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C A N C E R

Two-in-one nanoparticle platform induces a strong 
therapeutic effect of targeted therapies in 
P-selectin–expressing cancers
Shani Koshrovski-Michael1, Daniel Rodriguez Ajamil1, Pradip Dey1,2, Ron Kleiner1,  
Shahar Tevet3,4,5,6, Yana Epshtein1, Marina Green Buzhor1, Rami Khoury1, Sabina Pozzi1,  
Gal Shenbach-Koltin1, Eilam Yeini1, Laura Woythe7, Rachel Blau1, Anna Scomparin8,  
Iris Barshack9,10, Helena F. Florindo11, Shlomi Lazar12, Lorenzo Albertazzi7,  
Roey J. Amir3,4,5,6, Ronit Satchi-Fainaro1,5,13*

Combined therapies in cancer treatment aim to enhance antitumor activity. However, delivering multiple small 
molecules imposes challenges, as different drugs have distinct pharmacokinetic profiles and tumor penetration 
abilities, affecting their therapeutic efficacy. To circumvent this, poly(lactic-co-glycolic acid) (PLGA)–polyethylene 
glycol (PEG)–based nanoparticles were developed as a platform for the codelivery of synergistic drug ratios, 
improving therapeutic efficacy by increasing the percentage of injected dose reaching the tumor. Nonetheless, 
extravasation-dependent tumor accumulation is susceptible to variations in tumor vasculature; therefore, PLGA-
PEG was modified with sulfates to actively target P-selectin–expressing cancers. Here, we show the potential of 
our platform in unique three-dimensional (3D) in vitro and in vivo models. The P-selectin–targeted nanoparticles 
showed enhanced accumulation in 3D spheroids and tissues of P-selectin–expressing BRAF-mutated melanomas 
and BRCA-mutated breast cancers, resulting in superior in vivo efficacy and safety. This nanoplatform could 
advance the codelivery of a plethora of anticancer drug combinations to various P-selectin–expressing tumors.

INTRODUCTION
Combination treatment is a fundamental principle in cancer thera-
py aimed at reducing the required dose of each drug via the en-
hancement of efficacy through synergistic or additive activity. 
However, combining drugs may increase the risk of side effects, as 
each drug may induce diverse adverse events. Moreover, different 
drugs may display distinct physicochemical properties, thereby 
presenting substantially varied pharmacokinetics, limiting the po-
tential synergistic effect and making it difficult to optimize the 
therapeutic window of such drugs combinations. Therefore, there 
is a need for platforms capable of enhancing the codelivery and 
maximizing therapeutic benefits, thus advancing the field of drug 
combinations for cancer treatment strategies.

Here, we propose the use of a poly(lactic-co-glycolic acid)–
poly(ethylene glycol) (PLGA-PEG)–based nanosystem as a platform 

to codeliver a synergistic or additive ratio of drugs, in a single 
nanoparticle (two-in-one NP). PLGA-PEG–based NPs have attracted 
attention in drug delivery applications due to their biocompatibility, 
ease of preparation, and ability to encapsulate hydrophilic/hydropho-
bic drugs (1). The coencapsulation of a single two-in-one NP is 
expected to enable the selective and simultaneous delivery of the 
drugs to the tumor site, thus allowing synergism and enhancement of 
their t Synthesis of homobifunctional herapeutic efficacy and safety. 
However, relying on the enhanced permeability and retention (EPR) 
effect (2) to mediate the extravasation-dependent accumulation of 
NPs within the tumor site might lead to variation in treatment effi-
cacy due to heterogeneity between tumor types and within the tumor 
itself (3). Larger tumor volumes and micrometastases were especially 
shown to have a variable blood vessel permeability, making them 
susceptible to subtherapeutic drug concentrations (4, 5).

To overcome the limitations of passive targeting, we modified the 
surface of our PLGA-PEG–based NPs with multivalent sulfates as 
P-selectin targeting moieties to direct the NPs to these hard-to-
reach regions within the tumor microenvironment (6–8). P-selectin 
was chosen as the targeted receptor as it was shown to be overex-
pressed on several cancer types, thus enhancing the internalization 
and accumulation of NPs in melanoma, breast cancer (BC), and 
glioblastoma mouse models (6,  7). P-selectin is a carbohydrate-
binding molecule, physiologically stored in α-granules inside plate-
lets or in Weibel-Palade bodies inside endothelial cells. Upon 
activation, it is mobilized to the cell surface to enable the recruit-
ment of leukocytes from the bloodstream by mediating their rolling 
and tethering on the monolayer of the activated endothelial cells (9). 
P-selectin is not constitutively expressed on platelets or endothelial 
cells (10), a feature that will prevent the NPs from binding to nonac-
tivated platelets in the bloodstream and affecting their function. 
Moreover, P-selectin was shown to be expressed on several types of 
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tumor cells (6, 11), which allows them to exploit P-selectin–dependent 
mechanisms and enables the metastatic process along the tumor en-
dothelium (12, 13). Here, P-selectin was used to ligand-mediate the 
accumulation of P-selectin–targeted nanomedicines to both com-
partments: the tumor cells and the activated endothelial cells at the 
tumor site, which will ultimately improve drug accumulation and, 
therefore, maximize its efficacy. To test this hypothesis and to dem-
onstrate the versatility and modularity of this platform, we selected 
two sets of clinically relevant drug combinations to be incorporated 
in this fully synthetic P-selectin–targeting nanoplatform; the first 
is composed of V-Raf Murine Sarcoma Viral Oncogene Homolog B 
(BRAF) and Mitogen-activated protein kinase kinase (MEK) inhibi-
tors (BRAFi and MEKi), while the second includes poly(ADP-ribose) 
polymerase (PARP) inhibitor (PARPi) and programmed death ligand–1 
(PD-L1) inhibitor (PD-L1i). The rationale behind the drug selection 
was choosing a combination that offers substantial benefits for anti-
cancer therapy for P-selectin cancer tissues.

The combination of BRAFi and MEKi is the standard of care 
(SoC) for patients with BRAF-mutant melanoma, alongside immu-
notherapy (14). Dabrafenib (DBF), a BRAFi, and trametinib (TRM), 
a MEKi, were approved by the Food and Drug Administration 
(FDA) in 2013 for their notable improvement in response rates, 
progression-free survival (PFS), and overall survival of patients with 
melanoma compared to standard chemotherapy and DBF alone, be-
coming the first line of treatment for patients with melanoma with 
BRAF V600E or V600K mutations. In 2022, the outcome of three 
clinical trials involving patients affected by 24 different tumor types 
supported its accelerated FDA approval for treating adult and pedi-
atric patients with unresectable or metastatic solid tumors with 
BRAF V600E mutation that progressed after prior treatment (15–17). 
Yet, the main challenge remained the tumor-acquired resistance, 
which limits the response duration to about 5 months (18). Efforts 
to increase treatment efficacy with higher dosing were hampered by 
dose-limiting toxicities and unaltered response rates (19–21), which 
point out this combination as an intriguing case study to address the 
application of our P-selectin–targeted nanoplatform to maximize 
the therapeutic efficacy of drug combinations.

An additional drug combination was chosen to be encapsulated 
in the nanoplatform to target a different P-selectin–expressing tu-
mor. Triple-negative breast cancer (TNBC) with Breast Cancer gene 
1 and 2 (BRCA) mutations could specifically benefit from a ligand-
targeting approach due to their lack of hormone receptors and hu-
man epidermal growth factor receptor 2 (HER2) expression (22). 
Approximately 15% of all BCs are TNBC, and among them, 30% are 
BRCA1 or BRCA2 mutated, which form highly aggressive and inva-
sive tumors (23). Targeted therapy with PARPi such as talazoparib 
was shown to prolong the PFS of patients with advanced BC and 
a germline BRCA 1/2 mutation compared to chemotherapy (8.6 months 
versus 5.6 months), leading to its FDA approval for the treatment 
of BRCA-mutated, HER2-negative locally advanced or metastatic 
BC (24, 25). Inhibiting PARP, an enzyme that repairs DNA single-
strand breaks, triggers cell death in BRCA-mutated cells by blocking 
the base excision repair pathway, causing the accumulation of double 
DNA strand breaks (26, 27).

Despite their promise, resistance mechanisms to PARPi often 
develop, compromising the efficacy of these treatments (28). To 
counteract or delay resistance appearance, the combination of PARPi 
with immune checkpoint therapy inhibitors has shown promise 
in clinical trials, particularly in enhancing efficacy in homologous 

recombination-deficient cancers (29–32). BRCA1-mutated BC has 
also been associated with high basal expression of PD-L1 and a high 
abundance of tumor-infiltrating immune cells (33, 34). In addition, 
PARPi treatment was shown to have an impact on cancer-associated 
immunity increasing PD-L1 expression on tumor cells, potentially 
inhibiting T cell activity and thus supporting this drug combination 
rationale within our P-selectin–targeted platform (30).

Overall, this study reports the design, synthesis, and character-
ization of two-in-one P-selectin–targeted biodegradable PLGA-
PEG NPs. This was achieved by incorporating sulfate groups into 
PLGA-PEG polymer before NP formation, ensuring the presenta-
tion of multiple sulfate groups on the NP surface. The modification 
did not compromise the physicochemical properties of the NPs, ul-
timately resulting in superior in vivo activity of both evaluated com-
binations: BRAF/MEK and PARP/PD-L1.

RESULTS
Design and characterization of drug-loaded PLGA-PEG NPs
The first step toward the development of a combination therapy 
platform is to assess the ideal ratio of the two drugs. To achieve that 
for the DBF and TRM combination, we performed an in vitro toxic-
ity experiment. D4M.3A, 131/4-5B1, and A375 melanoma cell lines 
were treated with different ratios of DBF and TRM combinations, 
and the median inhibitory concentration (IC50) was assessed. The 
combination index (CI) determines the degree of interaction be-
tween two drugs, where CI < 1 indicates synergism, CI = 1 is addi-
tive activity, and CI > 1 represents antagonism. An average CI of 0.8 
and 0.58 was obtained when the cells were treated with the com-
bined drugs at the IC50 and IC70, respectively, compared to each 
drug separately using the Chou-Talalay method (35). A combina-
tion ratio of TRM:DBF at 1:10 was chosen, demonstrating a CI < 1 
across all three cell lines (fig. S1). Knowing the ideal drug combina-
tion ratio, a prototype of nontargeted NPs was formulated by dis-
solving PLGA, PLGA-PEG, and the drugs in acetonitrile (ACN), 
followed by rapid nanoprecipitation in an aqueous solution contain-
ing 2.5% polyvinyl alcohol (PVA). The average diameter of the NPs 
by dynamic light scattering (DLS) was 88 nm with a narrow polydis-
persity index (PDI) of 0.18, and the average drug loading content 
(DLC) was 6.7 wt % for DBF and 0.8 wt % for TRM. In addition, the 
size of the lyophilized NPs was similar to the prelyophilization form, 
with an average diameter of 95 nm and a PDI of 0.18 (Fig. 1A). The 
NP size and PDI remained constant for 72 hours of incubation in 
phosphate-buffered saline (PBS), and the zeta potential (ζ) remained 
almost neutral. The release profile of the dual-loaded two-in-one 
NPs closely resembled that of the single-loaded (one-in-two) NPs. 
Specifically, 50% drug release was recorded for DBF after 10 hours 
in the DBF-loaded NPs versus 8 hours in the two-in-one NPs, and 
for TRM, it was 11 hours in the TRM-loaded NPs versus 12.5 hours 
in the two-in-one NPs (Fig. 1, B to E). Next, the NP stability and 
drug release profiles were assessed in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10% fetal bovine serum (FBS). Here-
in, the NPs’ diameter remained constant during 72 hours of incuba-
tion (~95 nm), and 50% of encapsulated TRM was released after 
11 hours, and 50% of encapsulated DBF was released after 5 hours 
(Fig. 1, F and G). The transmission electron microscopy (TEM) im-
ages showed a spherical and homogeneous NP structure with an 
average diameter of 72 nm (Fig. 1H). All in all, these results indicate 
that PLGA NPs are an ideal platform for the codelivery of drug 
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Fig. 1. Single- and dual-drug–loaded NPs demonstrated comparable physicochemical properties. (A) Summarized physicochemical properties. (B to D) NP stability 
measurements by DLS in PBS. (E and F) Release profiles of DBF and TRM in (E) PBS and (F) DMEM supplemented with 10% FBS. (G) NP hydrodynamic diameter by DLS 
(number) after incubation in the DMEM. The graphs show the mean ± SD, N = 3. (H) Representative TEM images and size distribution. Scale bars, 500 nm (top) and 100 nm 
(bottom). The NPs’ diameter based on at least 20 NPs per formulation was calculated with the ImageJ software.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversita D

egli Studi D
i T

orino on D
ecem

ber 16, 2024



Koshrovski-Michael et al., Sci. Adv. 10, eadr4762 (2024)     13 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 25

combinations, and we continued evaluating its anticancer effects in 
three-dimensional (3D) models of melanoma.

Combined treatment with DBF and TRM reduced melanoma 
cell proliferation and 3D tumor spheroid sprouting
The cytotoxic activity of DBF and TRM monotherapy versus com-
bined therapy as drug-loaded NPs or free drugs was evaluated on 
D4M.3A and A375 melanoma cell lines (Fig. 2, A and B). The IC50 
values of the combined free drugs (2.3 nM for D4M.3A and 7.8 nM 
for A375) were lower than those of the two drugs given as mono-
therapy (3.3 nM for DBF and 7.7 nM for TRM in D4M.3A, and 
9.4 nM for DBF and 12.9 nM for TRM in A375). The dual-loaded 
NPs surpassed the IC50 values of the combined free drugs in A375 
cells (1.1 nM versus 7.8 nM, respectively). However, they remained 
in the same order of magnitude, as predicted due to the model limi-
tations, which lack the EPR phenomenon and oblivious to the com-
plex pharmacokinetic profiles of the free and entrapped drugs. In 
D4M.3A cells, the IC50 values of the combined free drugs (2.3 nM) 
were nearly equal to the dual-loaded NPs (2.9 nM) (fig. S2A). Next, 
the synergistic activity of the drugs was demonstrated on 3D mela-
noma spheroids, using 10 nM DBF and 1 nM TRM separately or 
combined, as free or drug-loaded NPs. In WM115 3D spheroids, the 
two-in-one NPs reduced the 3D spheroids sprouting to 52%, where-
as with the one-in-two NPs, it was reduced to 95% for DBF and 90% 
for TRM, and to 73% with the combination of free drugs (Fig. 2, C 
and E). Furthermore, the melanoma cells were combined with 
brain-resident cells to create a multicellular 3D tumor spheroid 
(MCTS) model of melanoma brain metastasis (MBM), as melano-
ma frequently develops secondary lesions in the brain (36, 37), with 
an incidence of BRAF and NRAS mutations even higher than those 
observed in the primary melanoma site (38). Here, the combination 
of free drugs and drug-loaded NPs reduced the sprouting of WM115 
spheroids to 40% compared to each drug separately (~50 to 60% for 
DBF free/NPs and ~70% for TRM free /NPs, respectively), while 
sparing the brain-resident cells. Blank NPs did not affect the inva-
siveness of the 3D spheroids (Fig. 2, D and F). In D4M.3A 3D spher-
oids, the cytotoxic activity of the combined drugs was similar to the 
monotherapies, resulting in 60% inhibition of the 3D spheroids’ 
sprouting, possibly due to the rapid growth rates of D4M.3A cells 
(fig. S2, B and C).

Cy5-labeled PLGA-PEG NPs accumulated at the tumor site 
following systemic administration
Subsequently, the tumor accumulation of Cy5-labeled PLGA-PEG 
(PLGA-Cy5) (fig. S3, A to C) NPs was compared to Cy5-labeled 
DBF (Fig. 2G) (39). TRM was not included because it could not be 
conjugated to Cy5. C57BL/6 mice were subcutaneously inoculated 
with D4M.3A cells and allowed to establish tumors until the tumor 
volume reached ~230 mm3. Then, the treatments were injected in-
travenously, and the Cy5 signal was recorded over 24 hours. Already 
3 hours after administration, the Cy5 signal from the tumors in the 
PLGA-Cy5 NPs group was 6.9 times higher than that from the DBF-
Cy5 group (1.18 versus 0.17 scaled counts s−1 mm−2, respectively), 
and after 24 hours, the cumulative Cy5 signal of the NPs was almost 
double than the DBF-Cy5 signal (7 versus 4 scaled counts s−1 mm−2, 
respectively) (Fig. 2, H to J). Of note, according to the release profile, 
most of the encapsulated drugs are still entrapped inside the NPs 
after 3 hours (~60 to 70% of DBF and ~75 to 80% of TRM), which will 
mediate increased drug accumulation at the tumor site. Twenty-four 

hours after administration, the DBF-Cy5 accumulation in the heart 
was 7.3 times higher than the PLGA-Cy5 NPs (0.22 versus 0.03 
scaled counts s−1 mm−2, respectively) (Fig. 2K).

Drug-loaded PLGA-PEG NPs inhibited the MAPK pathway 
and prolonged mice survival
Afterward, we set to assess the antitumor activity of the drug-loaded 
NPs in vivo. C57BL/6 mice were inoculated subcutaneously with 
D4M.3A cells and were allowed to establish tumors for 10 days 
(reaching a tumor size of ~180 mm3). Then, considering the high 
bioavailability of intravenous dosing and based on previous data 
(39, 40), mice were treated with DBF and TRM as two-in-one drug-
loaded NPs or free drugs, at 3 mg/kg DBF and 0.3 mg/kg TRM, or 
controls (PBS, vehicle, blank NPs) every other day (QOD). The mice 
were treated until the first group (PBS) reached the end point of 
tumor size >1000 mm3. The combined therapy demonstrated in-
creased antitumor activity compared to the controls with no signifi-
cant body weight change for all treated groups, but no additional 
efficacy was achieved for the drug-loaded NPs compared to the free 
drugs (fig. S4, A to C). Yet, the expression of phosphorylated kinases 
was inhibited by 90-fold for pBRAF and by 80-fold for pMEK and 
pERK compared to PBS-treated mice (fig. S4, D to G). As a result, 
another experiment with lower dosing was conducted to leverage 
the improved tumor accumulation of the NPs. In this regard, 
C57BL/6 mice with an average tumor volume of ~70 mm3 (day 10) 
were intravenously treated with a combination of DBF (2 or 1 mg/
kg, QOD) and TRM (0.2 or 0.1 mg/kg, QOD) as drug-loaded NPs or 
free drugs. Both doses of NPs demonstrated superior antitumor 
efficacy by retaining a small tumor volume (<250 mm3) for 57 (high 
dose) and 50 days (low dose), compared to the equivalent doses of 
free drugs (27 days for the high dose and 23 days for the low dose) 
(Fig. 3, A to E). In addition, the median survival for both NP doses 
was 71 days, whereas for the free drugs, it was 39 days (low dose) 
and 52 days (high dose) (Fig. 3F). Neither group suffered from 
weight loss (Fig. 3G), nor did they present out-of-range parameters 
in a complete blood count test (fig. S5). The NPs were also hemo-
compatible, causing minimal hemolysis (8.5%) at high NP concen-
tration (2 mg/ml), indicating their safety even at higher doses from 
those required for activity (Fig. 3H). In addition, the motor coordi-
nation, balance, memory, and learning abilities of the treated mice 
were not affected as the latency to fall was longer after the second 
rotarod test in all groups (Fig. 3I).

Talazoparib triggers tumor immunosuppression in 
BRCA-mutated BC cells by inducing PD-L1 expression
With these results in hand, BRCA-mutated BC was selected as an 
additional model to prove the versatility of our nanoplatform by co-
encapsulating another clinically relevant drug combination. Here, 
the PARPi talazoparib was incubated with four different TNBC cell 
lines: BRCA-mutated murine EMT6 and human MDA-MB-436 
cells, as well as BRCA wild-type murine 4T1 and human MDA-
MB-231 cells. Talazoparib exhibited preferred cytotoxic activity in 
BRCA-mutated cells compared to wild-type cells with IC50 values of 
10 and 2 nM for EMT6 and MDA-MB-436 cells, compared to 58 
and 411 nM for 4T1 and MDA-MB-231 cells, respectively (fig. S6A). 
In addition, the cytotoxic activity was demonstrated on 3D spher-
oids of mCherry-labeled EMT6 cells, where 70% inhibition of the 
3D spheroids’ sprouting was observed following treatments with 
1 μM talazoparib compared to the control after 72 hours (fig. S6, B 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversita D

egli Studi D
i T

orino on D
ecem

ber 16, 2024



Koshrovski-Michael et al., Sci. Adv. 10, eadr4762 (2024)     13 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 25

Fig. 2. Drug-loaded NPs inhibited melanoma cell proliferation, reduced 3D spheroids sprouting, and accumulated at the tumor site. (A) Murine D4M.3A (B) Human A375 
melanoma cells were treated with DBF and TRM separately or combined, as drug-loaded NPs or free drugs for 72 hours, then cell viability was evaluated. The data represent mean ± 
SD, N = 3. (C) Representative images of mCherry-labeled WM115 3D spheroids following 48 hours of incubation with drug-loaded NPs or free drugs at 10 nM DBF and 1 nM TRM, 
separately or combined. At least three 3D spheroids were imaged for each treatment, N = 3; scale bars, 400 μm. (D) Confocal images of multicellular 3D MBM MCTS after treatments 
with 10 nM DBF and 1 nM TRM for 72 hours, n > 3, N = 2; scale bar, 400 μm. (E and F) Quantification of mCherry % area of (E) WM115 3D spheroids and (F) WM115 3D MBM 
MCTS. Statistical analysis was performed using one-way ANOVA and multiple comparisons (P < 0.05) for the mCherry-labeled tumor cells using ImageJ. (G) Representative images 
of Cy5 signal from D4M.3A tumors 3 hours after intravenous administration of PLGA-Cy5 NPs and DBF-Cy5. (H) Area under the curve (AUC) of Cy5 signal from D4M.3A tumors 
24 hours after injection. One-way ANOVA was used for statistical analysis. (I) Quantification of Cy5 signal from D4M.3A tumors, 24 hours after injection. (J) Biodistribution 3 hours and 
(K) 24 hours after administration. The inset is a magnification of the tumor and heart quantification. Two-way ANOVA was used for statistical analysis. N = 3 mice per group.
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Fig. 3. DBF + TRM NPs demonstrated substantial antitumor activity in the murine melanoma D4M.3A mouse model. (A) Timeline of study treatments and follow-up. 
(B) Tumor volume growth curve. P values correspond to the treatment groups compared to PBS on day 23 and to vehicle on day 25. (C to E) Individual tumor volumes. Statistical 
significance was calculated only for groups that retained the initial number of mice at the given time point, using two-sided repeated-measures ANOVA (P < 0.05). N = 4 mice for PBS 
and vehicle groups, N = 6 to 7 mice for the remaining groups. (F) Kaplan-Meier survival curve. The P values in the graph referred to NPs compared to free drugs at equal concentra-
tions. In addition, P = 0.0008 for DBF + TRM NPs 1 mg/kg versus free DBF + TRM 2 mg/kg, and for DBF + TRM NPs 2 mg/kg versus DBF + TRM 1 mg/kg. P = 0.006 and 0.0013 for 
DBF + TRM NPs 1 mg/kg and 2 mg/kg versus PBS, and P = 0.0005 and 0.0011 versus vehicle, respectively. P = 0.0054 and 0.0006 for free DBF + TRM 1 mg/kg and 2 mg/kg versus PBS, 
and P = 0.0115 and 0.0005 versus vehicle, respectively. P values were determined using a log-rank test. (G) The body weight change curve is expressed as a percent change from 
treatment initiation. All graphs represent mean ± SEM. (H) Red blood cells were treated with increasing concentrations of PLGA NPs, dextran (negative control), or sodium dodecyl 
sulfate (SDS, positive control) for 1 hour, and the percentage of hemoglobin released was measured spectrophotometrically (N = 3). (I) Motor performance of the treated mice. The 
latency to fall was measured for each mouse individually before treatment initiation and after the seventh treatment. All groups performed better in the later test except the PBS. The 
data represent mean ± SEM. Individual measurements represent the average of the three longest performances out of five trials.
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and C). Next, we examined whether treatment with PARPi up-
regulated PD-L1 expression, as previously reported in other cancer 
types (30). At this point, treatments with talazoparib induced PD-L1 
protein expression in EMT6 cells in a dose-dependent manner, with 
significantly increased levels at 10 and 100 nM after 48 hours of in-
cubation, resulting in 1.3- and 1.8-fold higher PD-L1 expression, 
respectively, compared to untreated cells (fig. S6D). In addition, 
treatments with 10 nM talazoparib for 24 to 72 hours resulted in a 
time-dependent increase in PD-L1 expression both at the protein 
and RNA levels (1.5- and ~2.3-fold increase after 72 hours, respec-
tively) (fig. S6, E and F). Moreover, dSTORM superresolution imaging 
showed an increased number of PD-L1 single-molecule localiza-
tions and higher PD-L1 protein density following treatments with 
increasing concentrations of talazobarib (Fig. 4, A and B). These 
results confirm that talazoparib treatment can induce tumor immu-
nosuppression, thereby reducing treatment efficacy. This highlights 
the potential for combination therapy, where codelivery of talazopa-
rib with an immunotherapeutic agent capable of restoring tumor 
immunogenicity could enhance overall treatment outcomes.

PD-L1 inhibitor reduced PD-L1 expression and 3D spheroid 
growth when combined with talazoparib
To meet this challenge, a combination treatment of talazoparib and 
PD-L1i (SM56) (41) was tested in vitro. First, EMT6 cells were incu-
bated with 10 μM PD-L1i for 24 to 72 hours, which caused a reduc-
tion in PD-L1 expression in a time-dependent manner (fig. S6G). 
Then, EMT6 cells were treated with the combination of 10 nM tala-
zoparib and 10 μM PD-L1i to assess their ability to abrogate PD-L1 
up-regulation. As seen in the graph, treatment with talazoparib alone 
up-regulated PD-L1 expression by threefold, while treatments with 
PD-L1i alone reduced PD-L1 expression by ~40% compared to un-
treated cells after 48 hours. The addition of PD-L1i to talazoparib 
reduced PD-L1 expression from 3- to 1.5-fold (fig. S6H). Further-
more, the antiproliferative effect was also assessed in mCherry-
labeled EMT6 3D spheroids. The 3D spheroids were established in a 
U-well–shaped plate for 72 hours, then treated with 1 μM talazopa-
rib and 10 μM PD-L1i separately or combined, and cocultured with 
activated splenocytes for an additional 72 hours. The activated sple-
nocytes alone inhibited the 3D spheroids growth by 1.1-fold, but the 
most significant inhibition was achieved for the combined treat-
ment (1.6-fold decrease compared to 1.4 by talazoparib and 1.2 by 
PD-L1i), confirming the rationale for the combination of these two 
compounds in our nanoplatform (Fig. 4, C and D). Therefore, 
this combination could be beneficial in specific subpopulations of 
patients who bear BRCA-mutated or homologous recombination 
(HR)–deficient cancers and which express P-selectin.

P-selectin is highly expressed in melanoma and BC tumor 
tissues and 3D spheroids
The focus was then directed toward enhancing the therapeutic effi-
cacy of NPs through surface modification using P-selectin–binding 
moieties. Immunostaining for P-selectin on murine D4M.3A pri-
mary tumors and brain metastases was higher than on healthy skin 
and brain tissues (sevenfold and fourfold increase, respectively) 
(Fig. 4E). In addition, patient-derived human samples showed ele-
vated expression of P-selectin in primary tumors (fivefold increase) 
and in MBM (12-fold increase) compared with healthy brain samples 
(11), supporting the clinical relevancy of P-selectin targeting (Fig. 
4F). Furthermore, we recently showed that P-selectin is expressed in 

patient-derived primary and brain metastases of BC (42), and in the 
current study, we demonstrate P-selectin expression in primary and 
brain metastases of BRCA-mutated murine EMT6 BC tumors (Fig. 
4G). Next, we developed an in vitro model that recapitulates P-
selectin expression levels observed in vivo. D4M.3A and WM115 
cells grown in 2D cultures expressed low levels of P-selectin, but 
once grown in 3D spheroids, P-selectin expression was doubled 
(fig. S7, A and B). When D4M.3A cells were combined with endo-
thelial cells (bEnd.3) to form multicellular 3D spheroids, P-selectin 
staining was observed in both cell types, tumor and endothelial cells 
(fig. S7C). In addition, staining for P-selectin in BC EMT6 3D 
spheroids showed a twofold increase compared to isotype control, 
verifying the feasibility of P-selectin targeting in this BC model as 
well (fig. S7D).

Synthetic strategies for the preparation of sulfated 
PLGA-PEG polymers to target P-selectin
The degree of sulfation was shown to control the binding affinity to 
L/P-selectin (43,  44). Therefore, we synthesized two polymers: (i) 
PLGA-PEG-SO3Na (polymer 3) containing one sulfonate group and 
(ii) PLGA-PEG-GLY-(OSO3Na)2 (polymer 8) containing two sulfate 
groups (fig. S8). Detailed synthesis is described in Materials and 
Methods. The introduction of a single sulfonate group and the ratio 
between PEG and PLGA in polymer 3 were confirmed by 1H nucle-
ar magnetic resonance (NMR) (fig. S9). The coupling of one unit of 
glycerol in polymer 4 was confirmed by 1H NMR (fig. S10), and the 
polymers (4 to 8) were characterized by electrospray ionization 
time-of-flight mass spectrometry (ESI TOF MS; fig. S11), size exclu-
sion chromatography (SEC) (fig. S12), and Fourier transform infra-
red spectroscopy (fig. S13). Polymers 3 and 8 were then used for 
encapsulating DBF and TRM for the melanoma model. For the BC 
model and encapsulating talazoparib and PD-L1i, an optimized 
polymer was used. Here, to enhance the efficiency of the polymer 
synthesis—aiming to reduce the number of synthetic and purifica-
tion steps, increase yields, and improve the structural integrity of 
the di-block copolymers—we shifted from conjugating PEG to 
PLGA and then modifying both chain ends, to synthesizing PLGA 
directly from a PEG macroinitiator. In addition, we used thiol-ene 
click chemistry (45) to conjugate thio-glycerol, which could be di-
rectly transformed into the final di-sulfate functionalized PLGA-
PEG polymer. The synthesis procedure is depicted in Materials and 
Methods as well as in fig. S14. The only difference between the two 
final polymers is the linker between PEG and glycerol, which 
changed from carbamate-based in the first version to thio-ether 
based in the second polymer. This alteration should not substan-
tially affect the overall properties of this large polymer as character-
ized later.

Twenty percent S content is homogeneously distributed on 
the surface of PLGA-PEG-GLY-(OSO3Na)2 NPs
The presence of sulfate groups on the surface of the NPs was as-
sessed as they interact with the P-selectin receptors presented on the 
surface of the cancer cells and the activated endothelial cells. The 
sulfated polymer was introduced into the polymer mixture, replac-
ing PLGA-PEG polymer used in the nontargeted NP prototype. 
We conducted a surface-specific quantitative x-ray photoelectron 
spectroscopy (XPS) analysis to ascertain the elemental analysis of 
PLGA-PEG-GLY-(OSO3Na)2 NPs and confirm the presence of sul-
fate groups on their surface. The XPS survey spectrum (fig. S15A) 
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Fig. 4. Talazoparib increased PD-L1 expression levels and evaluation of P-selectin expression in human and murine melanoma, as well as in BRCA-mutated murine BC. 
(A and B) dSTORM imaging and analysis showing PD-L1 localizations per square micrometer in EMT6 cells with higher concentrations of talazoparib (Tal) after 48 hours. Blue: TIRF 
microscopy cell membrane; red: TIRF microscopy PD-L1 and dSTORM microscopy PD-L1 representative images. Data represent mean ± SD (N = 3). Scale bars, 10 μm. (C) Representative 
images of EMT6 3D spheroids cocultured with activated splenocytes, at a 1:100 ratio, respectively, following treatments with Tal and PD-L1i, separately or combined. Scale bars, 
300 μm. (D) Quantification of mCherry % area. Spheroids were either untreated (UT), supplemented with splenocytes (UT + spleen), or treated with 1 μM Tal and 10 μM PD-L1i, sepa-
rately or combined. Data represent mean ± SD (N = 3, n = 10), and statistical significance was calculated using two-sided repeated-measures ANOVA (P < 0.05). (E and F) Representative 
images and quantification of immunofluorescence staining of melanoma (E) Murine D4M.3A. Scale bars, 100 μm. (F) Patient-derived specimens. Scale bars, 10 μm. The nucleus was 
stained with DAPI (blue), and P-selectin was stained with Cy5-labeled antibody (SELP, cyan). Data represent mean ± SD; at least three fields were imaged from each specimen, N = 3. 
(G) P-selectin expression in BRCA-mutated EMT6 primary (left) and brain metastases (right). Nuclei are stained with DAPI in blue and P-selectin (SELP) in red. Scale bars, 100 μm.
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revealed characteristic peaks for carbon, nitrogen, oxygen, and sul-
fur, indicating the presence of these elements on the NP surface. 
Additional peaks may suggest the presence of sodium and chlorine. 
At higher binding energies (above 700 eV), we find peaks for metals 
or other less common elements. The sulfur peak around 160 to 170 eV 
suggests sulfate groups, which are relevant for surface interac-
tions that aim to target P-selectin. To accurately pinpoint the peak 
positions of each element, the C1s (C─C) bond peak was initially 
located at 284.86 eV, aligning closely with the theoretical expecta-
tion of 284.8 eV (fig. S15B). Consequently, no adjustments were 
needed to align the observed results with theoretical values. The de-
rived peaks are documented in the accompanying table (fig. S15E), 
which also describes the atomic percentage of each element in rela-
tion to the overall sample composition. Figure S15C presents the 
high-resolution XPS spectra for the sulfate group peak located at 
168.48 eV. It resolves the binding energies of the 2p3/2 and 2p1/2 
orbitals, confirming the presence of sulfate functional groups on the 
surface of the PLGA-PEG-GLY-(OSO3Na)2 NPs, which are crucial 
for targeted interactions. In fig. S15D, the depth profile analysis of 
the S2p peak indicates a consistent peak shape across different sput-
tering times, each layer representing 60-s intervals of ion exposure. 
The accompanying inset corroborates these findings, demonstrating 
no notable variation in the sulfate content or the sulfur atomic per-
centage relative to carbon within the top 30 nm of the NP surface.

Sulfation on PLGA-PEG increased the NPs’ internalization 
and accumulation in 3D spheroids and tumors
The P-selectin–mediated internalization of the newly synthesized 
sulfated NPs was assessed on P-selectin–expressing 3D spheroids. 
Human WM115 and murine D4M.3A melanoma 3D spheroids 
were treated with Cy5-labeled NPs for 20 hours. PLGA-PEG-GLY-
(OSO3Na)2 NPs, followed by PLGA-PEG-SO3Na NPs, exhibited 
significantly higher internalization rates into the 3D spheroids com-
pared to nontargeted NPs in both cell lines (~6.7- and ~2.8-fold in-
crease, respectively). Furthermore, a 2.3-fold increase was observed 
for the NPs with bis-sulfates on their surface compared to NPs func-
tionalized with mono-sulfonate (Fig. 5, A and B, and fig. S16, A and 
C). Upon pretreating the 3D spheroids with 10 μM P-selectin in-
hibitor (SELPi), the internalization of PLGA-PEG-GLY-(OSO3Na)2 
and PLGA-PEG-SO3Na NPs was reduced by 5- and 1.5-fold in 
D4M.3A 3D spheroids (Fig. 5, C and E), and by 1.5- and 1.3-fold in 
WM115 3D spheroids, respectively, after 22 hours (fig. S16, B and D 
to F), while the internalization of nontargeted NPs remained unaf-
fected. A competition assay was also performed, where we com-
pared the internalization of the PLGA-PEG-GLY-(OSO3Na)2 NPs 
into the core of D4M.3A spheroids in the absence or presence of 
pretreatment with 10 μM P-selectin inhibitor for 1 hour at 37°C. The 
spheroids were then incubated with 1 μM Cy5-labeled PLGA-PEG-
GLY-(OSO3Na)2 NPs for 24 hours. Here, the spheroids were mounted 
on a slide and imaged from the middle of the Z-stack. As seen in the 
image, a clear reduction in Cy5 signal was observed after treatment 
with the P-selectin inhibitor compared to untreated spheroids. The 
Z-stack images show that the NPs internalized into the core of the 
spheroid, proving that they did not merely adhere to the spheroids’ 
surface (Fig. 5D). A similar trend was observed in murine EMT6 3D 
spheroids, where internalization of the optimized PLGA-PEG-GLY-
(OSO3Na)2 NPs was higher than nontargeted NPs and PLGA-PEG-
SO3Na NPs (fig. S16, G and H) and was reduced by 1.7-fold in the 
presence of 10 μM P-selectin inhibitor compared to untreated 3D 

spheroids after 20 hours (fig. S16, I and J). Together, these results 
confirm that in both models, the sulfated PLGA-PEG NPs internal-
ization mechanism is primarily mediated by P-selectin. In addition, 
Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 NPs were incubated 
with recombinant human P-selectin (rhSELP) or skim milk. The 
sulfated NPs exhibited increased P-selectin binding compared to 
nontargeted NPs up to 300 μg/ml. However, at NP concentrations 
above 300 μg/ml, both NPs showed a high Cy5 signal after incuba-
tion with skim milk and rhSELP, suggesting nonspecific binding 
(Fig. 5, F and G).

Afterward, P-selectin–targeted NPs were intravenously adminis-
tered to C57BL/6 mice bearing subcutaneous D4M.3A tumors. The 
Cy5 signal of PLGA-PEG-GLY-(OSO3Na)2 NPs was 5 times higher 
than that of DBF-Cy5 and PLGA-PEG NPs, and 2.6 times higher 
than the signal from PLGA-PEG-SO3Na NPs (Fig. 6, A and B). In 
addition, the sulfate/sulfonate modification did not alter the distri-
bution of NPs to essential organs, showing reduced accumulation in 
the liver after 24 hours compared to nontargeted NPs (fig. S17, A to 
D). We then quantified the drugs’ concentrations in vivo following 
administration of the P-selectin–targeted two-in-one NP, looking 
into the early time points until 1 hour, as the NPs start to accumulate 
at the tumor site at this time point. We intravenously injected the 
targeted two-in-one NP encapsulating TRM and DBF at a 1:10 ratio, 
respectively, to non–tumor-bearing mice and collected the blood at 
the following three time points: 5, 30, and 60 min. Then, TRM and DBF 
were extracted from the mice’s serum and Liquid Chromatography–
Mass Spectrometry (LC-MS/MS) was used to detect the drug con-
centrations. We found that the initial ratio of TRM and DBF was 
maintained at these time points, showing that we preserved the 
effective required concentration of the drugs until the NPs reached 
the tumor (fig. S17E). Furthermore, the tumor accumulation of 
Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 NPs was compared to 
nontargeted Cy5-labeled PLGA-PEG NPs in BALB/C mice that 
were intramammary fat pad inoculated with EMT6 cells. At 3 and 
24 hours after injection, the Cy5 signal from the harvested tumors 
was significantly higher for the PLGA-PEG-GLY-(OSO3Na)2-Cy5 
NPs than for the PLGA-PEG-Cy5 NPs (1.7 versus 1.1 scaled counts 
s−1 after 3 hours and 2.4 versus 1.1 scaled counts s−1 after 24 hours, 
respectively). Twenty-four hours after administration, the high Cy5 
signal from the tumors indicates the retention of PLGA-PEG-GLY-
(OSO3Na)2-Cy5 NPs inside the tumors (Fig. 6, C and D). In addi-
tion, 24 hours after administration, the distribution to essential 
organs was assessed, showing the highest accumulation in the liver, 
the main elimination pathway, followed by the tumor for PLGA-
PEG-GLY-(OSO3Na)2-Cy5 NPs, and the spleen for the PLGA-PEG-
Cy5 NPs (fig. S17, F and G). Furthermore, the NP brain accumulation 
was assessed on BALB/C female mice (BCBM) and C57BL/6 mice 
(MBM), 12 days after intracranial injection of EMT6 or D4M.3A 
cells, accordingly (Fig. 6E). Six hours after administration, the NPs’ 
accumulation in the brain was three times higher than the free drug 
in the BCBM model, and in the MBM model, there was a 30% in-
crease in the brain Cy5 signal for the NPs compared to the free drug, 
suggesting that P-selectin–targeted NPs can mediate enhanced 
accumulation of encapsulated drugs in P-selectin–expressing ortho-
topic BC and melanoma models as well as brain metastases (Fig. 
6F). Nonetheless, based on previous data showing induced P-selectin 
expression by radiation, which facilitated brain penetration of 
P-selectin–targeted fucoidan-based NPs (46), we hypothesized that 
it could also be used to increase the tumor accumulation of our 
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Fig. 5. Sulfate conjugation to PLGA-PEG increased the internalization of NPs into 3D spheroids. (A) Representative images of time course internalization of Cy5-labeled 
NPs into D4M.3A 3D spheroids. Scale bars, 400 μm. (B) Time course quantification of Cy5 intensity within D4M.3A 3D spheroids. (C) Representative images of Cy5-labeled NPs 
internalization into D4M.3A 3D spheroids after 22 hours. The spheroids were preincubated with SELPi for 1 hour before NPs addition. Scale bars, 400 μm. (D) Representative 
Z-stack images of Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 NPs internalization into the core of D4M.3A 3D spheroids after 24 hours, preincubated in the presence or absence of 
10 μM SELPi. Scale bars, 200 μm. (E) Quantification of Cy5 intensity over time of nontargeted NPs and P-selectin–targeted NPs, after preincubation of the D4M.3A 3D spheroids 
with increasing SELPi concentrations. All quantifications are representative of three independent experiments. The data correspond to the mean ± SD of at least eight 
3D spheroids per group, and statistical significance was determined using a two-way ANOVA test. (F and G) P-selectin binding assay of PLGA-PEG-GLY-(OSO3Na)2 NPs and 
PLGA-PEG NPs. Plates were coated with human recombinant P-selectin (rhSELP) or with skim milk (nonspecific binding control) and then incubated with PLGA-PEG-GLY-
(OSO3Na)2 NPs or PLGA-PEG NPs for 15 min. (F) Fluorescence intensity of Cy5-labeled NPs after incubation with rhSELP or skim milk. (G) The fluorescence intensity ratio of 
rhSELP/skim milk. Bars represent mean ± SD, and a two-way ANOVA was used for statistical analysis.
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Fig. 6. Sulfate conjugation to PLGA-PEG increased the NPs’ internalization into tumors. (A) Tumor accumulation of Cy5-labeled NPs or free DBF-Cy5, 2 hours after 
intravenous administration. N = 6–7 mice per group; the experiment was repeated twice. (B) Quantification of Cy5 intensity within the tumors. The graph represents indi-
vidual Cy5-intensity values from the tumors and mean ± SEM. Statistical significance was calculated using one-way ANOVA. (C) Representative images of the EMT6 tumor 
accumulation of Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 NPs or nontargeted PLGA-PEG NPs, 3 and 24 hours after the intravenous administration. (D) Quantification of the 
Cy5 signal from the EMT6 tumors. N = 3 mice per group. (E) Experimental scheme. Maestro intravital imaging of brains was done 12 days after intracranial injection of 
EMT6/D4M.3A cells and 6 hours after the injection of Cy5-labeled treatments. (F) Tumor accumulation of Cy5-labeled free drug or Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 
NPs in brain metastasis of EMT6 BCBM and D4M.3A MBM. The brains were harvested and imaged 6 hours after the injection of the treatments. N = 3 mice per group. The 
graphs represent individual Cy5-intensity values from the tumor normalized to the free drug and mean ± SEM. Statistical significance was calculated using Student’s t test. 
(G) Tumor accumulation of Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 NPs in mice 4 hours after treatment with or without 2 Gy irradiation. N = 4 mice per group. Data was 
normalized to the untreated mouse on the left side of each image. (H) Quantification of the Cy5 signal from the tumor. The graph represents individual Cy5-intensity 
values from the tumor and mean ± SEM. Statistical significance was calculated using multiple unpaired t test.
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PLGA-PEG-GLY-(OSO3Na)2 NPs. Here, C57BL/6 mice bearing 
subcutaneous D4M.3A tumors were irradiated [2 gray (Gy)] 4 hours 
before treatment with PLGA-PEG-GLY-(OSO3Na)2-Cy5 NPs and 
the Cy5 signal was monitored for 24 hours. Already 1 hour after 
administration, the irradiated tumors had significantly higher Cy5 
signal than the control mice that were not irradiated [6755 versus 
5.5 (p s−1 cm−2 sr−1)/(μW cm−2)]. This trend continued through-
out the experiment, where 24 hours after administration, the NP 
tumor accumulation was higher in the irradiated tumors [8.1 
versus 2.4 (p s−1 cm−2 sr−1)/(μW cm−2), respectively], strengthen-
ing the notion for improved radiation-induced tumor accumula-
tion of P-selectin–targeted NPs (Fig. 6, G and H).

Physicochemical properties of drug-loaded 
PLGA-PEG-GLY-(OSO3Na)2 NPs
Next, drug-loaded P-selectin–targeted NPs were formulated by dis-
solving the drug combinations in the polymer’s mixture. The DBF- 
and TRM-loaded P-selectin–targeted PLGA-PEG NPs exhibited 
an average diameter of 95 nm and a narrow size distribution 
(PDI  =  0.15), for both the sulfonate and sulfated NPs. The zeta 
potential was nearly neutral (ζ = −0.95 mV) due to the abundant 
ester-terminated PLGA and PEG polymers. The DLE and DLC 
closely resembled that of the nontargeted NPs and the NPs remained 
stable in PBS for 72 hours (fig. S18, A to F). The 50% drug release of 
TRM remained unchanged, but that of DBF was reduced to 7 hours 
in PLGA-PEG-GLY-(OSO3Na)2 NPs and 14 hours in PLGA-PEG-
SO3Na NPs. This change resulted from the increased hydrophobici-
ty of DBF (log p = 5.44 for DBF and 3.45 for TRM) and its higher 
loading ratio (fig. S18G). The NPs showed biocompatibility and 
safety as they did not affect the viability of NIH/3T3 murine fibro-
blast cells or cause red blood cell lysis (fig. S18, H and I). For tala-
zoparib- and PD-L1i-loaded NPs, prepared with the optimized 
PLGA-PEG-GLY-(OSO3Na)2 polymer, the DLC for talazoparib-
loaded NPs (Tal NPs) was 18 wt %, and for PD-L1i NPs, it was 10.5 wt %. 
For the coencapsulation of talazoparib and PD-L1i at a 1:4 ratio, the 
DLC was 3.5 and 12.5 wt %, respectively. The NPs exhibited an aver-
age hydrodynamic diameter of 125 nm with a narrow size distribu-
tion (PDI  =  0.13) and a nearly neutral zeta potential (fig. S19A). 
TEM images revealed a homogeneous and spherical morphology 
with an average diameter of 73 nm (fig. S19B). In addition, the re-
lease profile of the dual-loaded NPs resembled that of the single-
loaded NPs (fig. S19C). Furthermore, the NPs remained stable in 
PBS for 72 hours, retaining an average hydrodynamic diameter of 
~140 nm and a PDI of 0.18 (fig. S19, D and E). In vitro, talazoparib-
loaded NPs demonstrated similar antiproliferative capabilities as 
free talazoparib, with an average IC50 value of 9.7 nM in EMT6 cells 
and 5.3 nM in MDA-MB-436 cells, respectively (fig. S19, F and G). 
Blank NPs (NPs without compounds) did not affect EMT6/MDA-
MB-436 cell proliferation, nor did they cause red blood cell lysis up 
to 5 mg/ml, implying their safety for systemic administration (fig. 
S19, H to J).

PLGA-PEG-GLY-(OSO3Na)2 NPs show superior in vivo efficacy 
versus free drugs and nontargeted NPs
Then, the in vivo efficacy of DBF- and TRM-loaded PLGA-PEG-
GLY-(OSO3Na)2 NPs was evaluated. C57BL/6 mice bearing D4M.3A 
tumors of ~50 mm3 (day 10) were intravenously treated with DBF 
(1 mg/kg) and TRM (0.1 mg/kg), either as free drugs, nontargeted 
NPs, or P-selectin–targeted NPs, QOD. Treatments continued until 

the first drug-treated group reached tumor volume > 1000 mm3. Free 
DBF and TRM only maintained a small tumor volume (<250 mm3) 
until day 31, while nontargeted NPs and PLGA-PEG-SO3Na NPs 
retained it until day 39. Surprisingly, 11 days after treatment 
withdrawal (day 57), the PLGA-PEG-GLY-(OSO3Na)2 NP group 
had an average tumor volume < 250 mm3, and 7 of 10 mice had 
tumor volumes <150 mm3 (Fig. 7, B to E). In addition, there was 
a survival benefit, with a median survival of 80 days for mice 
treated with the PLGA-PEG-GLY-(OSO3Na)2 NPs compared to 57 
to 58 days for the other drug-treated groups and 29 days for the PBS 
group (Fig. 7F). Immunostaining showed notably decreased cell 
proliferation (Ki-67), increased apoptosis (cleaved caspase-3), and 
decreased pERK staining in the PLGA-PEG-GLY-(OSO3Na)2-treated 
group compared to the other groups. These results supported the 
better antitumor efficacy obtained in this group (Fig. 7H and fig. 
S20, A and B). Furthermore, neither group suffered from abnormal 
weight changes throughout the experiment that could indicate tox-
icity. In addition, following the eighth treatment, blood was drawn 
to perform a blood biochemistry analysis, which did not indicate 
hepatic or renal toxicities (figs. S7G and S21). Notably, because skin 
toxicity is a known and prevalent adverse event associated with 
BRAF and MEK inhibitors (47–50), we assessed pERK levels follow-
ing the administration of low doses of DBF and TRM as free drugs 
or drug-loaded NPs and compared it to previously reported dosages. 
Four hours after intravenous administration, reduced levels of pERK 
were observed in healthy skin tissue for the free drug combination. 
However, with our NPs, pERK levels were equivalent to the PBS-
treated group. On the basis of this observation, we hypothesize that 
skin toxicity can be mitigated using our P-selectin–targeted NPs 
(Fig. 7I).

A proof-of-concept in vivo experiment on the BC model was 
then conducted after we observed the significant improvement in 
tumor growth inhibition and survival of the PLGA-PEG-GLY-
(OSO3Na)2 NPs in the melanoma model. Here, BALB/C female 
mice were inoculated in the intramammary fat pad with EMT6 
cells and were allowed to establish tumors until the average tumor 
volume was 50 mm3 (day 15). Then, the mice were randomized into 
groups and intravenously administered with the combination of 
PD-L1i (3 mg/kg) and talazoparib (0.3 mg/kg) as free compounds, 
P-selectin–targeted NPs, nontargeted NPs, or controls [PBS, vehi-
cle, and PLGA-PEG-GLY-(OSO3Na)2 carrier], three times a week. 
Neither the combination of free talazoparib and PD-L1i nor the 
nontargeted talazoparib- and PD-L1i-loaded NPs significantly 
reduced the tumor growth compared to the control groups; how-
ever, the P-selectin–targeted NPs substantially reduced the tumor 
growth compared to the control groups and free compounds (Fig. 
7J). Notably, neither group suffered from abnormal weight changes 
that could indicate toxicity (fig. S22).

DISCUSSION
Combination therapy is at the forefront of cancer therapy, aiming to 
enhance the efficacy of individual drugs by synergistically inhibiting 
tumor cell growth. Here, we developed a versatile and effective 
nanoplatform for the codelivery of multiple drugs. The rationale for 
selecting two distinct drug combinations was to show the robust-
ness of our nanoplatform, being agnostic to the type of targeted 
therapies, as long as the cancer tissue expresses P-selectin. The com-
mon denominator was the choice of two drugs, the combination of 
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Fig. 7. Drug-loaded PLGA-PEG-GLY-(OSO3Na)2 NPs substantially reduced tumor growth and prolonged mice survival. (A) Timeline of study treatments and follow-
up. (B) Tumor volume growth curve. P values correspond to the tumor volume of the treatment groups compared to PBS at day 23. (C to E) Individual tumor volumes. 
Statistical significance was calculated for groups that did not reach the first end point using two-sided repeated-measures ANOVA (P < 0.05). N = 5 mice for the PBS group 
and N = 8 to 10 mice for the remaining groups. (F) Kaplan-Meier survival curve. The statistical significance shown in the graph corresponds to drug-loaded PLGA-PEG-GLY-
(OSO3Na)2 NPs compared with free drugs. In addition, P = 0.0006 for PLGA-PEG-GLY-(OSO3Na)2 NPs compared with PLGA-PEG NPs. P < 0.0001 for all groups compared with 
PBS. P values were determined using a log-rank test. (G) Body weight change graph, expressed as percent change from treatment initiation. (H) Representative immuno-
fluorescence staining of D4M.3A tumors and quantification. Tumor cells are shown in blue (DAPI), and positive immunostaining is shown in magenta. N = 3 mice per 
group, at least six images per mouse. Statistical significance was determined using a one-way ANOVA test with multiple comparisons adjustment. Scale bars, 100 μm. All 
graphs show mean ± SEM. (I) Representative images of skin samples from healthy mice, 4 hours after intravenous injection. Red staining for pERK; scale bars, 200 μM. 
(J) EMT6 tumor volume growth curve. The P values correspond to the tumor volume of the PLGA-PEG-GLY-(OSO3Na)2 NPs group compared to PBS (P = 0.016), vehicle 
(P = 0.010), and free talazoparib and PD-L1i (P = 0.020) at day 22. Data are shown as mean ± SEM. Statistical significance was determined using two-sided repeated-
measures ANOVA (P value <0.05). N = 6 to 9 mice per group.
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which is advantageous in terms of anticancer therapy. The first duo 
of BRAFi and MEKi is relevant to BRAF-mutated cancers, and the 
second duo of PARPi and PD-L1i is relevant to BRCA-mutated or 
HR-deficient cancers, making a defined subpopulation of patients 
who will gain benefit from our modular two-in-one NP platform.

BRAFi and MEKi are the SoC for patients with BRAF-mutant 
melanoma. However, most patients (>80%) discontinued treat-
ments due to disease progression (51). To address this, we designed 
PLGA-PEG nanocarriers capable of coencapsulating both drugs, 
ensuring that the optimal ratio for synergism is maintained and that 
each tumor cell receives equal exposure to both agents. Conversely, 
coinjection of two single-loaded nanocarriers cannot guarantee the 
simultaneous and synergistic delivery of combined drugs, resulting 
in suboptimal efficacy, although it improves the pharmacokinetic 
profile of each free drug by encapsulating it in an NP (52). Tradi-
tionally, nanoparticle production involves manual mixing of organic 
and aqueous phases, leading to variability and poor batch-to-batch 
reproducibility. To overcome these challenges, we used microfluid-
ics to achieve homogenous, monodispersed, and reproducible NPs 
(53). The NP size was tuned to sub-100 nm, with a narrow PDI 
(0.18) and a slightly negative zeta potential (ζ = −0.35), to prolong 
blood circulation half-life and allow sufficient tumor accumulation 
(54, 55). Three hours after injection, the NPs’ tumor accumulation 
was 6.8 times higher than that of the free drug. In addition, as the 
MAPK pathway is cardioprotective and essential for normal vascu-
lar and cardiac physiology, inhibiting it in the heart with DBF and 
TRM therapy was expected to lead to cardiotoxicity (56). Although 
we did not monitor the heart activity and functionality, our NPs did 
not accumulate in the heart, suggesting a potential reduction in car-
diotoxicity compared to free DBF, which exhibited a seven- and five-
fold increase in heart accumulation relative to the nanoparticles.

Initially, the two-in-one dual-loaded NPs demonstrated compa-
rable in vivo activity to the combination of the free drugs. However, 
the ability of the NPs to reduce drug dosing while maintaining high 
therapeutic efficacy and safety was not manifested at that dose. 
Therefore, we postulated that the NPs’ improved drug accumulation 
could allow for lower dosing while still achieving effective antitumor 
activity. This time, the two lower doses (1 and 2 mg/kg) of NPs re-
sulted in an increased antitumor efficacy compared to free drugs. 
Cherri et al. showed that intraperitoneally injected dendritic polyg-
lycerol sulfate-bearing poly(caprolactone) (dPGS-PCL) loaded with 
sunitinib inhibited tumor growth as orally administered free suni-
tinib at three times higher concentrations (57). In our study, the 
lower dose of NPs significantly reduced tumor growth (P < 0.0001) 
compared to free drugs administered even at double the concentra-
tion. All treatments were intravenously administered; therefore, 
factors such as bioavailability did not affect the tumor drug concen-
trations. In preclinical testing, treatments with 0.3 to 3 mg/kg TRM 
inhibited tumor growth, while treatments with 0.1 mg/kg resulted in 
large tumor volumes already after 15 days (58). Similarly, treatments 
with 10 to 100 mg/kg DBF inhibited tumor growth, whereas treat-
ments with 3 mg/kg did not inhibit tumor growth. In addition, the 
combination of DBF (30 mg/kg) with TRM (0.3 mg/kg) was supe-
rior to each drug alone (40). Our NPs inhibited tumor growth at 
doses as low as 1/30 of the DBF dose, equivalent to 1 mg/kg DBF and 
a third of the TRM dose, equivalent to 0.1 mg/kg TRM. Recently, 
our group published a drug delivery platform based on poly(α, l-
glutamic acid) (PGA) conjugated to selumetinib (SLM, MEKi) 
and modified dabrafenib (mDBF). The combined treatment led to a 

substantial antitumor effect and prolonged mice survival (39). Nev-
ertheless, SLM, which is indicated for patients with neurofibromato-
sis type 1, is not the SoC for patients with melanoma (59). On the 
other hand, TRM lacked a functional group available for covalent 
conjugation and could not be combined in such a platform. There-
fore, herein we developed a drug delivery system based on hydro-
phobic interactions to encapsulate TRM and DBF within the PLGA 
matrix. In addition, TRM showed higher potency on D4M.3A cells 
(IC50 = 7.7 nM) than SLM (IC50 = 200 nM), which facilitated the 
enhanced antitumor activity of the PLGA-PEG NPs compared to 
PGA-SLM-mDBF [mDBF (10 mg/kg) and SLM (15 mg/kg)].

To further enhance the NPs’ tumor accumulation, ligand-receptor– 
mediated targeting was proposed. P-selectin has been demon-
strated by us and others to enhance the therapeutic efficacy of 
targeted NPs against P-selectin–expressing tumors (6,  60,  61). 
Herein, high levels of P-selectin were observed in patient-derived 
melanoma samples and D4M.3A melanoma tumor tissues. Further-
more, sections from human MBM exhibited even higher expression 
levels of P-selectin compared to the primary tumor, suggesting its 
potential utilization to improve NPs’ brain penetration. In addition, 
P-selectin was also observed in human and murine primary BC and 
brain metastasis (BM), which made BC an optimal second model to 
demonstrate the versatility of our nanoplatform and encapsulate the 
combination of talazoparib with our PD-L1 small-molecule inhibi-
tor, SM56.

To target P-selectin, we synthesized two modified polymeric 
amphiphiles, containing either one sulfonate moiety (PLGA-PEG-
SO3Na) or two sulfate moieties [PLGA-PEG-GLY-(OSO3Na)2], and 
used them to prepare targeted NPs, which exhibited greater inter-
nalization rates into P-selectin–expressing melanoma and BC 3D 
spheroids compared to nonmodified NPs. The major driving forces 
for binding between P-selectin and sulfate/sulfonate groups are 
charge-charge interactions (62) and counterion release after bind-
ing, as demonstrated in molecular dynamics simulations (63). 
Previously, fucoidan-based NPs were shown to bind P-selectin. 
Nevertheless, natural polymers lack defined weight-average mo-
lecular weight (Mw) and are characterized by broad dispersity (Đ) 
and variable batch-to-batch degrees of sulfation (64). The use of 
synthetic polymers that mimic these sulfated natural polymers may 
improve batch-to-batch reproducibility. However, to date, the exist-
ing synthesized amphiphilic polymers that contained sulfates had 
limited drug loading due to the random distribution of hydropho-
bic and hydrophilic moieties (57). Polyglycerol sulfate dendrimers 
(dPGS) were also shown to bind P-selectin. However, the polymers’ 
hydrophilicity limits their drug-loading content (DLC). The dPGS 
possessed a 90% degree of sulfation. Hence, drug conjugation to the 
polymeric backbone was essential to avoid premature drug release 
(6, 60). Likewise, paclitaxel-loaded fucoidan NPs demonstrated a 
fast release profile, with more than 70% of the encapsulated drug 
being released following 8 hours (7). In addition, not all drugs 
can be covalently bound. Furthermore, Zhang et al. used fucoidan 
as a coating layer, but the degradation of such charged-based coat-
ing could take place already in the blood (65), strengthening the 
need for a new covalently bound P-selectin–targeting polymer. 
Our PLGA-PEG self-assembled to form NPs with a hydrophobic 
core, facilitating the encapsulation of the two hydrophobic drugs. 
Here, the sulfate groups were conjugated to the PEG block in 
PLGA-PEG polymer, serving as surface modifiers, so that the 
hydrophobic core was not affected. Last, the therapeutic advantage 
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of PLGA-PEG-GLY-(OSO3Na)2 was demonstrated by a marked ex-
posure to higher dosing and an optimal drug ratio that enhanced 
the antitumor activity of the two drugs and delayed tumor escape. 
Of note, this was achieved by solely altering the pharmacokinetics 
of the drugs. Together, each sulfated nanocarrier has its advantages 
and disadvantages, which dictate the drug to be encapsulated/
conjugated and the disease indication and its location.

While searching for an effective drug combination to treat 
TNBS, we observed an induction in PD-L1 expression following 
the treatment with talazoparib. This gave rise to an additive drug 
combination with PD-L1i to counteract its induction. In this case, 
talazoparib was coencapsulated, in P-selectin–targeted NPs with 
our murine PD-L1 small-molecule inhibitor, SM56, which was de-
veloped alongside the human PD-L1 small-molecule inhibitor, 
SM69 (41). Despite PARPi gaining huge interest in the treatment 
of cancers with deficient homologous recombination repair, 
BRCA-mutated BC tumors often develop resistance to PARPi 
therapy through diverse mechanisms (66–68). Under this scope, 
combined treatments and drug delivery platforms allow for reduc-
ing PARPi dose while increasing tumor-specific delivery can help 
delay resistance and enhance the overall antitumor effect (69). The 
accumulating evidence suggests that PARPi can initiate tumor-
immune responses, promoting tumor growth (70, 71). Talazoparib 
demonstrated antiproliferative activity in BRCA-mutated BC cell 
lines; however, it increased PD-L1 expression, both at the protein 
and RNA levels in EMT6 cells. This suggested that combining 
anti–PD-1/PD-L1 therapies with PARPi in BRCA-mutated can-
cers could mitigate the tumor immunosuppression associated 
with the PARPi therapy and achieve an additive anticancer effect. 
Our findings demonstrated that coadministering talazoparib with 
our PD-L1 inhibitor effectively counteracted PD-L1 up-regulation 
and significantly reduced EMT6 mCherry tumor 3D spheroid 
growth in coculture with activated splenocytes. The discovery of 
P-selectin expression in primary and brain metastases of EMT6 
tumors and 3D spheroids prompted us to coencapsulate these 
drugs in the P-selectin–targeted NPs. In vivo assessments revealed 
that while free drug combinations or nontargeted NPs did not 
markedly affect tumor growth, P-selectin–targeted NPs substan-
tially inhibited tumor progression compared to control groups 
and free drugs, underscoring the potential of this targeted two-
in-one nanomedicine approach in enhancing antitumor efficacy 
in BRCA-mutated BC.

It is now becoming clear that P-selectin is overexpressed in vari-
ous tumor types compared to healthy tissues, such as glioblastoma 
versus brain, pancreatic ductal adenocarcinoma versus pancreas, 
renal cell cancer versus kidney, melanoma versus skin, and BC ver-
sus breast tissue and on activated endothelial cells at the tumor site 
(6, 11). Given that DBF and TRM can now be prescribed to any tu-
mor type with BRAF V600E mutation, and our demonstration of 
the versatility of our nanoplatform by coencapsulating additional 
drug combinations, we propose that our P-selectin–targeted plat-
form can be exploited to treat a plethora of P-selectin–expressing 
tumors bearing BRAF V600E mutation (e.g., primary and meta-
static melanoma, TNBC, pediatric low-grade glioma, and rare 
BRAF-mutated glioblastoma). In addition, this platform could be 
extended to address HR-deficient tumors, such as BRCA-mutated 
breast and ovarian cancers, which may benefit from the codelivery 
of targeted therapies aimed at overcoming resistance and enhancing 
therapeutic efficacy.

MATERIALS AND METHODS
PLGA (d,l-lactide-co-glycolide 85-15, ester terminated, Mw 50,000 
to 70,000 Da), PLGA-PEG [PEG average Mn (number-average 
molecular weight) 2000 Da, PLGA, actide-co-glycolide 50-50, aver-
age Mn 11,500 Da], and PVA (Mw 13,000 to 23,000 Da, 87 to 89% 
hydrolyzed) were purchased from Sigma-Aldrich (Rehovot, Israel). 
For P-selectin–targeted polymers: PEG (Mw 2000 Da) and PLGA 
(d,l-lactide-co-glycolide 50-50, Mw 7000 to 17,000 Da, Resomer 
502H, acid terminated) were used. For PLGA-Cy5 synthesis: PLGA 
(d,l-lactide-co-glycolide 50-50, Mw 7000 to 17,000 Da, Resomer 
502, ester terminated) was used. All were purchased from Sigma-
Aldrich (Rehovot, Israel). Dialysis tubes—mini-GeBaFlex tube 200 μl, 
8 kDa MWCO for release studies, or Mega GeBaFlex tubes 20 ml, 
3.5 kDa MWCO for P-selectin–targeted polymers synthesis—were 
purchased from Gene Bio-Application Ltd. (Yavne, Israel). DBF 
98% purity was purchased from Tzamal-Dchem (Petach-Tikva, 
Israel). TRM 98% purity was purchased from Advanced ChemBlocks 
Inc. (CA, USA). 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 
99%) and 1-thioglycerol were obtained from Sigma-Aldrich. 
HO-PLGA12k-PEG2k-allyl was obtained from “Creative PEGWorks.” 
P-selectin inhibitor (KF 38789) was purchased from BioTest (Kfar 
Saba, Israel). Recombinant human P-selectin (rhSELP; Cat. ADP3) 
was purchased from R&D Systems (Minneapolis, MN, USA). All 
chemical reagents, including salts and solvents, were AR grade 
and purchased from Sigma-Aldrich (Rehovot, Israel). Reactions 
requiring anhydrous conditions were performed under an Argon 
atmosphere. Distilled water, filtered using a MilliQ purification 
system, was used throughout. RPMI 1640, MEM alpha, Advanced 
DMEM, FBS, and GlutaMAX ×100 were purchased from Gibco 
(Waltham, MA, USA). Bovine serum albumin (BSA), Dextran, 
SDS, EDTA, and [2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2
H-Tetrazolium-5-Carboxanilide] (XTT) reagents were purchased from 
Sigma-Aldrich (Rehovot, Israel). EndoGRO MV Complete Media Kit 
was purchased from Merck, Germany. Human astrocyte medium, 
pericyte medium, or microglia medium were purchased from 
ScienCell (CA, USA). Penicillin, streptomycin, nystatin, l-glutamine, 
Hepes buffer, nonessential amino acids solution, sodium pyruvate, 
β-mercaptoethanol, and the Mycoplasma detection kit were purchased 
from Biological Industries Ltd. (Kibbutz Beit Haemek, Israel).

Antibodies for flow cytometry: Fluorescein (FITC)–labeled rat 
anti-mouse CD62P antibody, catalog no. 561923 (1:20 dilution) and 
FITC rat immunoglobulin G1 (IgG1) Isotype control, catalog no. 
553995 (1:20 dilution) were bought from BD Biosciences (Franklin 
Lakes, NJ, USA). Mouse anti-human E-selectin/P-selectin (CD62E/P) 
antibody, catalog no. BBA1, lot APB081704 (1:20 dilution) and 
mouse IgG1 Isotype Control, catalog no. mab002 (1:20 dilution) 
were bought from R&D Systems (Minneapolis, MN, USA). Second-
ary antibody: goat anti-mouse Alexa Fluor 647, catalog no. Ab150115 
(1:300 dilution) was bought from Abcam (Cambridge, UK). Anti–
PD-L1 antibody was purchased from R&D Systems (Mouse PD-L1/
B7-H1 Alexa Fluor 647–conjugated antibody; R&D Systems no. 
FAB90781R) or isotype antibody [rabbit immunoglobulin G (IgG) 
Alexa Fluor 647–conjugated antibody, R&D Systems no. IC1051R].

Antibodies for immunofluorescence: Rabbit polyclonal anti-human/
mouse/rat phospho-p44/42 MAPK (Erk1/2), catalog no. 9101S, lot 1 
(1:300 dilution); rabbit mAb anti-human/mouse/rat/monkey phospho-
MEK1/2 antibody, catalog no. 2338, lot 9 (1:30 dilution); and rabbit mAb 
anti-human/mouse/rat/monkey Cleaved Caspase-3, catalog no. 9664L, 
lot 22 (1:30 dilution) were purchased from Cell Signaling (Danvers, MA, 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversita D

egli Studi D
i T

orino on D
ecem

ber 16, 2024



Koshrovski-Michael et al., Sci. Adv. 10, eadr4762 (2024)     13 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

16 of 25

USA). Rabbit anti-human/mouse/rat Phospo B-Raf antibody, catalog 
no. NBP2-67846 (1:100 dilution), and Rabbit polyclonal anti-human/
mouse/rat/porcine Ki67/MKI67 antibody, catalog no. NB500-170, lot 
G13 (1:50 dilution) were bought from Novus Biologicals (Centennial, 
CO, USA). Secondary antibodies: goat anti-rabbit IgG H&L (Alexa 
Fluor 647), catalog no. ab150079, lot GR3176223-2, and goat anti-mouse 
IgG H&L (Alexa Fluor 647), catalog no. ab150115, lot GR30989-3 were 
bought from Abcam (Cambridge, UK) (1:350 dilution).

PLGA nanoparticle preparation
PLGA-PEG NPs were prepared using a benchtop NanoAssemblr in-
strument (Precision NanoSystems Inc., Vancouver, Canada). PLGA 
and PLGA-PEG at a 2:1 ratio were dissolved in ACN, to a final poly-
mer concentration of 6 mg/ml. For drug-loaded NPs, TRM (2 mg/
ml) and DBF (4.5 mg/ml) were dissolved in ACN. Talazoparib (4.5 mg/
ml) and PD-L1i SM56 (18 mg/ml) were dissolved in ACN or dimethyl 
sulfoxide (DMSO), respectively. The compounds were added to the 
polymer solution. For Cy5-labeled NPs, 2 wt % PLGA-Cy5 was added 
to the polymer solution. PLGA-PEG NPs were formed by nanopre-
cipitation achieved by mixing two fluid phases: (i) an organic phase 
composed of polymers and drug solutions, and (ii) an aqueous phase 
composed of 2.5% w/v PVA solution. The aqueous and organic phases 
were mixed at a 12 ml/min flow rate and a 2:1 ratio, respectively. 
Then, ACN was evaporated under reduced pressure using a rotary 
evaporator, and the NPs were centrifuged (35,000g, 30 min) and 
washed twice with 5 ml of MilliQ water. Last, the NPs were resus-
pended in PBS or MilliQ water. Freeze-dried NPs were resuspended 
in 5% trehalose, snap frozen, and lyophilized for 48 hours.

Nanoparticle size distribution and zeta potential
Samples were freshly prepared in MilliQ water at 0.1 mg/ml NP con-
centration. Mean hydrodynamic diameter, PDI, and the zeta poten-
tial (ζ) were measured using a DLS Möbius instrument at a 540-nm 
laser wavelength using a 532-nm long-pass filter (Wyatt Technology 
Corporation, Santa Barbara, CA 93117 USA). All measurements 
were performed at 25°C.

Colloidal stability
Freshly prepared PLGA-PEG NP samples were incubated in PBS 
(pH 7.4) or DMEM containing 10% FBS, and maintained at 37°C. NP 
size, PDI, and zeta potential (ζ) were monitored by DLS every 24 hours.

Drug loading and encapsulation efficiency
Lyophilized drug-loaded NPs were dissolved in ACN and stirred at 
60°C for 1 hour. Samples were filtered through a polyvinylidene 
fluoride membrane filter with a 0.2-μm pore size and analyzed by 
HPLC. UltiMate 3000 Nano LC systems (Dionex) was equipped 
with a 3000 pump, VWD-3000 UV-Vis detector, and Chromeleon 
6.80 software. The column used was Jupiter column; particle 
size, 5 μm; pore size, 300 Å; 4.6 × 250 mm; C18 reversed phase (RP). 
Chromatographic conditions: flow: 1.0 ml/min, gradient: 30% so-
lution B to 100% solution B [solution A—0.1% trifluoroacetic acid 
(TFA) in water; solution B—0.1% TFA in ACN]. The injection vol-
ume was 20 μl. Drug entrapment efficiency was calculated as both 
DLC (wt %), Eq. 1, and drug loading efficiency (F %), Eq. 2

Release profile
Drug-loaded NPs were suspended in MilliQ water, aliquoted into 
several semipermeable dialysis tubes (200 μl), and dialyzed against 
1 liter of PBS (pH 7.4) at 37°C. At predetermined time points, an 
aliquot of the NPs suspension was removed, lyophilized, and 
dissolved in ACN. The amount of drug released was quanti-
fied by HPLC.

Transmission electron microscopy
PLGA-PEG NPs were visualized using 110 keV TEM (JEM-1400Plus 
Transmission Electron Microscope). TEM ultrathin Formvar-
coated 200-mesh copper grids (Ted-pella Inc.) were prepared by de-
positing the grid over a drop of the sample until drop evaporation 
on parafilm. To increase the resolution of the images, the samples 
were stained using the negative staining technique. Briefly, 24 hours 
after sample preparation, the grids were charged for 5 min with ul-
traviolet light, then one drop of Uranyl Acetate (staining agent) was 
deposited over a parafilm strip, and the grid with the sample was 
deposited over the staining agent drop for 1 min. Then, excess liquid 
was removed with filter paper, and TEM images were acquired. 
For size distribution analysis, the size of at least 20 particles was 
measured and the average size and SD were obtained with the 
ImageJ software.

Cell culture
Murine primary melanoma D4M.3A cells were kindly provided by 
D. W. Mullins (Dartmouth College, Hanover) (72). D4M.3A cells 
were cultured in Advanced DMEM growth media supplemented with 
5% FBS, streptomycin (100 μg/ml), penicillin (100 IU/ml), nystatin 
(12.5 IU/ml), and 1% Glutamax. Human metastatic melanoma 
131/4-5B1 cells were kindly provided by R. Kerbel’s laboratory (Univer-
sity of Toronto, Canada) (73) and were cultured in RPMI 1640 supple-
mented with 10% FBS, streptomycin (100 μg/ml), penicillin (100 IU/
ml), nystatin (12.5 IU/ml), and 2 mM l-glutamine. Human primary 
melanoma A375 cells were purchased from the American Type Culture 
Collection (ATCC) and were cultured in RPMI 1640 supplemented 
with 10% FBS, streptomycin (100 μg/ml), penicillin (100 IU/ml), 
nystatin (12.5 IU/ml), and 2 mM l-glutamine. Human primary mela-
noma WM115 cells were purchased from the ATCC and cultured in 
Eagle’s Minimum Essential Medium (EMEM) growth media supple-
mented with 10% FBS, streptomycin (100 μg/ml), penicillin (100 IU/
ml), nystatin (12.5 IU/ml), 1% of nonessential amino acids, 1% of 
sodium pyruvate, and 2 mM l-glutamine. Mouse fibroblast NIH/3T3 
cells were purchased from the ATCC and cultured in DMEM supple-
mented with 10% FBS, streptomycin (100 μg/ml), penicillin (100 IU/
ml), nystatin (12.5 IU/ml), and 2 mM l-glutamine. Human microvas-
cular endothelial hCMEC/D3 cells were purchased from Merck and 
grown in EndoGRO MV Complete Media Kit (SCM004 - Basal 
media + supplement kit) supplemented with FGF-2 (1 ng/ml; bFGF). 
Human astrocytes were purchased from ScienCell and grown in the 
supplied astrocyte medium complemented with a supplemented 
kit. Human brain pericytes and human microglia were also purchased 
from ScienCell and grown in the supplied Pericyte Medium or 
Microglia medium complemented with a supplement kit. All cells 
were grown at 37°C and 5% CO2 and were routinely tested for 
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mycoplasma contamination with a mycoplasma detection kit. Hu-
man MDA-MB-231 and MDA-MB-436, and murine 4T1 and EMT6 
cells were obtained from the ATCC. EMT6, MDA-MB-231, and 
MDA-MB-436 cells were cultured in DMEM supplemented with 10% 
FBS, penicillin (100 IU/ml), streptomycin (100 μg/ml), nystatin 
(12.5 U/ml), and 2 mM l-glutamine. 4T1 cells were cultured in RPMI 
supplemented with 10% FBS, penicillin (100 IU/ml), streptomycin 
(100 μg/ml), nystatin (12.5 U/ml), 2 mM l-glutamine, 1 mM sodium 
pyruvate, and 10 mM Hepes buffer.

Splenocytes were isolated from the spleen of adult Balb/c mice 
and cultured in RPMI supplemented with 10% FBS, 1% Hepes 
buffer, 1% sodium pyruvate, and 0.1% β-mercaptoethanol. The sple-
nocytes were activated with anti-CD3 (100 ng/ml; Ultra-LEAF Puri-
fied anti-mouse CD3 antibody; BioLegend no. 100340), anti-CD28 
(10 ng/ml; Ultra-LEAF Purified anti-mouse CD28; BioLegend no. 
102116), and Escherichia coli–derived human IL-2 protein (10 ng/
ml; R&D Systems no. 202-IL-500) for 48 hours. All cells were grown 
at 37°C in 5% CO2.

Proliferation assay
D4M.3A (7.5 × 103 cells per well), 131/4-5B1 (15 × 103 cells per 
well), and A375 (10 × 103 cells per well) cell lines were plated onto a 
24-well plate in growth media as indicated previously for 24 hours. 
Then, the cultured medium was replaced with a medium containing 
serial dilutions of DBF, TRM, and their combination as free or drug-
loaded NPs. For the combined therapy, TRM concentration was 10 
times more diluted than DBF concentration, which is equivalent to 
the ratio of the drugs in the NPs. Untreated (control) cells were sup-
plemented with fresh drug-free medium 24 hours after seeding. For 
MDA-MB-436, MDA-MB-23, 4T1, and EMT6, cells were seeded in 
24-well plates (2.5 × 104, 1.5 × 104, 5 × 103, and 2 × 103 cells per well, 
respectively) and incubated for 24 hours. Then, the cultured medi-
um was replaced with a medium containing a serial dilution of tala-
zoparib, talazoparib-loaded NPs, or blank NPs (carrier only) for an 
additional 72 hours. Untreated (control) cells were supplemented 
with fresh medium containing 0.1% DMSO. Following 72 hours of 
incubation, the cells were counted using a Z1 Coulter Counter 
(Beckman Coulter). The proliferation of cells was normalized to the 
cell growth in the control group.

Isobolograms and CI
The interactions between DBF and TRM were evaluated by con-
structing isobolograms for different drug ratios and calculating the 
CI (35). First, the inhibitory concentration (ICx) values of treatment 
with DBF, TRM, and their combinations were calculated from the 
proliferation assays. Then, IC30,50,70 values of free TRM and DBF 
were marked on the x and y axes, and the lines that represent addi-
tive effect were drawn between each IC. Data points in the upper 
right of the IC line represent an antagonistic effect, while in the 
lower left, they represent a synergistic effect.

Multicellular 3D tumor spheroids invasion assay
D4M.3A, WM115, and EMT6 mCherry-labeled 3D spheroids were 
prepared by the “hanging drop” method (74). WM115 3D spheroids 
contained 1000 cells per spheroid, D4M.3A 3D spheroids contained 
700 cells per spheroid, and EMT6 contained 1000 cells per spheroid. 

For MCTS, a mixture of human WM115 cells and brain-resident 
cells (astrocytes, microglia, pericytes, and endothelial cells) was pre-
pared at a 1:1:0.5:0.5:2 ratio. Each of the cells was labeled with a 
different fluorescent label, while the microglia cells were not labeled. 
The cells were deposited in 25-μl droplets composed of 0.24% w/v 
methylcellulose in medium and incubated on the inner side of a 20-mm 
dish for 72 hours at 37°C. The plates were placed upside down 
to allow the formation of 3D spheroids. Then, the 3D spheroids 
were seeded in Matrigel (BD, Franklin Lakes NJ, USA), in a 96-well 
plate (50 μl per well), and incubated for 1 hour at 37°C. Next, the 3D 
spheroids were treated with free drugs or drug-loaded NPs, and 
their ability to invade the Matrigel was imaged using the EVOS FL 
Auto cell imaging system (Thermo Fisher Scientific) and quantified 
with the ImageJ software.

Quantitative real-time PCR
Total RNA was isolated from cultured cells using the Direct-zol 
RNA Miniprep Plus kit (Zymo Research) following the manufac-
turer’s instructions. One microgram of isolated RNA was reverse 
transcribed into cDNA using the qScript cDNA synthesis kit 
(Quantabio, MA, USA). The resulting cDNA was then diluted 1:50 in 
DNase/RNase-Free Water for subsequent quantitative real-time 
PCR (qPCR) analysis.

PD-L1 mRNA levels were quantified using SYBR green real-time 
PCR (StepOne Plus; Thermo Fisher Scientific, Waltham, MA, USA). 
The reaction used PerFecTa SYBR Green FastMix ROX (Quanta 
BioSciences) and custom primers. The specific primer sequences 
were as follows:

Murine PD-L1 gene (CD247)
Forward: 5′-TTCAGATCACAGACGTCAAGCTG-3′
Reverse: 5′-ATTCTCTGGTTGATTTTGCGGTA-3′
GAPDH gene
Forward: 5′-ATTCCACCCATGGAATTC-3′
Reverse: 5′-GGATCTCGCTCCTGGAAGATG-3′

In vitro cell viability in the presence of nontargeted NPs or 
P-selectin–targeted NPs
Cell viability of murine NIH/3T3 was assessed by XTT assay. Briefly, 
1 × 103 cells were seeded in a 96-well plate and incubated overnight. 
Then, the medium was replaced with 200 μl of medium containing 
different concentrations of NPs. After 72 hours of incubation, 50 μl 
of XTT reagent was added and incubated for 4 hours. Absorbance 
was measured at λ = 450 nm using a SpectraMax ELISA plate reader 
(Molecular Devices LLC, Sunnyvale, CA, USA). Cell culture medi-
um was used as the negative control.

Hemolysis assay
Fresh blood was obtained from male Wistar rats by cardiac punc-
ture and collected in heparinized tubes. The erythrocytes were 
washed three times with PBS and resuspended to a final 2% w/v 
solution. The solution was then incubated with serial dilutions of 
nontargeted NPs or P-selectin–targeted NPs (0.001 to 5 mg/ml) 
for 1 hour at 37°C. Dextran (Mw 70 kDa) and PBS were used as 
negative controls, whereas SDS was used as a positive control. Fol-
lowing centrifugation, the supernatants were transferred to a 96-
well plate, and the absorbance was measured at 550 nm using a 
SpectraMax M5e plate reader. The results are normalized to the 
percentage of hemoglobin released by a 1% w/v of Triton X-100 
solution (100% lysis).

CI =
C
A,x

IC
x,A

+
C
B,x

IC
x,B
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In vivo motor coordination behavioral test
DBF- and TRM-related motor coordination was assessed by a Ro-
tarod apparatus (Columbus Instruments, OH, USA). The test mea-
sures the mouse’s ability to maintain itself on a rod that turns at an 
increasing speed. Mice were tested before treatment initiation and 
following the seventh treatment with DBF (1 or 2 mg/kg) and TRM 
(0.1 or 0.2 mg/kg) as free or drug-loaded NPs, respectively. The con-
trol groups were treated with PBS or vehicle [0.01% DMSO, PEG 
200 (83 mg/ml), and Tween 80 (14 mg/ml) in PBS]. The initial speed 
was 1.6 rpm, with an acceleration rate of 4 rpm per min. Animals 
were tested five times during each session, with at least 2 min of rest 
between each test. The three best performances of each mouse were 
considered, and the results were averaged for the whole group.

In vivo biodistribution and tumor accumulation
For melanoma studies, male C57BL/6 mice were inoculated subcu-
taneously with 1 × 106 D4M.3A cells at a dorsal site (upper back). 
Mice bearing ≈230 mm3 tumors were treated intravenously with 
PLGA-Cy5 NPs, P-selectin–targeted NPs, or DBF-Cy5 at 20 μM Cy5 
equivalent concentration. Tumor accumulation of Cy5-labeled DBF 
or NPs was monitored by CRI Maestro noninvasive intravital fluo-
rescence imaging system. Mice were anesthetized using ketamine 
(100 mg/kg) and xylazine (12 mg/kg), and shaved, and the accumu-
lation of Cy5 signal was recorded 24 hours after treatment. At 3 and 
24 hours after treatment, mice were euthanized, and the NP accu-
mulation in organs and tumors was calculated in ex vivo fluores-
cence images, in which the total fluorescence was divided by the 
organ area.

In studies on BRCA-mutated cells, female BALB/c mice were in-
oculated subcutaneously into the mammary fat pad with 0.2 × 106 
EMT6 cells. Mice bearing ≈200 mm3 tumors (10 days) were treated 
intravenously with Cy5-labeled PLGA-PEG NPs or PLGA-PEG-
GLY-(OSO3Na)2 at 20 μM Cy5 concentration. At 3 and 24 hours af-
ter treatment, mice were euthanized and the NP accumulation in 
tumors was calculated ex vivo. The NP distribution to essential or-
gans was monitored 24 hours after injection.

For accumulation in brain tumors, D4M.3A cells (50 × 103 cells/2 μl) 
or EMT6 cells (15 × 103 cells/2 μl) were stereotactically implanted 
into the striatum of male C57BL/6 mice (melanoma model) or 
female BALB/c mice (BC model), respectively. Ten days after 
implantation, the tumors were visualized by MRI (T1 weighted 
with a contrast agent, MR Solutions) and, the following day, were 
treated with DBF-Cy5– or Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 
NPs at 20 μM Cy5 equivalent concentration. Three hours (BC mod-
el) or 6 hours (melanoma model) after treatment, the mice were eu-
thanized, and the brains were harvested. The brains were imaged by 
the CRI Maestro noninvasive intravital fluorescence imaging sys-
tem, and the Cy5 signal was calculated in ex vivo fluorescence im-
ages, in which the total fluorescence was divided by the brain area. 
In all experiments, multispectral image cubes were acquired through 
the 590- to 750-nm spectral range in 10-nm steps using excitation 
(635 nm) and emission (675 nm) filter sets. Mice auto-fluorescence 
and undesired background signals were eliminated by spectral anal-
ysis and the Maestro linear unmixing algorithm.

For tumor accumulation in D4M.3A tumors after radiation 
treatment, male C57BL/6 mice were inoculated subcutaneously 
with 1 × 106 D4M.3A cells at a dorsal site (upper back). Mice bear-
ing ≈100 mm3 tumors were randomized into two groups; one group 
of mice was subjected to irradiation treatment with 2 Gy 4 hours 

before the NP injection, and the other group of mice was not irradi-
ated (BIOBEAM GM, Gamma Service Medical, Germany). Then, 
the mice were intravenously administered with 20 μM Cy5-labeled 
PLGA-PEG-GLY-(OSO3Na)2 NPs. The Cy5 signal from the tumors 
was monitored using IVIS instrument and unmixing mode of 
analysis.

Pharmacokinetic study
Establishment of the LC-MS/MS method
Analysis was performed on LC-Vanquish UHPLC Systems and MS-
TSQ Altis. Chromatographic parameters included an ACQUITY 
UPLCHSS T3 column (2.1 × 100 mm, 1.8 μm) with a mobile phase 
of ammonium acetate buffer 10 mM and methanol. The flow rate 
was set at 0.35 ml/min, column temperature was set at 30°C, and 
injection volume was set at 1 μl. A gradient elution program was 
applied: 0 to 1 min, 50 to 80% methanol; 1 to 2.5 min, 80% metha-
nol; 2.5 to 3.5 min, 80 to 95% methanol; 3.5 to 5.9 min, 95% metha-
nol; 5.9 to 6.1 min, 95 to 50% methanol; 6.1 to 8 min, 50% methanol. 
Mass spectrometric parameters included an electrospray ionization 
(ESI) source with a source voltage of 3.5 kV. The ion transfer tube 
temperature was 325°C, and the heating module temperature was 
set at 350°C. Multiple reaction monitoring mode was used to detect 
ion pairs and collision energies. Omeprazole was used as an internal 
standard solution.
Sample preparation
C57BL/6 mice were administered intravenously with DBF- and 
TRM-loaded PLGA-PEG-GLY-(OSO3Na)2 NPs at a dose of 3 mg/
kg for DBF and 0.3 mg/kg for TRM. Blood samples (0.5 to 0.8 ml) 
were collected from the orbital vein into clot activator tubes at 5, 30, 
and 60 min after administration. The blood samples were centri-
fuged (10,000 rpm for 5 min at 10°C). After centrifugation, the se-
rum was isolated and stored at −80°C. Then, 100 μl of serum was 
thawed on an ice-water bath and 10 μl of omeprazole (0.001 mg/ml) 
was added to the sample following the addition of 1 ml of 
TBME. Then, the samples were vortex mixed, shaken (10 min at 
1400 rpm), and centrifuged (7 min at 20°C and 20,800g). After 
freezing the samples in a dry ice-ethanol bath, the organic layer was 
removed and evaporated for 15 min at 40°C under nitrogen. The dry 
extract was then reconstituted with 100 μl of ACN and 1 μl of the 
final extract was injected.
P-selectin expression by flow cytometry
P-selectin expression in 2D plated D4M.3A and WM115 cells was 
measured by flow cytometry. First, the cells were grown to high 
confluency in a 10-mm petri dish, then scraped with PBS, centri-
fuged (2000 rpm, 5 min, 4°C), and resuspended in 1 ml of FACS 
(fluorescence-activated cell sorting) buffer (PBS supplemented 
with 0.5% BSA and 0.5 mM EDTA). For P-selectin expression in 3D 
spheroids, tumor spheroids were recovered from the Matrigel using 
a cell recovery solution (BD, catalog no. 354253). The recovered 
cells were washed with PBS and centrifuged (2000 rpm, 5 min, 
4°C). Then, 0.5 × 106 D4M.3A cells were incubated with FITC rat 
anti-mouse CD62P antibody or with FITC rat IgG1 Isotype control 
for 1 hour on ice. For human WM115 cells: 1 × 106 cells were incu-
bated with mouse anti-human CD62E/P antibody or with mouse 
IgG1 Isotype control for 1 hour on ice. Then, the cells were washed 
with PBS, centrifuged (2000 rpm, 5 min, 4°C), and incubated with 
a secondary antibody, goat anti-mouse Alexa Fluor 647, for 1 hour 
on ice. For EMT6, the cells were washed with PBS, centrifuged 
(2000 rpm, 5 min), and resuspended in 1 ml FACS buffer (PBS 
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supplemented with 1% FBS, 0.1% NaN3, and 0.5 mM EDTA). A 
total of 1 × 106 EMT6 cells were then incubated with fluorescent-
CD62p antibody (BD, FITC Rat anti-mouse, no. 561923, 1:20 dilu-
tion) or with Isotype control [BD, FITC rat immunoglobulin G1 
(IgG1), no. 553995, 1:20 dilution] for 1 hour on ice. After incuba-
tion, the cells were washed with PBS twice, and the fluorescence 
intensity was analyzed using an Attune NxT Acoustic Focusing 
Flow Cytometer (Thermo Fisher Scientific, MA, USA). The results 
were analyzed by the Kaluza software.
Human formalin-fixed, paraffin-embedded specimens
Formalin-fixed, paraffin-embedded (FFPE) melanoma samples 
(primary and brain metastasis) were obtained from the Sheba Med-
ical Center following informed consent. The manipulation of the 
human samples for immunostaining was accepted by the ethics 
committees of Tel Aviv University and the Sheba Medical Center, 
under an approved institutional review board (5727-18-SMC).
P-selectin expression by immunohistochemistry
For immunostaining of murine melanoma tumors and brain metas-
tases or murine BC tumors and brain metastases, tissues were em-
bedded in an optimal cutting temperature (OCT) compound and 
cryo-sectioned into 5-μm-thick sections. Immunostaining was per-
formed using the BOND RX automated immunohistochemistry 
(IHC) Stainer (Leica Biosystems). Slides were fixated in cold acetone 
for 20 min and then incubated with 10% goat serum for 30 min to 
block nonspecific binding sites. Next, the slides were incubated with 
mouse anti-mouse/rat P-selectin antibody (catalog no. 148301 Bio-
Legend, 1:30 dilution) for 1 hour. Then, the slides were incubated 
with Mouse-IgG ƙ BP-CFL 488 (catalog no. sc-516176, Santa Cruz 
Biotechnology, 1:20 dilution) for an additional 1 hour, followed by 
Hoechst fluorescent dye (1:5000) for an additional 10 min for nuclei 
counterstaining. Tissues were later mounted with ProLong Gold an-
tifade mountant (Thermo Fisher Scientific) and imaged using the 
EVOS FL Auto cell imaging system (Thermo Fisher Scientific). For 
human samples: FFPE slides (10 μm) were re-heated to 60°C for 
20 min and then incubated with 10% goat serum for 30 min to block 
nonspecific binding sites. The slides were subsequently incubated 
with mouse anti-human E/P selectin (R&D, 1:30 dilution) for 
1 hour, and then incubated with mouse-IgG ƙ BP-CFL 488 (catalog 
no. sc-516176, Santa Cruz Biotechnology, 1:20 dilution) for an ad-
ditional 1 hour, followed by Hoechst fluorescent dye (1:5000) for an 
additional 10 min for nuclei counterstaining. Tissues were then 
mounted with 70% ethanol for 1 min, 95% ethanol for 1 min, 100% 
ethanol for 1 min, 100% ethanol for 1 min, xylene for 1 min, xylene 
for 1 min, and xylene-based mounting (Thermo Fisher Scientific).
Synthesis of PLGA-Cy5 polymer
Synthesis of nonsulfated Cy5 dye (Cy5-COOH) was conducted as 
previously described (75, 76). Then, Cy5-COOH dye was conju-
gated to PLGA polymer by esterification. Briefly, PLGA (100 mg, 
0.008 mmol, 1 equiv), Cy5 (5.8 mg, 0.010 mmol, 1.5 equiv), N,N′-
dicyclohexylcarbodiimide (2.6 mg, 0.013 mmol, 1.5 equiv), and 
4-dimethylaminopyridine (0.5 mg, 0.004 mmol, 0.5 equiv) were 
dissolved in 2 ml of dry dichloromethane (DCM) and stirred in 
the dark for 48 hours, at room temperature (RT). The reaction 
progress was followed by HPLC. At the end of the reaction, the 
resulting polymer in DCM (1 ml) was precipitated into 40 ml of 
hexane and centrifuged. Next, the supernatant was decanted, and 
the process was repeated thrice. Last, the polymer was dried un-
der a high vacuum (HV) overnight, to yield PLGA-Cy5 as a blue 
powder (93% yield).

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm)  =  Cy5: 8.17 (t, 
J = 6.8 Hz, 2H), 7.46 to 7.35 (m, 4H), 7.26 to 7.22 (m, 2H), 7.18 to 
7.06 (m, 2H), 7.01 (s, 1H), 6.73 (d, J = 7.0 Hz, 1H), 6.45 to 6.26 (m, 
1H), 2.36 (t, J = 7.48 Hz, 2H). PLGA: 5.4 to 5.1 [m, 92H, CH, PLGA 
backbone], 5.0 to 4.5 (m, 184H, CH2 PLGA backbone), 1.7 to 1.5 [m, 
276H, CH3, PLGA backbone].

P-selectin targeted PLGA-PEG polymer synthesis
Synthesis of PLGA-PEG-SO3Na (polymer 3)
Synthesis of homobifunctional PEG-bis-NH2 (polymer 1). PEG-bis-OH 
(Mw 2 kDa, 16.0 g, 16 mmol of OH groups) was melted at 65°C under 
HV to remove traces of water overnight. After cooling to RT, the pol-
ymer was dissolved in 150 ml of anhydrous DCM under argon. Dry 
triethylamine (11.0 ml, 80 mmol, 5 equiv) was added while stirring 
and the mixture was cooled with an ice bath, followed by the dropwise 
addition of methanesulfonyl chloride (4.9 ml, 64 mmol, 4 equiv). The 
reaction proceeds overnight under argon at RT. The crude mixture was 
diluted with DCM (200 ml) and washed twice with brine (200 ml). 
The organic layer was dried with sodium sulfate and concentrated 
in vacuo. The residue was precipitated in diethyl ether and stirred 
vigorously for 2 hours, filtered, and washed again with diethyl ether to 
remove traces of excess triethylamine and methanesulfonyl chloride. 
Drying in HV yielded the desired PEG-bis-OMs product as a white 
powder in quantitative yield.

PEG-bis-OMs (15.0 g) was added to 150 ml of 25% aqueous am-
monia solution and stirred for 4 days at RT in a sealed flask. The 
ammonia was evaporated under HV, the pH of the aqueous solution 
was raised to 13 with 1 N NaOH, and the solution was extracted 
three times with 100 ml of DCM. The organic layers were combined 
and dried over Na2SO4, filtered, and evaporated to dryness. Then, the 
crude was redissolved in DCM and precipitated by the dropwise ad-
dition of ether. The solid was filtered, washed with ether, and dried 
under HV to obtain polymer 1 as a white solid in quantitative yield.

1H NMR (400 MHz; DMSO-d6; 25°C): δ (ppm) = 3.75 to 3.62 (m, 
180H, PEG backbone and -OCH2-CH2-NH2), 2.65 (t, J = 5.9 Hz, 4H, 
-CH2-CH2-NH2).

Synthesis of NH2-PEG-SO3Na (polymer 2). PEG-bis-NH2 (poly-
mer 1) (1.0 g, 0.5 mmol, 1 equiv) was taken in a round-bottom flask 
equipped with a magnetic stir bar and dissolved in tetrahydrofuran 
(THF) (10% w/v). Then, 10% w/v propane sultone (61 mg, 0.5 mmol, 
1 equiv) in THF was added dropwise to the PEG solution, and the 
reaction was stirred at 50°C for 5 hours (77). Then, as the reaction 
proceeded, the product was precipitated, filtered, washed with cold 
THF, and dried under HV overnight (yield 52%).

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm) = 3.76 to 3.53 (m, 180 H, 
PEG backbone, -CH2-SO3H and -CH2-CH2-NH2), 3.132 to 3.14 (m, 
2H, -CH2-CH2-NH-CH2- and -CH2-NH2), 3.05 to 2.95 (m, 2H, 
-CH2-CH2-CH2-SO3H), 2.33 to 2.20 (m, 2H, -CH2-CH2-CH2-SO3H).

Synthesis of PLGA-PEG-SO3Na (polymer 3). PLGA (Resomer 
RG 502 H, Sigma-Aldrich) (Mw 7 to 17 kDa, lactide:glycolide 50:50, 
1.0 g, 0.143 mmol, 1 equiv) was taken in a round-bottom flask, then 
NHS (0.083 g, 0.715 mmol, 5.0 equiv) and dry DCM (10 ml) were 
added and stirred at RT. Next, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) (0.11 g, 0.572 mmol, 4 equiv) was added and 
the reaction was stirred overnight. Then, DCM was evaporated, and 
the product was precipitated in cold MeOH thrice. Last, the residue 
was collected and dried under HV to obtain PLGA-NHS (90% yield).

Polymer 2 (0.27 g, 0.129 mmol, 3 equiv) was taken in a round-
bottom flask. N,N-diisopropylethylamine (DIPEA) (0.04 ml, 
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0.216 mmol, 5.0 equiv) and dry chloroform (10 ml) were added and 
stirred at RT for 10 min followed by the addition of PLGA-NHS (0.3 g, 
0.043 mmol) and stirred at RT overnight. Then, the reaction mix-
ture was heated at 45°C for 6 hours, and the chloroform was re-
moved. The residue was washed with cold MeOH thrice (−20°C), 
and the residue was collected by centrifugation. The final product 
was dried under HV to obtain PLGA-PEG-SO3Na (polymer 3) as a 
white solid (70% yield).

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm) = 5.35 to 5.10 [m, 
92H, CH, PLGA backbone], 4.95 to 4.55 (m, 184H, CH2, PLGA 
backbone), 3.76 to 3.53 (m, 180H, PEG backbone), 1.66 to 1.50 (m, 
276H, CH3, PLGA backbone).
Synthesis of PLGA-PEG-GLY-(OSO3Na)2 (polymer 8)
Synthesis of compound A. Solketal (0.5 g, 3.78 mmol, 1 equiv) was 
taken in a flame-dried round-bottom flask, and dry DCM (8 ml) 
was added under argon. Then carbonyldiimidazol (0.79 g, 4.9 mmol, 
1.3 equiv) was dissolved in dry DCM (3 ml) and added to the above 
reaction mixture instantly. The reaction mixture was stirred at RT 
for 3 hours and washed with brine. The organic layer was dried with 
sodium sulfate, and a flash column was performed using ethyl 
acetate/hexane. Pure product A (oil) was obtained with 20% ethyl 
acetate/hexane (yield 70%).

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm)  =  8.15 (s, 1H, 
-N-CH=N-CH), 7.44 [s, 1H, -N(CH)-CH=CH-], 7.07 (s, 1H, 
-N(CH)-CH=CH-), 4.55 to 4.35 (m, 3H, -O-CH2-CH-), 4.2 to 4.1 
(m, 1H, -O-CH2-CH-CH2), 3.9 to 3.8 (m, 1H, -O-CH2-CH-CH2), 
1.4 (s, 3H, -CH3), 1.3 (s, 3H, -CH3).

Synthesis of NH2-PEG-acetal (polymer 4). PEG-bis-NH2 (poly-
mer 1) (1.0 g, 0.5 mmol, 1 equiv) was taken in a round-bottom flask 
equipped with a magnetic stir bar. Then, 18 ml of dry chloroform and 
DIPEA (0.13 ml, 0.75 mmol, 1.5 equiv) were added under argon, and 
the reaction mixture was stirred for 5 min at RT. Then, compound A 
(0.178 g, 0.6 mmol, 1.2 equiv) dissolved in dry chloroform (2 ml) was 
added dropwise to the reaction mixture and stirred overnight at RT.

Then, the chloroform was evaporated, and the reaction mixture 
was loaded on a MeOH-based LH20 (Sephadex) size exclusion col-
umn. Fractions that contained the product (identified by coloring 
with iodine) were unified, the organic solvents were evaporated to 
dryness, and the product was dried under HV. Polymer 4 was ob-
tained as a white solid in quantitative yield.

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm) = 5.45 (s, 1H, CH2-
NH-CO2-), 4.35 to 4.05 (m, 5H, -CO2-CH2-, CH-CH2-O-, and 
CH2-CH-O-CH of the solketal group), 4.0 to 3.25 (m, 180H, PEG 
backbone), 2.94 (t, J = 5.04 Hz, 2H, -CH2-CH2-NH-CO2-), 2.8 (t, 
J = 5.35 Hz, 2H, -CH2-CH2-NH2), 1.4 (s, 3H, -CH3), 1.3 (s, 3H, -CH3).

Synthesis of NH2-PEG-GLY-(OH)2 (polymer 5). Polymer 4 was dis-
solved in 4 ml of dry DCM, and 3 ml of TFA was added dropwise to 
the solution and stirred overnight. TFA and DCM were evaporated, 
and the reaction mixture was loaded on a MeOH-based LH20 (Sep-
hadex) size exclusion column. Fractions that contained the product 
(identified by coloring with iodine) were unified, the organic solvents 
were evaporated to dryness, and the product was dried under HV. 
Polymer 5 was obtained as a white solid in quantitative yield.

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm) = 5.94 (s, 1H, CH2-
NH-CO2-), 4.4 to 4.1 [m, 2H, -NH-CO-CH2-CH (OH)-CH2-OH], 
4.0 to 3.1 (m, 180H, PEG backbone, -CH-CH2-OH from glycerol 
and -CH2-CH2-NH-), 3.2 to 3.05 (m, 2H, -CH2-CH2-NH2).

ESI-MS spectra (fig. S10) of polymer 1 and polymer 5 showed 
Mp (peak with high intensity) values that were found to be at 1823.1 

and 1940.9 g/mol, respectively. Thus, the Mp peak shifted to higher 
mass/charge ratio (m/z) by 118 g/mol, which corresponds to one 
glycerol unit.

Further, all the masses in the distribution can be explained by the 
following equations

Synthesis of Acetyl-PLGA-OH (polymer 6). PLGA (Resomer RG 
502 H, Sigma-Aldrich) (0.5 g, 0.072 mmol, 1 equiv) was taken in a 
round-bottom flask equipped with a magnetic stir bar. Dry DCM (8 ml) 
and triethylamine (0.06 ml, 0.432 mmol, 6 equiv) were added and 
stirred at RT for 10 min. Then, acetyl chloride (0.03 ml, 0.486 mmol, 
4.5 equiv) was added at 0°C and stirred at RT overnight. Afterward, 
DCM was removed, and the product was precipitated in cold MeOH 
thrice (−20°C). The residue was collected and dried under HV to 
obtain polymer 6 as a white solid (93% yield).

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm) = 5.5 to 5.1 (m, 92H, 
CH, PLGA backbone), 5.0 to 4.0 (m, 184H, CH2, PLGA backbone), 
2.2 (s, 3H, CH3-COO-), 1.7 to 1.3 (m, 276H, CH3, PLGA backbone).

Synthesis of PLGA-PEG-GLY-(OH)2 (polymer 7). Polymer 6 (1.0 g, 
0.143 mmol, 1 equiv) was taken in a round-bottom flask. Then, NHS 
(0.083 g, 0.715 mmol, 5.0 equiv) and dry DCM (10 ml) were added and 
stirred at RT. Then, EDC (0.11 g, 0.572 mmol, 4 equiv) was added 
and stirred overnight. DCM was removed, and the product was pre-
cipitated in cold MeOH thrice (−20°C). The residue was collected by 
centrifugation and dried under HV to obtain NHS ester of polymer 
6 as a white solid in quantitative yield.

Polymer 5 (0.27 g, 0.129 mmol, 3 equiv) was taken in a round-
bottom flask. Then, DIPEA (0.04 ml, 0.216 mmol, 5.0 equiv) and dry 
chloroform (10 ml) were added and stirred at RT for 10 min. Then, 
the NHS ester of polymer 6 (0.3 g, 0.043 mmol, 1 equiv) was added 
and stirred at RT overnight. Next, the reaction mixture was heated 
at 45°C for 6 hours, and chloroform was removed. The residue was 
washed with cold MeOH thrice (−20°C) and collected by centrifu-
gation. Then, it was dried under HV to obtain polymer 7 as a white 
solid (79% yield).

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm) = 5.5 to 5.1 (m, 92H, 
CH, PLGA backbone), 5.0 to 4.0 (m, 184H, CH2, PLGA backbone), 
4.0 to 3.5 (m, 180H, CH2, PEG backbone), 2.16 (s, 3H, CH3), 1.7 to 
1.5 (m, 276H, CH3, PLGA backbone).

Synthesis of PLGA-PEG-GLY-(OSO3Na)2 (polymer 8). Polymer 7 
(0.236 g, 0.052 mmol, 1 equiv) was dissolved in 5 ml of dry dimethyl-
formamide (DMF) and heated to 65°C. Then, the SO3-DMF complex 
(80 mg, 0.524 mmol, 10 equiv) was dissolved in 3 ml of dry DMF and 
added dropwise to the solution of 7 under argon. Next, the reaction 
mixture was heated to 65°C for 24 hours and stirred at RT for another 
24 hours. Then, DMF was removed using HV and aqueous NaHCO3 
solution was added and stirred for a few minutes. The product was 
dialyzed in MilliQ water keeping the NaCl solution outside for 24 hours 

M (PEG−diamine)= (n−1)X44.026
(

CH2CH2O
)

+

44.050
(

CH2CH2 NH2

)

+16.019
(

NH2

)

+1.008
(

H
+
)

(3)

M
(

PEG−Gly−OH, polymer 5
)

=(n−1)X44.026
(

CH2CH2O
)

+162.077
(

CH2CH2NH−

CO−O−CH2 CH(OH) CH2OH
)

+16.019
(

NH2

)

+1.008
(

H+
)

(4)
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and then in MilliQ water respectively for another 48 hours. The solu-
tion present inside the dialysis was lyophilized to obtain polymer 8 as 
a white solid of 0.17 g (72% yield).

1H NMR (400 MHz; CDCl3; 25°C): δ (ppm) = 5.5 to 5.1 (m, 92H, 
CH, PLGA backbone), 5.0 to 4.0 (m, 184H, CH2, PLGA backbone), 
4.0 to 3.5 (m, 180H, PEG backbone), 2.2 (s, 3H, CH3), 1.7 to 1.5 (m, 
276H, CH3, PLGA backbone).
Optimized synthesis of PLGA-PEG-GLY-(OSO3Na)2 (polymer 12)
Commercially available polymer 9 HO-PLGA12K-PEG2K-allyl was 
first characterized by 1H-NMR and SEC analysis (fig. S13, B and G).

1H NMR (400 MHz, CDCl3): δ (ppm) =  5.97 to 5.84 (m, 1H, 
CH2  =  CH-CH2-O-), 5.33 to 5.06 [m, 83H, -O-CH(CH3)-CO-, 
PLGA backbone], 4.95 to 4.55 (m, 100H, -O-CH2-CO-, PLGA back-
bone), 4.09 to 3.92 (m, 2H, CH2 = CH-CH2-O-), 3.85 to 3.43 (m, 
181H, -O-CH2-CH2-O-, PEG backbone), 1.78 to 1.38 [m, 250H, 
-O-CH(CH3)-CO-, PLGA backbone]. SEC (DMF + 25 mM NH4Ac, 
PEG standards calibration): Mn = 3.8 kDa, Ð = 2.2.

Synthesis of AcO-PLGA-PEG-allyl (polymer 10). According to 
fig. S13A, polymer 9 (1.95 g, Mw 11 kDa, 1 equiv) was dissolved 
in DCM (10 ml per 1 g of polymer). Et3N (240 μl, 10 equiv) and 
acetyl-Cl (250 μl, 20 equiv) were added, and the reaction was left to 
stir overnight at RT. The reaction mixture was diluted with DCM, 
washed with brine, and then with saturated ammonium chloride 
solution twice. The organic layer was separated and dried and then 
the organic solvent was evaporated to dryness and the product was 
dried under high vacuum. The product was obtained as a white solid 
in quantitative yield (1.85 g).

1H NMR (400 MHz, CDCl3): δ (ppm) =  5.98 to 5.84 (m, 1H, 
CH2  =  CH-CH2-O-), 5.38 to 5.06 [m, 83H, -O-CH(CH3)-CO-, 
PLGA backbone and CH2 = CH-CH2-O-], 4.97 to 4.51 (m, 100H, 
-O-CH2-CO-, PLGA backbone), 4.01 (dt, J  =  5.6, 1.5 Hz, 2H, 
CH2 = CH-CH2-O-), 3.88 to 3.40 (m, 181H, -O-CH2-CH2-O-, PEG 
backbone), 2.06 (s, 3H, -O-CO-CH3), 1.77 to 1.35 [m, 250H, 
-O-CH(CH3)-CO-, PLGA backbone]. SEC (DMF + 25 mM NH4Ac, 
PEG standards calibration): Mn = 4.3 kDa, Ð = 2.0.

Synthesis of AcO-PLGA-PEG-glycol (polymer 11). Polymer 10 
(1.80 g, 1 equiv), 1-thioglycerol (430 μl, 30 equiv), and DMPA (13 mg, 
0.3 equiv; 1 mol% concerning the thiol) were dissolved in DMF 
(3 ml per 1 g of hybrid). The solution was purged with nitrogen for 
30 min and then stirred under UV light (365 nm) for 2 hours. Then, 
the reaction mixture was dissolved in a minimal amount of DCM, and 
the product was precipitated using a slow addition of ether (150 ml). 
The obtained solid was filtered, washed with ether, and lastly dried 
under a high vacuum. The product was obtained as a white solid in 
quantitative yield (1.80 g).

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.39 to 5.05 [m, 83H, -O- 
CH(CH3)-CO-, PLGA backbone], 4.98 to 4.51 (m, 100H, -O-CH2- 
CO-, PLGA backbone), 3.88 to 3.40 (m, 186H, -O-CH2-CH2-O-, PEG 
backbone and glycol), 2.73 to 2.52 (m, 4H, -CH2-S-CH2-), 2.13 
(s, 3H, -O-CO-CH3), 1.93 to 1.76 (m, 2H, -O-CH2-CH2-CH2-S-), 
1.77 to 1.35 [m, 250H, -O-CH(CH3)-CO-, PLGA backbone]. SEC 
(DMF + 25 mM NH4Ac, PEG standards calibration): Mn = 5.0 kDa, 
Ð = 1.8.

Synthesis of AcO-PLGA-PEG-(OSO3Na)2 (polymer 12). Polymer 11 
(980 mg, 1 equiv) was dissolved in dry DMF (5 ml per 1 g), and SO3-
DMF complex (270 mg, 20 equiv) was added to the solution. Then, 
the reaction mixture was heated to 65°C for 2 hours. The solvent 
was evaporated, and the mixture was quenched by the addition of 
5 ml of aqueous NaHCO3 and further diluted with 50 ml of water. 

The aqueous mixture was left to cool overnight, and the polymer was 
precipitated and separated from the solution using a centrifuge. The 
white solid was then resuspended in water, cooled, and centrifuged. 
This step was repeated twice more. The precipitate was lastly resus-
pended in water and lyophilized to obtain the final product in 83% 
yield (810 mg). Because of interactions of the sulfonates with the 
column, this polymer could not be analyzed by SEC.

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.32 to 5.05 [m, 120H, 
-O-CH(CH3)-CO-, PLGA backbone], 4.96 to 4.53 (m, 137H, -O-CH2-CO-, 
PLGA backbone), 3.86 to 3.41 (m, 186H, -O-CH2-CH2-O-, PEG 
backbone and glycol), 2.82 to 2.65 (m, 4H, -CH2-S-CH2-, partially 
falls under water), 2.12 (s, 3H, -O-CO-CH3), 1.93 to 1.81 (m, 2H, 
-O-CH2-CH2-CH2-S-), 1.77 to 1.34 [m, 360H, -O-CH(CH3)-CO, 
PLGA backbone].

The analyzed NMR of the product (polymer 12), along with the 
lower yield, indicated a fractional precipitation that produced a sep-
aration of the hybrids’ population; while hybrids containing the 
PLGA block with higher molecular weight (MW) were precipitated 
under the said conditions, the lower MW PLGA block remained in 
the solution due to its relative increased solubility in water. The sep-
arated aqueous supernatant was centrifuged once more, using dialy-
sis tubes, to estimate the amount of polymer as well as its Mn. 
The white solid was resuspended in water and lyophilized and 
then analyzed by 1H-NMR. The weight ratio of the two samples 
(83 and 15%) correlated well with the calculated MW of the 
PLGA block (12 and 4 kDa).

1H NMR (400 MHz, CDCl3): δ (ppm) = 5.28 to 5.05 [m, 39H, 
-O-CH(CH3)-CO-, PLGA backbone], 4.96 to 4.53 (m, 52H, -O-CH2-CO-, 
PLGA backbone), 3.86 to 3.41 (m, 186H, -O-CH2-CH2-O-, PEG 
backbone and glycol), 2.82 to 2.65 (m, 4H, -CH2-S-CH2-), 2.12 
(s, 3H, -O-CO-CH3), 1.93 to 1.78 (m, 2H, -O-CH2-CH2-CH2-S-), 
1.77 to 1.36 [m, 114H, -O-CH(CH3)-CO-, PLGA backbone].

Size exclusion chromatography
The polymers were characterized using Malvern Viscotek GPC-
max equipped with 2xPSS GRAM 1000 Å. After a needle wash 
with DMF, the polymer was run with a mobile phase composed of 
DMF + 25 mM ammonium acetate (NH4Ac) with a flow rate of 
0.5 ml/min with a runtime of 60 min. Fifty microliters from a 
sample amphiphiles solution (20 mg/ml) in the mobile phase was 
injected, and before that, the polymer solution was filtered with a 
0.45 μM PTFE syringe filter. Column temperature: 50°C; Detector: 
Viscotek VE3580 RI detector (PEG standards were used for cali-
bration, and the Mn and D values of the amphiphiles were calcu-
lated accordingly).

X-ray photoelectron spectroscopy
To determine the PLGA-PEG-Glycerol-(SO3)2 NP elemental com-
position and to determine that the sulfate groups are present on the 
surface of the nanoparticles, XPS, a surface-sensitive and quantita-
tive analysis, was performed. Samples were prepared by depositing 
60 μl of freshly prepared PLGA-PEG-Glycerol-(SO3)2 NPs in silica 
wafers. The samples were covered with a petri dish to avoid any con-
tamination for 72 hours, until the complete evaporation of the drop. 
Before the spectral acquisition, surface cleaning was performed via 
sputtering with a 1000 Cluster Ar ion beam at an energy of 4 keV. The 
sputtering duration was set to 60 s, an interval selected to effectively 
remove surface contaminants without significantly altering the in-
herent surface chemistry of the sample. The analyses used an x-ray 
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beam with a diameter of 650 μm under ultrahigh vacuum condi-
tions. The XPS system was equipped with a monochromatic Al Kα 
x-ray source to excite the electrons. Spectra were acquired using 
pass energy appropriate for high-resolution scans, with the exact 
value determined based on the equipment’s specifications and the 
information depth required. Charge compensation was achieved us-
ing a dual-beam system. This system employs both low-energy elec-
trons and a low-energy argon ion beam concurrently to neutralize 
the positive charge that can accumulate during XPS analysis. All 
measurements were performed at RT, and the data were calibrated 
against the C 1s peak at 284.8 eV if required, to compensate for any 
charging effects that were not neutralized by the dual beam system.

Internalization of PLGA-Cy5 NPs into 3D spheroids
D4M.3A, WM115, and EMT6 3D spheroids were prepared by 
seeding the cells (1000 cells per spheroid for WM115 cells and 
500 cells per spheroid for D4M.3A cells) in an ultralow attach-
ment round-bottom 96-well plate (Corning) and allowing the 
cells to form 3D spheroids for 96 hours. Next, the medium was 
replaced with a fresh medium containing 1 μM Cy5-labeled tar-
geted and nontargeted NPs. For NP internalization following 
treatments with P-selectin inhibitor, the 3D spheroids were treat-
ed with P-selectin inhibitor (0.1, 1, and 10 μM) for 1 hour before 
adding the NPs. The plate was then placed in the IncuCyte Live 
cell analysis system (Essen Bioscience) and the Cy5 fluorescence 
intensity within the 3D spheroids (bright field) was monitored for 
20 to 24 hours.

To image the internalization of PLGA-PEG-GLY-(OSO3Na)2 
NPs into the core of D4M.3A spheroids, the spheroids were pre-
pared and treated as described above, in the presence or absence 
of pretreatment with 10 μM P-selectin inhibitor for 1 hour at 
37°C. Then, after 24 hours of incubation with 1 μM Cy5-labeled 
PLGA-PEG-GLY-(OSO3Na)2 NPs, the spheroids were fixed with 
4% PFA, mounted on a slide with ProLong Gold Antifade Moun-
tant with DAPI (4′,6-diamidino-2-phenylindole) (Invitrogen), 
and imaged with BioTek Cytation C10, 20× magnification. The 
picture was taken from the middle of the Z-stack.

NPs binding to immobilized P-selectin
Recombinant human P-selectin (1 ng/μl, 50 μl per well) was incu-
bated in a Nunc-Immuno 96-microwell plate (Sigma-Aldrich) at 
4°C, overnight. Then, the wells were blocked with 3% skim milk so-
lution (200 μl per well) for 1 hour, washed three times with 200 μl of 
PBS, and incubated with Cy5-labeled PLGA-PEG-GLY-(OSO3Na)2 
NPs or PLGA-PEG NPs for 15 min at three different concentrations: 
500, 300, and 150 μg/ml. Next, the wells were washed three times 
with 200 μl of PBS, and the Cy5 fluorescence signal was measured by 
a SpectraMax M5e plate reader.

Ethics statement
Animals were housed in the Tel Aviv University animal facility. All 
experiments received ethical approval from the Animal Care and 
Use Committee (IACUC) of Tel Aviv University (approval nos. 01-
18-027 and 01-21-005) and were conducted under NIH guidelines.

Animal studies
To evaluate the antitumor activity of drug-loaded NPs compared to 
free drugs, 7- to 8-week-old male C57BL/6 mice (Envigo CRS, 
Israel) were inoculated subcutaneously with 1 × 106 D4M.3A cells. 

The tumors were allowed to be established for 10 days (tumor size 
~180 mm3), and then the mice were treated with DBF, TRM, or 
their combination as drug-loaded NPs or free drugs. Treatments 
were administered intravenously at 3 mg/kg DBF and 0.3 mg/kg 
TRM. Control groups were treated with PBS, Blank (empty) NPs, 
and vehicle [0.01% DMSO, PEG 200 (83 mg/ml), and Tween 80 
(14 mg/ml) in PBS]. Mice were treated QOD, and the tumors were 
measured by a digital caliper according to the formula: width2 × 
length × 0.52. Body weight and tumor size were monitored every 
other day. After the seventh treatment, the mice were euthanized, 
perfused with PBS and 4% formaldehyde, and the tumors were har-
vested. The tissues were then embedded in an OCT compound and 
frozen sectioned into 5-μm-thick sections. Immunostaining of the 
frozen sections was performed using the BOND RX automated IHC 
stainer as described above. The slides were stained with rabbit 
anti-mouse phospho-Braf/phospho-MEK1/2/phospho-Erk1/2 for 
1 hour, followed by staining with secondary antibody goat anti-
rabbit Alexa Fluor 647. Nuclei were stained with Hoechst fluores-
cent dye (1:5000) for an additional 10 min. The tissues were fixed 
and mounted on a glass microscope slide with a glass coverslip us-
ing ProLong Gold antifade reagent (Invitrogen).

For drug dosing assessment, 1 × 106 D4M.3A cells were inocu-
lated subcutaneously into 7- to 8-week-old C57BL/6 mice (Envigo 
CRS, Israel) and allowed to form tumors for 10 days (tumor size 
~70 mm3). Mice were then randomized into six groups and treated 
with intravenous injections of either free or drug-loaded NPs at 1 or 
2 mg/kg DBF and 0.1 or 0.2 mg/kg TRM, QOD. The body weight 
and tumor volume were monitored every other day, and the mice 
were euthanized when tumor volume reached >1000 mm3 or when 
mice lost more than 20% of their initial (day 0) body weight. Blood 
samples were drawn from the submandibular vein following the 
ninth treatment for a complete blood count.

An additional efficacy study was performed with P-selectin–targeted 
NPs. D4M.3A cells (1 ×  106 cells per mouse) were subcutaneously 
injected into 6- to 8-week-old male C57BL/6 mice (Envigo CRS, 
Israel). Following 10 days (tumor size ~50 mm3), the mice were ran-
domized into five groups and were intravenously administered with 
P-selectin–targeted or nontargeted NPs or with the combination of 
free drugs, at 1 mg/kg DBF and 0.1 mg/kg TRM. When the first treated 
group reached tumor size >1000 mm3, all treatments were discontin-
ued. Body weight and tumor size were monitored every other day, and 
mice were euthanized when tumor volume > 1000 mm3 or when they 
lost more than 20% of their initial (day 0) body weight. Blood samples 
were drawn from the submandibular vein following the eighth treat-
ment for biochemistry analysis. In addition, for immunohistochemical 
staining, D4M.3A cells (1 × 106 cells per mouse) were subcutaneously 
injected into 6- to 8-week-old male C57BL/6 mice (Envigo CRS, Israel). 
Once the tumor size reached ~50 mm3, the mice were randomized 
into five groups (four to five mice per group). The mice were treated 
with eight doses of P-selectin–targeted or nontargeted NPs or with the 
combination of free drugs, at 1 mg/kg DBF and 0.1 mg/kg TRM, QOD, 
and then euthanized, perfused with PBS and 4% formaldehyde, and 
the tumors were harvested. The tissues were embedded in an OCT 
compound and cryo-sectioned into 5-μm-thick sections. Tumor sec-
tions were stained with rabbit anti-mouse phospho-Erk1/2/Ki67/
cleaved caspase 3, followed by the secondary antibody, goat anti-rabbit 
Alexa Fluor 647. Nuclei were stained with Hoechst fluorescent dye 
(1:5000). All fluorescence images were captured using a fluorescence 
microscope (Evos FL Auto, Life Technologies) at 40× magnification.
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To evaluate the antitumor activity of compound-l oaded NPs 
compared to free compounds in the BC model, 6-  to 7- week- old 
female BALB/c (Envigo CRS, Israel) mice were inoculated into the 
mammary fat pad with 0.2 × 106 EMT6 cells. The tumors were al-
lowed to establish for 15 days and then the mice were treated with 
talazoparib and SM56 as compound-l oaded NPs (nontargeted and 
P- selectin–targeted) or free compounds or the corresponding con-
trols. Treatments were administered intravenously at 3.33 mg/kg 
SM56 and 0.33 mg/kg talazoparib. Control groups were treated with 
saline, Blank (empty) NPs, and vehicle (0.2% DMSO). Mice were 
treated 3 days/week, and the tumors were measured by a digital
caliper according to the following formula: width2 × length × 0.52. 
The body weight and the tumor volume were monitored 3 days/
week, and the mice were euthanized if they lost more than 20% of 
their initial body weight. After the sixth treatment, the mice were 
euthanized.

dSTORM imaging of PD- L1 after exposure of EMT6 
to talazoparib
EMT6 cells were seeded in Ibidi μ- slide eight- well glass-bottom 
chambered coverslips at a density of 5000 cells per well. After 24 hours 
of incubation, cells were treated with talazoparib for 48 hours (0, 10, 
and 50 mM). After 48 hours, cells were washed with PBS and fixed 
using 3.7% formaldehyde solution for 10 min at RT. After fixation, 
cells were washed thrice with PBS and incubated with 5% BSA solu-
tion overnight at 4°C. Antibody staining with anti–PD- L1 (Mouse 
PD- L1 Alexa Fluor 647 conjugated) or control antibody (Rabbit IgG 
Alexa Fluor 647 conjugated) was performed for 2 hours at RT at 
1 μg/ml antibody dilution in PBS containing 5% BSA (150 μl per well). 
Subsequently, cells were washed thrice with PBS and post- fixated 
using 1% formaldehyde solution for 10 min at RT. Last, cells were 
washed thrice with PBS and stored at 4°C before imaging. Before 
dSTORM imaging, cells were incubated with WGA- 488 (0.5 μg/
ml) for 10 min at RT to visualize the cell outline. Cells were washed 
thrice with PBS and incubated with STORM buffer [5% w/v glucose, 
100 mM cysteamine, glucose oxidase (0.5 mg/ml), catalase (40 μg/
ml) in PBS]. Before STORM imaging, a low- resolution Total Inter-
nal Reflection Fluorescence (TIRF) image was acquired at 5% 647 
laser power and 2% 488 laser power. For dSTORM imaging, cells 
were acquired for 20,000 frames at 16- ms exposure time and 100%
647 laser power. Between 6 and 10 cells were imaged for each condi-
tion. dSTORM images were analyzed with the Nikon NIS elements 
software (version 5.21.01). dSTORM localizations were detected us-
ing Gaussian fitting, with a minimum intensity threshold height 
of 150 for the 647 channel. Molecules detected in five consecutive 
frames were considered as a single blinking event, while molecules 
detected in more than five frames were discarded. Drift correction 
was performed in the NIS elements software, based on an autocor-
relation function. The resulting x- y coordinates of the detected local-
izations were imported and run through a custom MATLAB script 
to quantify the localization density per cell. Each cell was manually 
selected by drawing a region of interest (ROI) around the cell con-
tour (detected in the 488 channel). The resulting localization densi-
ties per cell were plotted in a box plot using Origin 2020 software.

Murine splenocytes isolation and coculture with EMT6 
mCherry- labeled 3D spheroids
Splenocytes were isolated from the spleen of adult Balb/c mice and 
cultured in RPMI supplemented with 10% FBS, 1% Hepes buffer, 1% 

Koshrovski-Michael et al., Sci. Adv. 10, eadr4762 (2024)     13 December 2024

sodium pyruvate, and 0.1% β-mercaptoethanol. The splenocytes 
were activated with anti-CD3 (100 ng/ml; Ultra-LEAF Purified anti-
mouse CD3 antibody; BioLegend no. 100340), anti-CD28 (10 ng/ml; 
Ultra-LEAF Purified anti-mouse CD28; BioLegend no. 102116) and 
E. coli–derived human IL-2 protein (10 ng/ml; R&D Systems no.
202-IL-500) for 48 hours. All cells were grown at 37°C in 5% CO2. In
parallel, EMT6 mCherry-labeled 3D spheroids were prepared by
seeding the cells (500 cells per well per spheroid) in an ultralow at-
tachment round-bottom 96-well plate (Corning) and allowing them
to form 3D spheroids for 72 hours. After the 3D spheroids’ complete
formation, the medium was replaced with a fresh medium contain-
ing activated splenocytes (cancer cell:splenocytes = 1:100 ratio) and 
talazoparib and/or SM56. The plate was placed in the Incucyte Live 
cell analysis system (Essen Bioscience), and the treatment efficacy 
was assessed by measuring the mCherry fluorescence intensity from 
the 3D spheroid for 72 hours.

Statistical analysis
Data were expressed as mean ± SD for in vitro assays and as mean ± 
SEM for in vivo assays. The sample size (N) for each statistical anal-
ysis was added for each experiment. Statistical significance was 
determined using an analysis of variance (ANOVA). P  <  0.05 
was considered statistically significant. All statistical measurements 
were two sided. The Kaplan-Meier curve was created to assess the 
survival of mice in vivo. The software used for statistical analysis was 
GraphPad Prism 8.

Supplementary Materials
This PDF file includes:
Figs. S1 to S22
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