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Intratumoral immunotherapeutic hydrogel administration is emerging as an effective method for inducing a
durable and robust antitumor immune response. However, scaffold hydrogels that can synergize with the loaded
drugs, thus potentiating therapeutic efﬁcacy, are limited. Here, we report a ternary hydrogel composed of
polyvinyl alcohol (PVA), polyethylenimine (PEI)‒a cationic polymer with potential immunoactivation effects, and
magnesium ions‒a stimulator of the adaptive immune response, which exhibits an intrinsic immunomodulation
function of reversing the immunologically “cold” phenotype of a murine breast tumor to a “hot” phenotype by
upregulating PD-L1 expression and promoting M1-like macrophage polarization. PEI hydrogel (PEIGel) encapsulating an immune checkpoint blockade (ICB) inhibitor‒anti-PD-L1 antibody (α-PDL1) exhibits synergistic effects resulting in elimination of primary tumors and remote metastases and prevention of tumor relapse after
surgical resection. A preliminary mechanistic study revealed a probably hidden role of PEI in modulating the
polyamine metabolism/catabolism of tumors to potentiate the immune adjuvant effect. These results deepen our
understanding of the innate immune activation function of PEI and pave the way for harnessing PEI as an immune
adjuvant for ICB therapy.

1. Introduction
Intratumoral administration of synthetic hydrogels for cancer
immunotherapy is emerging as a safe and effective targeted approach for
treating many types of tumors [1–3]. Local hydrogel administration
could mitigate the adverse effects related to systemic exposure and

off-tumor toxicities caused by systemic biodistribution [4,5]. Moreover,
intratumoral drug delivery is an attractive approach to increase in situ
bioavailability, conferring augmented efﬁcacy for immunotherapies.
Compared to immunomodulators injected directly intratumorally, formulations of hydrogels encapsulating immunomodulators show better
control over drug pharmacokinetics by extending the release period, thus
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adjuvant effects to improve the efﬁcacy of vaccines [37]. Moreover, PEI
or PEI-based particles have been demonstrated to have a profound ability
to directly elicit immune responses by inducing “danger signals” of immune cells and the production of proinﬂammatory cytokines [38,39].
Although the detailed underlying mechanism of the adjuvanticity of PEI
is unclear, the integration of this seductive property of PEI in designing
immunotherapeuticals has been intensely pursued, which is believed to
promote the unlocking of the mystery of PEI.
In the present study, we reported a ternary PVA-PEI-Mg2þ (PEIGel)
scaffold hydrogel (PEIGel) with innate immune activation properties for
local ICB therapy. PEIGel highlights multiple advantages. First, it can
extend the α-PDL1 release to confer durable PD-1/PD-L1 blockade.
Moreover, as an immune adjuvant, PEIGel helps induce an immunophenotype favoring ICB, further strengthening the therapeutic efﬁciency.
Notably, this “drug-in-adjuvant” design could mostly reduce the administration dose while maximizing the therapeutic efﬁcacy, which is critical
for successful clinical transformation. As a result, α-PDL1/PEIGel significantly outperformed α-PDL1 in suppressing local malignancies and
remote metastases of murine breast tumors. Multiplex data supported
that PEIGel helped reshape the immunosuppressive TME by upregulating
PD-L1 expression and promoting M1 macrophage polarization. More
interestingly, a preliminary mechanistic study indicated a potential
function of PEI in modulating the polyamine metabolism/catabolism of

preventing overactivation of the immune system [6–8] and allowing
immunotherapies to be better tolerated for administration of maximally
efﬁcacious doses [9–13].
Immune checkpoint blockade (ICB) agents that promote the inﬁltration of cytotoxic T lymphocytes (CTLs) and restore immune surveillance
in cancers by blocking the PD-1/PD-L1 pathway are now widely investigated and applied in the clinical treatment of cancers [8,14–17].
However, ICB agents usually cause unexpected complications or toxicities due to their nonspeciﬁc distribution in normal tissues, and these
adverse effects pose severe threats to patients’ lives [18–20]. In addition,
ICB agents induce an effective response in only a minor subset of patients
(20%–30%) owing to the immunologically “cold” milieu of many solid
tumors [21,22]. To expand the therapeutic potential of ICB in clinical
cancer treatment, intratumoral injection of ICB agent-containing hydrogels, either as a single agent or in combination with other therapeutic
modalities, e.g., chemotherapy, immunotherapy, or photothermal therapy, has been demonstrated to be an effective method for this purpose
[23–35]. Nevertheless, immunotherapeutic scaffold hydrogels that can
directly engage in modulating the tumor microenvironment (TME)
milieu to promote therapeutic efﬁcacy are largely unmet.
Polyethylenimine (PEI) is a cationic polymer that has been widely
applied as a transfection reagent for polynucleotides for decades [36]. In
addition to its transportation function, PEI was reported to have immune

Scheme 1. Schematic illustration of an anti-PD-L1 antibody-loaded PVA-PEI hydrogel (α-PDL1/PEIGel) for boosting and enhancing immune checkpoint blockade
(ICB) therapy via local administration. PEIGel exerts innate modulatory effects on tumor microenvironment, leading to adjuvant effects that reverse the immunologically “cold” phenotype to a “hot” phenotype by upregulating PDL1 expression and promoting M1-like macrophage polarization. PEIGel encapsulating an anti-PDL1
antibody (α-PDL1) exerts synergistic effects to eliminate primary tumors and remote metastases and to prevent tumor relapse after surgical resection.
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Next, we assayed the stability of α-PDL1/PEIGel. The release of
α-PDL1 from the PEIGel was ﬁrst assessed in glass bottles. We observed a
stable, sustainable release of α-PDL1 from the PEIGel during the 4 weeks
of monitoring. At the endpoint, approximately 20% of the initial α-PDL1

the tumor. These studies beneﬁt the design of immunotherapeutic
hydrogels for local ICB therapy and deepen our understanding of the
multifarious pathways of PEI in modulating the tumor microenvironment
(see Scheme 1).

was detected in the buffer, without apparent hydrogel deformation
compared to the hydrogel at the starting point (Fig. 1e and Supplementary Fig. 3). Then, in vivo drug release was further investigated via an
IVIS spectrum system. We employed ﬂuorophore AF647-labeled α-PDL1
(excitation: 670 nm) as a surrogate of α-PDL1 to enable ﬂuorescent
detection. Confocal microscopy showed that AF647-α-PDL1 was evenly
distributed in the PEIGel scaffold (Supplementary Fig. 4). AF647α-PDL1/PEIGel was injected into subcutaneous tumors. Simultaneously,
an equivalent amount of AF647-α-PDL1 in solution was administered in a
parallel cohort as a control. In the mice injected with AF647-α-PDL1, the
ﬂuorescence had almost disappeared from the injection site at 7 days
after injection. In stark contrast, in mice injected with AF647-α-PDL1/
PEIGel, over 50% of the ﬂuorescence was still present at the injection site
on day 28 (Fig. 1f and g). These results suggested that PEIGel signiﬁcantly prolonged the release of α-PDL1.

2. Results
2.1. PEIGel encapsulation extends the release of α-PDL1
Adopting the method we reported previously [40], we successfully
fabricated an anti-PD-L1 antibody (α-PDL1)-loaded PEIGel
(α-PDL1/PEIGel, Fig. 1a). Notably, magnesium cations (Mg2þ)—a stimulator of the adaptive immune system—were added to the hydrogel to
enhance the immunomodulatory activity of the hydrogel [41,42]. The
as-prepared α-PDL1/PEIGel was semitransparent and estimated to
contain 85% water mass (Fig. 1b). The morphology of the α-PDL1/PEIGel
was then investigated via cryogenic scanning electron microscopy (cryo-SEM). The lyophilized hydrogel exhibited a porous structure with a
100- to 300-nm pore diameter (Fig. 1c). Energy dispersive spectrometry
(EDS) results showed that elements, including C, O, N, Cl, and Mg, were
uniformly dispersed in the ﬁeld (Fig. 1d). Furthermore, Fourier transform
infrared spectroscopy (FT-IR) validated that increased hydrogen bonding
networks were present in the α-PDL1/PEIGel hydrogel, as evidenced by a
widened stretching vibration absorption peak at approximately
3234–3334 cm1 for the α-PDL1/PEIGel compared to the controls
(Supplementary Fig. 1). The rheological properties of the α-PDL1/PEIGel
were assessed by a dynamic mechanical analyzer (DMA). The modulus of
the α-PDL1/PEIGel did not change signiﬁcantly in the temperature range
from 20 to 50  C, suggesting the great thermal stability of the hydrogel
(Supplementary Fig. 2). Compared with PVA-based hydrogels, the PEIGel
exhibited a profoundly higher viscosity and excellent shear-thinning
property, rendering high shape-adaptability to conform to an irregular
surgical bed and high ﬂowability to be administered by injection.

2.2. Extended release of α-PDL1 boosts antitumor effects on primary
tumors
The inhibitory efﬁcacy of α-PDL1/PEIGel on tumor growth was ﬁrst
evaluated in a 4T1 allograft tumor model (Fig. 2a). After 14 days of
treatment, the tumor volume of mice in the α-PDL1/PEIGel group (Fig. 2b
and c) was signiﬁcantly smaller than that of mice in the control group. Of
note, all mice (5 in 5) in the α-PDL1/PEIGel‒treated group (Fig. 2d)
survived to day 44, while only one mouse survived (1 in 5) in the
α-PDL1‒treated group on the same day. Notably, PEIGel treatment prolonged the survival of mice compared to control treatment, implying that
PEIGel exerts potential inhibitory effects on tumor growth (Fig. 2b and
d).

Fig. 1. Preparation and characterization of the α-PDL1/PEIGel. a A model diagram of the PEIGel system. b Representative photographs shows that PEIGel is
transparent. c Cryo-SEM images of the α-PDL1/PEIGel at different magniﬁcations (100  , top; 200  , bottom), and the pore diameter was calculated to be 100–300
nm d Elemental mapping images of the α-PDL1/PEIGel (scale bar ¼ 500 nm). Carbon (C) is indicated in magenta, nitrogen (N) is indicated in yellow, oxygen (O) is
indicated in orange, magnesium (Mg) is indicated in green, and chlorine (Cl) is indicated in purple. e In vitro release kinetics of anti-PDL1 from the α-PDL1/PEIGel in
0.01 M PBS buffer (pH 7.4) for 4 weeks, n ¼ 3 biologically independent samples per group. f Release kinetics of AF647-α-PDL1 from the PEIGel in a 4T1 allograft
murine model over 28 days (intratumoral injection). g Semiquantitative analysis of AF647-α-PDL1 released from the PEIGel over 28 days based on ﬂuorescence
intensity, n ¼ 3 biologically independent mice per group. Data are shown as the mean  SD. Statistical analysis was performed by a two-tailed Student's t-test. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 2. Antitumor efﬁcacy of the α-PDL1/PEIGel in a 4T1 allograft murine model. a Schematic diagram of the animal experiment. 4T1 tumor-bearing mice were
intratumorally injected with 100 μL PBS, PEIGel, α-PDL1 or α-PDL1/PEIGel (dose equivalent to 100 μg α-PDL1) on day 0, and serum was collected on days 7, 14 and 21
for ELISA detection of IL-2, IL-6, TNF-α and IFN-γ. b Tumor growth curves of 4T1 tumor-bearing mice treated with PBS, PEIGel, α-PDL1 or α-PDL1/PEIGel (n ¼ 5) for
44 days, with an endpoint tumor volume of 1000 mm3 used as a surrogate for mortality. c Individual tumor volumes of the 4T1 allograft model mice given various
treatments, n ¼ 5 biologically independent mice per group. d Kaplan–Meier survival analysis of 4T1 tumor-bearing mice. e Cell apoptosis in tumors from different
treatment groups was detected via H&E staining, a TUNEL assay and Ki67 immunoﬂuorescence analysis. Cell nuclei were stained with 40 ,6-diamidino-2-phenylindole
(DAPI, blue ﬂuorescence). Apoptotic cells were identiﬁed by green ﬂuorescence, and Ki67 was identiﬁed by red ﬂuorescence; scale bar ¼ 100 μm. Semiquantitative
analysis of the TUNELþ percentage and g Ki67 expression in tumors from different treatment groups, n ¼ 5. Data are presented as the mean  SD. Statistical analysis
was performed by one-way ANOVA with Tukey's post-hoc test (f, g). The log-rank test was used to compare survival among the groups (b). -*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.

group, respectively, validating that tumor growth was signiﬁcantly
inhibited by local administration of α-PDL1/PEIGel.

To verify the tumor inhibitory effects, further anatomical histochemical analysis was performed. As shown by hematoxylin and eosin
(H&E) staining (Fig. 2e), active proliferation of cancer cells was observed
in the control group, PEIGel group and even α-PDL1 group, while in the
α-PDL1/PEIGel group, purple staining was signiﬁcantly reduced, indicating massive cancer cell death. Moreover, as observed with a terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
(Fig. 2e and f), strong green ﬂuorescence could be detected in tumor
tissues from the α-PDL1/PEIGel group, indicating massive apoptosis of
4T1 cancer cells. More speciﬁcally, the number of TUNEL-positive cells in
the α-PDL1/PEIGel group (~70%) was higher than that in the control
group (~10%) according to semiquantitative analysis. Ki67 was also
utilized to evaluate the proliferation of cancer cells. As shown in Fig. 2e
and g, the Ki67-positive areas in the α-PDL1/PEIGel group were reduced
by ~60% and 70% compared to those in the α-PDL1 group and PEIGel

2.3. PEIGel synergizes with α-PDL1 to reshape the TME
To gain insight into the antitumor mechanism of α-PDL1/PEIGel, we
next performed an enzyme-linked immunosorbent assay (ELISA) analysis. As shown in Fig. 3a–d, after local α-PDL1/PEIGel administration, the
levels of cytokines, including interleukin-2 (IL-2), interleukin-6 (IL-6),
tumor necrosis factor alpha (TNF-α) and interferon-gamma (IFN-γ), in the
blood were all signiﬁcantly increased, indicating the activation of a
systemic antitumor immune response in the mice. Strikingly, the cytokine levels of mice treated with PEIGel alone on day 14 were also
signiﬁcantly increased compared to those of the mice in the control group
and α-PDL1 group. Of note, the cytokine levels of mice in the PEIGel and
4
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Fig. 3. α-PDL1/PEIGel inﬂamed the tumor microenvironment and enhanced systemic antitumor immune responses. a-d The levels of cytokines, including IL-2, IL-6,
IFN-γ, and TNF-α, in the serum of mice treated with PBS, the PEIGel, α-PDL1 or the α-PDL1/PEIGel (intratumoral injection of an amount equivalent to 100 μg α-PDL1)
on days 7, 14 and 21, n ¼ 5 biologically independent mice per group. e Immunoﬂuorescence analysis of PDL1 expression in tumors from different treatment groups at
baseline and on days 7 and 14 (n ¼ 5). Nuclei were stained with DAPI (blue ﬂuorescence), and PD-L1 was identiﬁed by red ﬂuorescence; scale bar ¼ 100 μm i
Semiquantitative analysis of PD-L1 expression at baseline and on days 7 and 14, n ¼ 5. Data are presented as the mean  SD. Statistical analysis was performed by oneway ANOVA with Tukey's post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, -****P < 0.0001.

T cells. For tumors treated with PEIGel, although the CD3þ cell level
showed no signiﬁcant increase compared to that in the control group,
there was a noticeable elevation in CD8þ T-cell numbers (Supplementary
Fig. 6b and c), indicating that PEIGel could induce CTL accumulation to
reprogram the suppressive TME (Supplementary Fig. 7).
To dissect the cellular and molecular changes among immune cell
subsets after intratumoral administration of α-PDL1/PEIGel, we evaluated the composition and activation status of leukocytes in tumors. As
shown in Supplementary Fig. 8a and b, after α-PDL1/PEIGel treatment,
the percentage of inﬁltrated CD3þ T cells in 4T1 tumors was increased
signiﬁcantly. Moreover, as shown in Fig. 4b–d and 4f-4h, local α-PDL1/
PEIGel administration effectively increased the percentages of
CD3þCD8þ T cells and IFN-γþCD8þ T cells, while the percentage of
CD4þFOXP3þ Treg cells was greatly decreased. A slight increase in
CD3þCD8þ T cells was also detected in the PEIGel group on day 14. An
increase in CD80þCD86þ antigen-presenting cells was observed in all
three treatment groups (Supplementary Fig. 8c and d) and demonstrated
that the immunosuppressive environment was efﬁciently alleviated.
Moreover, the percentage of cells expressing CD206 (an indicator of M2
macrophages) in the PEIGel group decreased to 37.1% in contrast with
that in the control group (42.1%), indicating that PEIGel may efﬁciently
induce macrophage polarization from an M2 phenotype to an M1
phenotype (Fig. 4e and i). This effect was also conﬁrmed by the in vitro
co-culture model of PEIGel and RAW246.7 cells (Supplementary Fig. 9).

α-PDL1/PEIGel groups on day 14 were maintained or even increased
compared to those on day 7. In contrast, the cytokine levels in mice in the
α-PDL1 group showed a remarkable decrease from day 7 to day 14.
As a “cold” tumor phenotype with low PDL1 expression, 4T1 tumors
often exhibit an immunosuppressive TME with low cytotoxic T lymphocytes (CTL) and high regulatory T (Treg) cell inﬁltration [25]. It is thus
crucial to “heat” the tumor for effective antitumor immunotherapy.
Increasing evidence has shown that the expression level of PDL1 in tumors is closely associated with the efﬁcacy of ICB-based cancer immunotherapy [43,44]. Upregulating PDL1 expression by chemical or
physical treatments, such as mild photothermal irradiation, has been
demonstrated to be an effective approach to potentiate immunologically
“cold” tumors to respond to ICB [29]. Following the observation of the
immune modulation effects of PEIGel, we then sought to inspect whether
PEIGel modulates the PDL1 expression level of tumors. According to an
immunoﬂuorescence analysis of PDL1 expression in 4T1 tumors, local
administration of PEIGel effectively enhanced PDL1 expression and
improved the heterogeneity of PDL1 expression (Fig. 3e). A similar
elevation in PDL1 expression was also observed in mice treated with
α-PDL1/PEIGel on day 7. This unique function of the PEIGel could support CTL inﬁltration during the early stage of treatment. However, in
mice treated with α-PDL1 or the α-PDL1/PEIGel, most of the 4T1 tumor
cells underwent apoptosis, leading to drastically decreased expression of
PDL1 at the end of the treatment period (Fig. 3i). The above results were
further conﬁrmed by western blot analysis (Supplementary Fig. 5).
To assess whether local α-PDL1/PEIGel administration improves the
tumor inﬁltration of CTLs, we then performed immunoﬂuorescence
analysis. The inﬁltration of CD3þ and CD8þ T cells into 4T1 tumors
treated with α-PDL1/PEIGel was signiﬁcantly increased compared to that
in tumors given other treatments (Fig. 4a and Supplementary Fig. 6a),
suggesting the induction of robust inﬁltration of CTLs and other types of

2.4. PEIGel synergizes with α-PDL1 to eliminate metastases
Tumor metastasis is a common phenomenon during cancer progression and is a major cause of tumor-associated death. Immunotherapies
that produce systemic antitumor immune responses are highly promising
treatment modalities to eliminate both primary tumors and metastatic
5
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Fig. 4. Antitumor immunity induced by the α-PDL1/PEIGel in a 4T1 allograft murine model. a Inﬁltration of T lymphocytes into tumors from different treatment
groups. Nuclei were stained with DAPI (blue ﬂuorescence), CD3þ cells were identiﬁed by green ﬂuorescence, and CD8þ cells were identiﬁed by red ﬂuorescence; scale
bar ¼ 200 μm. 4T1 tumor-bearing mice were intratumorally injected with 100 μL PBS, PEIGel, α-PDL1 or α-PDL1/PEIGel (dose equivalent to 100 μg α-PDL1) on day 0,
and the subcutaneously transplanted tumors were removed on day 14 for immunoﬂuorescence and ﬂow cytometric analysis. a Inﬁltration of T lymphocytes into
tumors from different treatment groups. Nuclei were stained with DAPI (blue ﬂuorescence), CD3þ cells were identiﬁed by green ﬂuorescence, and CD8þ cells were
identiﬁed by red ﬂuorescence; scale bar ¼ 200 μm and 50 μm. a-e Flow cytometric analysis and f-i quantitative analysis of CD8þ T cells after gating on CD45þCD3þ
cells, IFN-γþ T cells after gating on CD45þCD3þCD8þ cells, Treg cells after gating on CD4þFOXP3þ cells, and M2-like macrophages (CD206þ) after gating on
CD45þCD11bþF4/80þ cells; n ¼ 5 biologically independent mice per group. Data are presented as the mean  SD. Statistical analysis was performed by one-way
ANOVA with Tukey's post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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immune recognition, as the percentage of IFN-γþ CD8þ T cells in recurrent tumors from the α-PDL1/PEIGel group was increased to 12.4%
compared to 4.09% in the control group. Therefore, through the sustained release of α-PDL1 from the PEIGel, immune suppression in
recurrent tumors can be relieved, efﬁciently preventing tumor recurrence
and regrowth after surgical resection. Based on these results, it was
conﬁrmed that local administration of α-PDL1/PEIGel may hold great
potential for the clinical treatment of solid tumors by relieving immune
suppression and promoting CTL inﬁltration.

tumors. To evaluate the antimetastatic efﬁcacy of the α-PDL1/PEIGel, we
established a 4T1 tumor metastasis murine model for an antimetastatic
study (Fig. 5a). After 16 days of treatment, local α-PDL1/PEIGel
administration successfully inhibited the growth of both primary tumors
and distant tumors (Supplementary Fig. 10-11 and Fig. 5b). As expected,
intratumoral injection of α-PDL1 also mitigated the growth of distant
tumors. However, the efﬁcacy was much weaker than that achieved with
α-PDL1/PEIGel. Interestingly, PEIGel administration also showed some
ability to delay distant tumor growth (Fig. 5b).
As shown in Supplementary Fig. 12a and 12b, the Ki67-positive areas
in the α-PDL1/PEIGel group were reduced signiﬁcantly compared to
those in the α-PDL1 group and PEIGel group, validating that tumor
growth was signiﬁcantly inhibited by local administration of α-PDL1/
PEIGel. Furthermore, ELISAs were used to evaluate cytokines, including
IL-2, IL-6, TNF-α and IFN-γ, in the tumor. The results showed that the
levels of all cytokines were signiﬁcantly increased in all treated groups,
revealing the order α-PDL1/PEIGel > α-PDL1 > PEIGel > control
(Fig. 5c–f). This suggests that local administration can effectively induce
a systemic antitumor immune response, resulting in the elimination of
tumor metastases.
The tumor immune status in distant tumors was further investigated
by immunoﬂuorescence analysis. As shown in Fig. 5g and Supplementary
Fig. 13, the maximum inﬁltration of CD3þCD8þ T cells was detected in
distant tumors treated with α-PDL1/PEIGel. Although α-PDL1 treatment
alone also elicited robust inﬁltration of CD3þCD8þ T cells in distant tumors, the staining intensity was signiﬁcantly lower (Fig. 5g). We next
performed ﬂow cytometric analysis to probe the variations in immune
cell subsets in distant tumors after local treatment. As shown in Fig. 5h, j,
and Supplementary Fig. 14, local α-PDL1/PEIGel administration signiﬁcantly increased the percentage of inﬁltrated CD8þ T cells in the distant
tumors, with the percentages of CD3þCD8þ and IFN-γþCD8þ T cells
being increased to 29.6% and 7.04% compared to 12.9% and 2.28% in
the control group, respectively. Notably, although local administration of
PEIGel failed to promote CTL inﬁltration, it decreased the percentage of
inﬁltrated FOXP3þCD4þ Treg cells (28.1%) in distant tumors compared to
control treatment (32.7%) (Fig. 5i and k), suggesting a potential role in
reprogramming the TME by alleviating immunosuppressive factors.

2.6. PEIGel potentially modulated the polyamine metabolism/catabolism
of tumors
The above results consistently suggested that PEIGel shows innate
immune modulation effects, which can be partly due to the immune
adjuvanticity of PEI. Regarding the immune activation function of PEI,
although a couple of studies have established possible immune pathways
that can be affected by PEI, most of them focus on downstream immune
effectors or immune receptors expressed by immune cells. Nevertheless,
how PEI inﬂuences the fate of tumor cells remains largely unexplored.
The innate polyamines of mammals, usually referred to as putrescine,
spermidine and spermine, are highly charged, polycationic alkylamines,
which are fundamental substrates in maintaining cell growth and survival, and their depletion leads to cytostasis [45–47]. Increasing evidence
has shown that polyamine metabolism is dysregulated in cancers, with
elevated polyamine levels characterizing malignancies [48–50]. Moreover, increasing knowledge supports the existence of interplay between
polyamine metabolism and other tumor-driving pathways [51].
In this context, we investigated whether PEIGel is involved in
modulating polyamine metabolism/catabolism in 4T1 tumors [52]. We
ﬁrst evaluated the polyamine levels in 4T1 tumors following 14 days of
treatment using ultra-performance liquid chromatography (UPLC) analyses based on the method reported previously [53,54] (Fig. 7a). As expected, we observed a signiﬁcant depletion of intratumoral spermine
levels led by the PEIGel and α-PDL1/PEIGel treatment, while α-PDL1
alone caused no changes in the spermine level (Fig. 7b–d). Furthermore,
the spermine-to-spermidine ratio was signiﬁcantly decreased following
PEIGel or α-PDL1/PEIGel treatment (Fig. 7e), suggesting an upregulation
of polyamine catabolism or downregulation of polyamine synthase activity [53–55]. In addition, the expression levels of two critical polyamine catabolism enzymes, spermidine/spermine N1-acetyltransferase 1
(SSAT) and spermine oxidase (SMOX), showed notable increases
following PEIGel and α-PDL1/PEIGel treatment (Fig. 7f–h). These results
preliminarily indicated that PEI is a potential SSAT inducer that may
interrupt polyamine catabolism/metabolism in 4T1 cells and promote
immunogenic cell death of cancer cells (Fig. 7i). Currently, the in-depth
investigation of the correlation between PEI's immune adjuvanticity and
its polyamine modulation ability is ongoing.

2.5. PEIGel synergizes with α-PDL1 to prevent primary tumor relapse after
surgery
In the clinical treatment of solid tumors, surgical resection alone
usually fails to cure advanced-stage cancers due to local relapse caused
by conservative surgical resection or remote metastasis. Therefore, surgical resection in combination with other treatment modalities, such as
immunotherapy, has been considered an effective regimen to improve
patient prognosis and overall survival. To evaluate the utility of the
α-PDL1/PEIGel in preventing tumor relapse after surgery, we established
a recurrent tumor model with 4T1 tumor-bearing mice and investigated
the antirelapse efﬁcacy of the α-PDL1/PEIGel, as indicated in Fig. 6a. The
differences in recurrent tumor volumes among the different treatment
groups (Fig. 6b6e) demonstrated that α-PDL1/PEIGel had the best
antirelapse efﬁcacy. Speciﬁcally, 3 of the 6 mice treated with α-PDL1/
PEIGel were cured and showed no detectable tumors on day 30.
Furthermore, on the same day, 2 of the 3 recurrent mice showed small
tumor volumes of less than 50 mm3, and only one mouse grew a tumor
with a volume over 100 mm3. In contrast, for mice injected with α-PDL1
in solution locally, the recurrent tumor volumes of 3 of the 6 mice were
larger than 100 mm3 on day 30, and only 1 of the 6 mice was completely
cured. These results suggest that PEIGel encapsulation may enhance the
antitumor immune response induced by α-PDL1 to inhibit tumor recurrence via extended release.
Flow cytometric analysis further conﬁrmed the high inﬁltration of
CD3þCD8þ T cells in recurrent tumors treated with the α-PDL1/PEIGel
(Fig. 6f6i). In addition, the increase in activated CTLs further suggested
the activation of the antitumor immune response and enhancement of

2.7. PEIGel exhibits good biosafety
After conﬁrming its broad utility in eliminating both primary tumors
and metastatic tumors in murine tumor models, we sought to assay the
biocompatibility of the α-PDL1/PEIGel, a critical analysis before its utilization in clinical research. First, we conﬁrmed the low cytotoxicity of
PEIGel by co-culture with AML-12 and HUVECs cells (Supplementary
Fig. 15). Then, hematological analysis was performed to monitor the
potential toxicity to blood cells. As suggested in Supplementary Fig. 16
and Supplementary Table S1, local α-PDL1/PEIGel administration did
not induce obvious acute toxicity since the numbers of white blood cells
(WBCs), red blood cells (RBCs) and platelets (PLTs) and the level of hemoglobin (HGB) in routine blood assays were maintained in the corresponding normal range. Moreover, biochemical analysis of the blood
revealed that the levels of albumin (ALB), globulin (GLB), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), blood urea (urea), cystatin C (Cys C) and creatinine
7
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Fig. 5. Antitumor efﬁcacy of the α-PDL1/PEIGel in a metastatic tumor model. a Schematic diagram of the animal experiment. Intratumoral injection of 100 μL PBS,
PEIGel, α-PDL1 or α-PD-L1/PEIGel (dose equivalent to 100 μg anti-PD-L1) on day 0. b Average tumor volumes of metastatic tumors in 4T1 tumor-bearing mice treated
with PBS, PEIGel, α-PDL1 or α-PD-L1/PEIGel (intratumoral injection, dose equivalent to 100 μg anti-PDL1, n ¼ 4). c-f Distant tumor cytokine levels in different
treatment groups on day 16 (n ¼ 4). g Nuclei were stained with DAPI (blue ﬂuorescence), CD3þ cells were identiﬁed by green ﬂuorescence, and CD8þ cells were
identiﬁed by red ﬂuorescence; scale bar ¼ 200 μm and 50 μm. h-i Flow cytometric analysis and j-k semiquantitative analysis of CD8þ T cells after gating on
CD45þCD3þ cells, and Treg cells after gating on CD4þFOXP3þ cells; n ¼ 4 biologically independent mice per group. Data are presented as the mean  SD. Statistical
analysis was performed by one-way ANOVA with Tukey's post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Fig. 6. Antitumor efﬁcacy of the α-PDL1/PEIGel in a recurrent tumor model. a Schematic diagram of the animal experiment. 4T1 tumors were partly resected on day
0, and then 100 μL PBS, PEIGel, α-PDL1 or α-PDL1/PEIGel (dose equivalent to 100 μg α-PDL1) was injected into the tumor bed. After 30 days of therapy, the tumors
were collected for histological and ﬂow cytometric analyses. b Photographs of resected recurrent tumors from mice treated with PBS, PEIGel, α-PDL1 or α-PDL1/
PEIGel (intratumoral injection, dose equivalent to 100 μg α-PDL1). c Average tumor weights of recurrent tumors in 4T1-bearing mice treated with PBS, PEIGel, α-PDL1
or α-PDL1/PEIGel (n ¼ 6). d Average tumor volumes of metastatic tumors in 4T1 tumor-bearing mice treated with PBS, PEIGel, α-PDL1 or α-PD-L1/PEIGel (intratumoral injection, dose equivalent to 100 μg anti-PDL1, n ¼ 6). e Individual tumor volumes of recurrent tumors in mice treated with PBS, the PEIGel, α-PDL1 or the
α-PDL1/PEIGel (intratumoral injection, dose equivalent to 100 μg anti-PDL1), n ¼ 6 biologically independent mice per group. f, h Flow cytometric analysis and g, i
quantitative analysis of CD8þ T cells after gating on CD45þCD3þ cells and IFN-γþ T cells after gating on CD45þCD3þCD8þ cells, n ¼ 3 biologically independent mice
per group. Data are shown as the mean  SD; statistical analysis was performed by one-way ANOVA with Tukey's post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.

clearance (CCr) did not change greatly, suggesting that α-PDL1/PEIGel
had low toxicity to the liver and kidneys. By subcutaneous injection of
PEIGel, its degradation process in vivo can be observed, and the content
can be reduced by about 90% at 25 days (Supplementary Fig. 17). In
addition, H&E staining (Supplementary Fig. 18) did not detect obvious
pathological variations in the major organs, including the heart, liver,
spleen, lungs and kidneys, further proving the good biosafety of the
α-PDL1/PEIGel. These data, together with data showing stable weights
and temperatures for mice (Supplementary Figs. 19 and 20) during
treatment, indicated that the α-PDL1/PEIGel showed satisfactory
biocompatibility, suggesting that the PEIGel holds great potential to be
translated into a clinical treatment for solid tumors.

pharmacodynamics can be drastically improved and precisely controlled.
As a result of extending local release, systemic immunotherapeutic effects can be signiﬁcantly enhanced, resulting in suppression of primary
and metastatic malignancies and even prevention of tumor recurrence
after surgical resection [56].
With the rapid growth of research on hydrogel-based immunomodulator delivery, interest in developing immunotherapeutic hydrogels
with innate immune modulation functions is expanding. In this study, we
designed a PEIGel with α-PDL1 embedded to combat murine breast tumors in a mouse model. Our results showed that PEIGel could reshape the
immunosuppressive TME by upregulating PDL1 expression and promoting M1-like macrophage polarization, thus synergizing with α-PDL1
to eliminate both primary tumors and metastatic tumors. This modulatory effect of PEIGel can be partly due to the intrinsic immune adjuvant
effects of PEI [39]. Interestingly, a preliminary mechanistic study implied
a potential correlation between PEI's immune adjuvanticity and its
polyamine metabolism/catabolism modulation ability. This study not
only helps us design next-generation scaffold hydrogels for extended
release but also deepens our understanding of the physiological function
of PEI.

3. Discussion
Local administration of ICB therapeutics has been demonstrated to be
an effective strategy for enhancing efﬁcacy and safety, as this approach
can mitigate the adverse effects of nonspeciﬁc systemic distribution and
increase in situ bioavailability [5]. Moreover, if immunomodulators are
formulated in a synthetic hydrogel, their release kinetics and
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Fig. 7. PEIGel modulates the intratumoral polyamine levels and acts as an inducer of SSAT. a Schematic of the procedures for polyamine quantiﬁcation in 4T1 tumors
using the UPLC-mass method. 4T1 tumor-bearing mice were intratumorally injected with 100 μL PBS, PEIGel, α-PDL1, or α-PDL1/PEIGel (dose equivalent to 100 μg
α-PDL1) on day 0, and tumor samples were collected on day 14 for polyamine detection. b-d Intratumoral putrescine (put), spermidine (spd), and spermine (spm)
levels. n ¼ 4 biologically independent mice per group. e Spermine to spermidine ratio (spm:spd). f Western blot analysis of SSAT and SMOX associated with polyamine
catabolism in 4T1 tumors following two weeks of treatment. g, h SSAT and SMOX expression fold change against β-actin. i Proposed mechanism for polyamine
catabolism modulation induced by PEI. Data are presented as the mean  SD. Statistical analysis was performed by one-way ANOVA with Tukey's post-hoc test. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

CD86 (Catalog No. 105040), and CD206 (Catalog No. 141720) were
purchased from BioLegend (California, USA). IL-2 (Catalog No.
MU30009), IL-6 (Catalog No. MU30044), TNF-α (Catalog No. MU30030),
and IFN-γ (Catalog No. MU30038) ELISA kits were purchased from
Bioswamp (Wuhan, China).

In summary, our results suggested that the PEIGel encapsulating

α-PDL1 is a superb “drug-in-adjuvant” formulation for treating immu-

nologically “cold” murine breast tumors. Unlike most traditional “scaffold hydrogels”, our PEIGel deﬁned a new paradigm of
immunotherapeutic hydrogels, which not only function as carriers for
immunomodulators but also directly engage in modulating the TME.
These dual functions could harmonize in the tumor milieu to potentiate
immunotherapeutic efﬁcacy via several mechanisms. Overall, it is
reasonable to conclude that PEIGel might be a versatile platform for the
local delivery of different kinds of immunomodulators for immune
adjuvant-synergized cancer immunotherapy.

4.2. Cell lines
Cells, including 4T1 cells (murine breast cancer cells),AML-12 cells
(murine normal liver cells), HUVECs cells (human umbilical vein endothelial cells) were purchased from American Type Culture Collection
(Manassas, VA). All cells were cultured in RPMI-1640 supplemented with
10% fetal bovine serum, 100 units/mL penicillin and 50 units/mL
streptomycin at 37  C in a humidiﬁed incubator with a 5% CO2
atmosphere.

4. Methods
4.1. Materials
PEI (Catalog No. E107077, M.W. ~600) and PVA (Catalog No.
P105126, M.W. 89000–98000) were purchased from Aladdin (Shanghai,
China). Magnesium chloride (MgCl2, Catalog No. A60905) was obtained
from 3AChem (Shanghai, China). α-PDL1 (Catalog No. BE0101) was
obtained from BioXCell (New Hampshire, USA). AF647-α-PDL1 (Catalog
No. E-AB-F1132UM) was purchased from Elabscience (Wuhan, China). A
Masson staining kit (Catalog No. G1006), a TUNEL assay kit (Servicebio,
Catalog No. G1501), DAPI (Catalog No. G1012) and antibodies speciﬁc
for PDL1 (Catalog No. GB11339), CD3 (Catalog No. GB111337), CD8
(Catalog No. GB11068), and Ki67 (Catalog No. GB111499) were obtained from Servicebio (Wuhan, China). Antibodies for ﬂow cytometric
analysis speciﬁc for CD45 (Catalog No. 103116), CD3 (Catalog No.
100306), CD8 (Catalog No. 100722), CD4 (Catalog No. 100559), FOXP3
(Catalog No. 17-5773-82), IFN-γ (Catalog No. 505830), CD11B (Catalog
No. 101251), F4/80 (Catalog No. 123122), MHC II (Catalog No.
107606), CD11c (Catalog No. 117310), CD80 (Catalog No. 104708),

4.3. Animals
All animals used in this study were purchased from SPF Biotechnology Inc. (Beijing, China). All animal experiments were performed in
accordance with the protocols of the Jinan University Animal Ethics
Board. 4T1 cell xenograft mouse models were established by subcutaneous (s.c.) injection of 1  106 4T1 cells into Balb/C mice and
monitored until the tumor volume reached 100–130 mm3.
4.4. Preparation and characterization of the PVA-PEI hydrogel
First, 1 g PEI and 12 mg Mg2þ were weighed and dissolved in 9 mL
deionized water. Then, 2 g PVA was added to the above solution with
stirring at 10 rpm and 98  C until a uniform PEIGel was obtained. Then,
the as-prepared PEIGel was cooled to 37  C and added to 8.29 mg/mL
α-PDL1 at a volume ratio of 100:12. After homogeneous mixing, the
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Z. Xiao et al.

Materials Today Bio 15 (2022) 100297

α-PDL1/PEIGel was ﬁnally obtained for subsequent in vitro or in vivo
experiments.
The morphology and physiochemical properties of the as-prepared
α-PDL1/PEIGel were investigated by cryo-SEM (HITACHI, SU 8020,
Japan), FT-IR (Bruker, VERTEX80v, USA) and DMA (TA Instruments,
Q800, USA).

period lasted 16 days. After that, the tumors in the right hindlimb from
the different treatment groups were collected for ﬂow cytometric analysis, ELISA and immunoﬂuorescence analysis.
4.9. Antitumor efﬁcacy of the PVA-PEI hydrogel in a recurrent tumor
model
The antitumor efﬁcacy of the α-PDL1/PEIGel in a recurrent tumor
model was also investigated. In brief, 1  106 4T1 cells were s.c. injected
into the left hindlimb of Balb/C mice and allowed to grow until the tumor
volume reached 100–130 mm3. Then, the mice were anesthetized, the
tumor was partially resected, leaving a tumor recurrence bed. After that,
the recurrent tumor model mice were divided into 4 groups: (1) control
group: intratumoral injection of 100 μL saline solution; (2) PEIGel group:
intratumoral injection of 100 μL PEIGel(120 μg Mg2þ); (3) α-PDL1 group:
intratumoral injection of 100 μL α-PDL1 solution (1.0 mg/mL, dose: 100
μg α-PDL1); and (4) α-PDL1/PEIGel group: intratumoral injection of 100
μL α-PDL1/PEIGel (dose equivalent to 100 μg α-PDL1, 120 μg Mg2þ). The
different treatments were administered on day 0. Mouse weight, temperature and tumor volume were recorded every 3 days. The whole
treatment period lasted 30 days. After that, all mice were euthanized, and
the tumors from the different treatment groups were collected for ﬂow
cytometric analysis.

4.5. In vitro release proﬁle of the PVA-PEI hydrogel
The in vitro release proﬁle of α-PDL1 was evaluated as previously
described. In brief, 2 mL α-PDL1/PEIGel was immersed in 10 mL 1  PBS
buffer at room temperature for 4 weeks, during which time samples were
collected at the time points 1, 3, 6, 12, 36, 72, 168, 336 and 672 h. Then,
the content of α-PDL1 in the collected samples was determined with a
UV–Vis spectrophotometer (Shimadzu, UV-3600, Japan).
4.6. In vivo release proﬁle of the PVA-PEI hydrogel
To further elucidate the release proﬁle of the PEIGel in vivo, mice
bearing 4T1 cell xenografts were randomly divided into two groups for
ﬂuorescence imaging with an IVIS spectrum system (PerkinElmer,
Lumina III, USA). The mice in the control group were intratumorally
injected with free α-PDL1 solution (1 mg/mL, 100 μL), and those in the
α-PDL1/PEIGel group were intratumorally injected with the α-PDL1/
PEIGel (dose equivalent to 100 μg a-PDL1). Fluorescence images were
then captured at speciﬁc time points (days 1, 3, 7, 14, 21, and 28). The
ﬂuorescence intensity at the time points was quantiﬁed by Living Image
software (PerkinElmer, v4.4, Massachusetts, USA).

4.10. Polyamine level determination
Fifty milligrams of the sample was accurately weighed into a centrifuge tube, and 0.5 mL of 0.1 M hydrochloric acid, vortexed, and extracted
for 1 h at room temperature. The samples were centrifuged at 12000 rpm
for 10 min, and the supernatant was collected. A 10 μL sample was placed
into a bottle, and 70 μL of AccQTag Ultra Borate buffer and 20 μL of
AccQTag reagent were added. The reaction mixture was heated at 55  C
for 10 min and then tested on a computer after cooling. The sample extracts were analyzed using a UPLC–Orbitrap-MS system (UPLC,
Vanquish; MS, QE). HRMS data were recorded on a Q Exactive hybrid
Q–Orbitrap mass spectrometer equipped with a heated ESI source
(Thermo Fisher Scientiﬁc) utilizing the SIM MS acquisition methods.
Data were acquired on the Q-Exactive using Xcalibur 4.1 (Thermo Scientiﬁc) and processed using TraceFinder™4.1 Clinical (Thermo
Scientiﬁc).

4.7. Antitumor efﬁcacy of the PVA-PEI hydrogel in a xenograft tumor
model
To evaluate antitumor efﬁcacy in vivo, 4T1 cell xenograft mouse
models were used to assess the inhibitory effect of the α-PDL1/PEIGel on
4T1 tumor growth. Brieﬂy, mice bearing 4T1 cell xenografts were
divided into 4 groups: (1) control group: intratumoral injection of 100 μL
saline solution; (2) PEIGel group: intratumoral injection of 100 μL PEIGel
(120 μg Mg2þ); (3) α-PDL1 group: intratumoral injection of 100 μL
α-PDL1 solution (1 mg/mL, dose: 100 μg α-PDL1); and (4) α-PDL1/PEIGel
group: intratumoral injection of 100 μL α-PDL1/PEIGel (dose equivalent
to 100 μg α-PDL1, 120 μg Mg2þ). The different treatments were administered on day 0. Mouse weight, temperature and tumor volume were
recorded every 4 days. Blood samples were collected on days 7, 14 and 21
for the detection of serum IL-2, IL-6, TNF-α and IFN-γ levels with corresponding ELISA kits according to the protocols provided by the manufacturers. Kaplan–Meier survival analysis was performed using an
endpoint tumor volume of 1000 mm3 as a surrogate for mortality. The
log-rank test was used for comparisons of survival among the different
groups.

4.11. Western blot
RIPA lysis solution (containing protease inhibitor) was added to the
tumor tissue sample, ground or lysed on ice, ultrasonically homogenized,
and centrifuged, and the supernatant was collected. After the total protein extraction of the sample was completed, the protein stock solution
was serially diluted, and the protein concentration was detected by the
BCA method. An appropriate amount of protein was used for electrophoresis. The western blot was transferred to a nitrocellulose membrane
with a membrane transfer device and blocked for 1 h. The primary
antibody was added, and the membrane was blocked overnight (SSAT,
SMOX, PD-L1, CD86,Abcam, USA), rinsed with PBS, added dropwise to
the secondary antibody, and incubated for 1 h at room temperature. The
membranes were developed by chemiluminescence, and the results were
analyzed by ImageJ image analysis software.

4.8. Antitumor efﬁcacy of the PVA-PEI hydrogel in a metastatic tumor
model
To further evaluate the antitumor efﬁcacy of the α-PDL1/PEIGel in a
metastatic tumor model, 1  106 4T1 cells were s.c. injected into the left
hindlimb of Balb/C mice and allowed to grow until the tumor volume
reached 100–130 mm3. Then, the mice were divided into 4 groups: (1)
control group: intratumoral injection of 100 μL saline solution; (2) PEIGel
group: intratumoral injection of 100 μL PEIGel(120 μg Mg2þ); (3) α-PDL1
group: intratumoral injection of 100 μL α-PDL1 solution (1 mg/mL, dose:
100 μg α-PDL1); and (4) α-PDL1/PEIGel group: intratumoral injection of
100 μL α-PDL1/PEIGel (dose equivalent to 100 μg α-PDL1, 120 μg Mg2þ).
Meanwhile, the right hindlimb was also s.c. injected with 1  106 4T1
cells to establish a metastatic tumor model, followed by intratumoral
injection of the different treatments (day 0). Mouse weight, temperature
and tumor volume were recorded every 2 days. The whole treatment

4.12. Flow cytometric analysis
Collected tumors from different treatment groups were cut into ~ 1to 2-mm3 pieces, placed on a 200-mesh sieve, and thoroughly ground
with a 1-mL syringe, during which PBS was used to rinse the tissues and
collect cells. The cells were then obtained by ﬁltration through a 40-μm
ﬁlter, followed by centrifugation at 1500 rpm for 7 min. After that, the
cells were dispersed in a 35% Percoll solution, and tumor-inﬁltrating
lymphocytes (TILs) were obtained by centrifugation at 600g for 15
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Data availability

min. The TILs were stained with anti-CD45-APC-Cy7, anti-CD3-FITC,
anti-CD8-PE-Cy7, anti-CD4-BV510, anti-Foxp3-APC, anti–IFN–γ-BV421,
or anti-CD45-APC-Cy7, anti-CD11B-BV421, anti-F4/80-APC, antiCD11C-PerCP-Cy5.5, anti-CD80-PE, anti-CD86-BV510, anti-CD206-PECy7, and anti-MHC–II–FITC for ﬂow cytometric analysis (BD, FACSVerse, USA). Cell subsets were analyzed with FlowJo 10.7.1 software as
described in a previous study.

All relevant data are available from the authors.
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4.13. Immunoﬂuorescence analysis
Brieﬂy, tumor sections from different treatment groups were dewaxed
and then immersed in PBST. Antigen retrieval was performed with
heating in a microwave oven for 45 s. After cooling, the tumor sections
were covered with 3% hydrogen peroxide for 5 min to inactivate
endogenous peroxidases and then washed in PBST 3 times. Then, the
tumor sections were blocked with 10% BSA for 30 min and incubated
with corresponding ﬂuorophore-labeled antibodies (antibodies speciﬁc
for Ki-67, CD3, CD8, and PD-L1 and TUNEL staining reagents) overnight
at 4  C. The slides were ﬁnally washed with PBST three times and
mounted for further observation. The microscopic data were analyzed by
using ImageJ software (National Institutes of Health, v1.47, USA).
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4.14. Hematoxylin and eosin staining

Appendix A. Supplementary data

Major organs, including the tumor, heart, liver, spleen, lungs and
kidneys, were collected and ﬁxed with 4% paraformaldehyde. The tissues
were then sliced by the parafﬁn sectioning method and dried. The sections were then rehydrated in water, followed by hematoxylin staining
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