal Care Committee at Wuhan University.

Preparation and characterization of platelets with Vp@Plt, 
Af@Plt, and (Vp + Af)@Plt
Mouse platelets (Plt) from whole blood were prepared 
from male C57BL/6 mice (5–6 weeks of age, 22 ~ 24  g) 
through gradient centrifugation according to published 
protocols [37]. Platelets loaded with Vp, Af, or Vp&Af 
(Vp@Plt, Af@Plt, or (Vp + Af)@Plt) were obtained by 
incubating platelets (1 × 106) with 3 µg/mL of Vp, Af, or 
a mixture of both in 1 mL of PBS for 30  min at room 
temperature. Vp@Plt + Af@Plt and (Vp + Af)@Plt were 
placed in confocal dishes, respectively, left to stand for 
30  min to allow the platelets to precipitate, and photo-
graphed using a confocal microscope. Vp fluorescence 
(red) was observed in the Cy5 channel with 650 nm exci-
tation and emission at 670  nm. Af fluorescence (green) 
was observed in the FITC channel with 488  nm excita-
tion and emission at 520 nm.

For determination of intra-platelet drug content and 
platelet activation, loaded platelets were maintained in 
PBS for 4 and 8  h at room temperature before getting 
assayed by flow cytometry for Vp and Af fluorescence, 
and immunofluorescent staining of surface CD62P which 
is a marker of platelet activation.
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Drug delivery by platelets with photo-controlled drug 
release property in vitro
Vp@Plt, Af@Plt, or (Vp + Af)@Plt (1 × 106 of each in 1 
mL of PBS in EP tubes) were either irradiated with laser 
(690  nm 0.5  W/cm2) for 60  s or incubated with GBM 
cell-conditioned medium (GCM) for 30 min before get-
ting assayed by flow cytometry for ROS generation, Vp 
and Af fluorescence, and immunofluorescent staining 
of surface CD62P. To verify the drug release from the 
loaded platelets to GBM cells, drug-loaded platelets were 
added to GL261 cells in multi-welled plates at a ratio 
of 5:1 and the mixture was immediately irradiated with 
laser light (690  nm, 0.5  W/cm2, 60  s). The mixture was 
maintained for 30 min before taking out for flow cytom-
etry analysis of drug fluorescence in the GL261 cells. To 
evaluate platelets with photo-controlled drug release 
property-mediated photodynamic toxicity to GBM cells, 
the mixture of drug-loaded platelets and GL261 cells 
was first laser-irradiated. After 1 h, the culture medium 
was removed and, after a rinse with PBS, replaced with 
fresh culture medium. A second time of laser irradia-
tion was then applied to the GL261 cells. The GL261 
cells were taken out immediately for determination of 
intracellular ROS level, or 5 h later, for analysis of DNA 
damage, cell viability, and cell apoptosis. ROS produc-
tion was determined by flow cytometry analysis of stain-
ing of 2′,7′-dichlorofluorescein diacetate (DCFDA). DNA 
damage was evaluated by comet assay according to the 
assay kit manufacturer’s instructions and western blot-
ting (WB) analysis of H2A histone family member X 
(γ-H2AX). Cell viability was assayed by the CCK-8 test 
according to the assay kit manufacturer’s instructions. 
Cell apoptosis was observed with transmission electron 
microscopy (TEM) and assayed by annexin-v staining 
and WB analysis of B-cell lymphoma-2 (Bcl-2) and Bcl-
2-associated X (Bax).

Drug delivery by platelets with photo-controlled drug 
release property to GBM grafts in mice
Male C57BL/6J mice at four weeks of age (14–18 g) were 
used for intracranial GBM models. The establishment 
of intracranial tumors was performed according to pub-
lished protocols [73]. Once the tumor volume reached 
approximately 500  mm³, the tumor-bearing mice were 
randomly assigned to various treatment groups. The ani-
mals, according to their designation, received intravenous 
injections of unloaded platelets, Vp + Af, Vp@Plt, Af@
Plt, (Vp + Af)@Plt or Vp@Plt + Af@Plt each in 200 µL of 
PBS per mouse. The dosage was calculated to be 0.48 µg 
of Vp or 0.25 µg of Af in 106 platelets per mouse of 20 g 
of body weight. For studying drug distribution, Animals 
received laser irradiation (1st LI) at the tumor site 1  h 
after the injection. At 2 h after the 1st LI, 3 animals out of 
each group were sacrificed and brains were harvested for 

fluorescent imaging. The other 3 animals received a sec-
ond time of laser irradiation (2nd LI) 2 h after the 1st LI. 
At 24 h after the 2nd LI, all remaining animals were sac-
rificed and brains were harvested for fluorescent imaging 
and H&E staining.

Efficacy of GBM-targeted PDT mediated by Vp@Plt, Vp@
Plt + Af@Plt, and (Vp + Af)@PIt
Intracranial GBM grafts of GL261-luc cells were estab-
lished as described above. On day 14 post-implanta-
tion, tumor-bearing animals were randomly assigned 
to 6 groups (5 mice per group). Animals were intrave-
nously injected with 200 µL per mouse of PBS contain-
ing unloaded platelets, Vp@Plt, Af@Plt, (Vp + Af)@Plt, 
and Vp@Plt + Af@Plt respectively. The dosage was calcu-
lated to be 0.48 µg of Vp or 0.25 µg of Af in 106 platelets 
per mouse of 20  g. The animals were then subjected to 
a succession of 4 times of extracranial laser irradiation 
(690 nm, 0.5 W/cm2, 60 s) at the tumor site (Fig. 4A). The 
first time laser irradiation (1st LI) was performed 1 h after 
drug administration to induce Vp@Plt and (Vp + Af)@
PIt activation and ensuing Vp and Af release in the intra-
cranial GBM. Two hr later when the released Vp and Af 
was supposed to have achieved adequate distribution in 
the GBM tissue, laser irradiation was performed another 
3 times (1st, 2nd, and 3rd LI) at an interval of 24  h to 
achieve PDT efficacy. The full protocol took 3 days to 
complete and was repeated once on days 8–10.

For control, one group of animals injected with 
(Vp + Af)@Plt only received the first time of laser irradia-
tion for each treatment. The animals were observed daily 
until they reached a moribund state, at which time they 
were sacrificed and their brains and vital organs taken 
for subsequent histopathologic analysis. Body weight 
was taken every day throughout the experiment period 
and brain tumor growth was monitored via weekly fluo-
rescent imaging for the initial two weeks. For imaging, 
mice under nembutal anesthesia were administrated 
with luciferin (D-Luciferin potassium salt, 150 mg/kg) via 
intraperitoneal injection, and then imaged 10  min after 
injection.

Both Af and Vp blocked PDA-induced HlF-1α-YAP mutual 
promotion
Either 0.48 µg/mL Vp alone or Vp combined with 0.25 µg/
mL Af was added to GL261 cells and incubated for 1  h 
and then irradiated or not with laser light (690  nm, 
0.5 W/cm2, 60 s). Alternatively, either 10 µg/mL chlorin 
e6 (Ce6) alone or Ce6 combined with Vp or Af was added 
to GL261 cells and incubated for 1 h and then irradiated 
or not with laser light (808  nm, 0.5  W/cm2, 60  s). For 
the positive control, either 200 µM Cocl2 alone or Cocl2 
combined with Vp or Af was added to GL261 cells and 
incubated for 7  h. Confocal microscopy was applied to 
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observe the co-localization between HIF-1α with YAP, 
and co-immunoprecipitation (Co-IP) was applied to 
identify the occurrence of HIF-1α-YAP interaction. The 
mRNA and protein levels of target genes were analyzed 
by real-time quantitative polymerase chain reaction 
(qPCR) and WB, respectively. The primer sequences are 
listed in Supplementary Table 2.

HIF-1α-YAP mutual promotion leads to GBM resistance to 
PDT
Small interfering RNA (siRNA) targeting HIF-1α, 
YAP, and NC were designed and synthesized by JTSbio 
(Wuhan, China). Lipofectamine 8000 (Beyotime) was 
used to transfect the corresponding siRNA into the cells 
according to the protocol, cells were cultured for 48  h 
before Vp- or Ce6- mediated PDT. To investigate the 
effect of DNA damage inhibitor on HIF-1α-YAP mutual 
promotion, cells were firstly cultured with 10 µM of 
KU-55,933 (ATM inhibitor), 0.3 µM of AZD6738 (ATR 
inhibitor) and 10 µM of NU 7026 (DNA-PK inhibitor), 
respectively, for 2  h before Vp- or Ce6- mediated PDT. 
The protein levels of HIF-1α, YAP, and DNA repair-
related enzymes (DNA ligase IV, and glycosylase) were 
subsequently detected by WB.

Statistical analysis
Data analysis and graph plotting were conducted using 
GraphPad Prism 8. Group comparisons were performed 
using one-way analysis of variance (ANOVA) and two-
way ANOVA. Kaplan–Meier survival curves and the log-
rank test were used for survival analysis.
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