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15chool of Pharmacy, Nanjing Blocking the binding of PD-1/PD-L1 has become an e ective strategy in inhibition of
University of Chinese Medicine, tumor immune escape. At present, it mainly depends on the employment of macro-

Nanjing 210023, Jiangsu, China molecular antibodies, which target PD-1/PD-L1 protein through binding one of PD-1

or PD-L1 domains. In this study, we presenta di erent strategy, an aptamer modified
molecularly imprinted polymer layer (APD—PD-L1-MIPL), to break PD-1/PD-L1 binding
for the inhibition of tumor immune escape. The APD-PD-L1-MIPL is prepared by a MIP
layer on the surface of CaCO4 nanospheres using the peptide segment of the PD-L1
protein as a template. The subsequent removal of CaCO5 nanospheres core formats the
MIP layer, to ensure high specifically matching capacity and short equilibrium time. A
PD-L1 antagonistic DNA aptamer, is modified into the MIP layer to enhance recogni-
tion capacity, resulting in dual-targeting functionality. The APD—PD-L1-MIPL is able to
bind PD-L1 and allow suppressing the engagement of PD-L1 with PD-1, inducing to
block of the downstream signaling pathways and, therefore, restore T cell function and
inhibition of cancer growth. The APD—-PD-L1-MIPL can quantitatively detect the bound
proteins and the LOD of APD-PD-L1-MIPL is 0.003 mg mL ™. This strategy enables
provide a new idea for tumor immunotherapy.

Keywords: PD-L1, Molecularly imprinted polymer, Aptamer, Cancer immunotherapy
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Introduction

Programmed death receptor 1 (PD-1) is an important T cell receptor immunosup-
pressive molecules which is mainly expressed on the surface of activated immune T
cells. In addition, PD-L1, the corresponding ligand of PD-1, is highly expressed on
tumor cells and tumor-infiltrating lymphocytes (Callahan et al. 2013). e bind-
ing of PD-1/PD-L1 can inhibit the tumor killing ability of T cells, and cause the
tumor immune escape (Li et al. 2018; Zak et al. 2015). PD-1/PD-L1 inhibitors bring
a major breakthrough in cancer immunotherapy (Mahoney et al. 2015; Zou et al.
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2016). PD-1/PD-L1 inhibitors which have been launched mainly belong to macro-
molecular antibody (mAb) drugs. Such as, Nivolumab, a monoclonal antibody, was
marketed as a first PD-1/PD-L1 inhibitor targeting PD-1 for treating non-small cell
lung cancer (Borghaei et al. 2015). Other macro-molecules such as pembrolizumab,
durvalumab and atezolizumab are also approved as treating cancer drugs (Bellmunt
et al. 2017; Robert et al. 2015).  ese macromolecular drugs have made a break-
through in the clinical treatment of a variety of tumors, and many cancer patients
have extended significantly longer survival and some achieve complete remissions
using them. Although the clinical e ect of monoclonal antibodies is remarkable, there
are still some unavoidable problems.  ese monoclonal antibodies are prone to cause
immune-related adverse reactions, such as thyroid dysfunction, during treatment,
and long-term use is prone to drug resistance, which limits their further application
(de Filette et al. 2019; Saleh et al. 2020). Moreover, they are also unfavorable to the
average patient, because they are expensive and di cult to store and transport.

Molecularly imprinted polymers (MIPs) are artificial recognition polymers which pos-
sess special cavities to bind target. MIPs are usually prepared through a polymerizing
process of cross-linking monomers around an interested molecule, which is acted as a
template. Removing of the template molecule produces a special polymer with cavities
complementary in position, shape and size of chemical groups (Gu et al. 2021; Liu et al.
2021). MIPs have been previously used in identification, determination of trace analytes
and diagnosis of some diseases (Guo et al. 2021; Haupt et al. 2020; Kimani et al. 2021;
Wackerlig et al. 2016). However, using the bulk MIPs for recognition of special protein,
un-acquiring binding sites, low imprinting capacity and deep embedding template could
lead to target leakage (Pan et al. 2011; Zhu et al. 2010).

In this work, a MIP layer was prepared to block PD-1/PD-L1 engagement and, there-
fore, restore the capacity of T cell and restrain the further growth of cancer. As shown
in Fig. 1a, the MIP layer on the surface of CaCO, nanospheres using the peptide seg-
ment of the PD-L1 protein as a template was designed to selectively bind to PD-L1 pro-
tein, resulting in PD-1/PD-L1 axle inhibition. Uniquely among the above mention mAbs,
which usually target PD-1 or PD-L1 by binding one of their domains, the MIP enables
target PD-L1 through binding with the amino acid sequence. e mature PD-L1 protein
is composed of an extracellular domain of 220 amino acids, and we chose the amino
acid sequence that binds to outside membrane of PD-1 as the template sequence. e
polymer obtained using this sequence as a template can bind well to the extracellular
domain of PD-L1 protein. e removal of CaCO, nanospheres core enable form the MIP
layer, to ensure high specifically matching capacity and short equilibrium time. In addi-
tion, a PD-L1 antagonistic DNA aptamer (Lai et al. 2016), aptPD-L1, was modified into
the MIP layer to enhance recognition capacity, resulting in dual-targeting functionality.
Aptamer is usually regarded as an antibody substitute owing to its excellent capacity of
high specific binding a nity, low immunogenicity and easy to be modified for therapeu-
tic formulations with various 3D structures (Chen et al. 2011; Kato et al. 2016; Lao et al.
2015; Mayer 2009; Ng et al. 2006; Sun et al. 2014; Wheeler et al. 2011). e resulting
APD—PD-L1-MIPL enables recognize and bind to PD-L1 at the cancer cell surface, as
confirmed by confocal fluorescent imaging. Remarkably, the APD—PD-L1-MIPL ena-
bles break the binding of PD-1/PD-L1, reactivate the suppressed T lymphocytes and
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Fig. 1 a Schematic process for APD—PD-L1-MIPL and MIP synthesis. b Use of APD—PD-L1-MIPL and MIP for
immunotherapy
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activate the immune function. Overall, these results show that APD—PD-L1-MIPL have
a promising future in cancer therapy and diagnostics.

Materials and methods

Materials

Dopamine (DA) was purchased from Huaxia Reagent. Coomassie Blue Fast Staining
Solution were brought from BeyotimeFITC conjugation kit, programmed cell death pro-
tein 1 (PD-L1), peptide sequence (sequence: VPK DLY VVE) and aptamer (sequence:
5-ACGGGCCACATCAACTCATTGATAGACAATGCGTCCACTGCCCGT-3') were
synthesized by Sangon Biotech (Shanghai) Co.

Synthesis of CaCO; nanoparticles

CaCO; nanoparticles were prepared via a previous report (Dong et al. 2018). In brief,
CaCl, (1 M) and Na,CO3 (1 M) were mixed in deionized water to make 1 M reserve
liquid for reserve. In 400 mL deionized water, slowly add 1 M CaCl, solution, stir at
medium speed for 30 min, quickly add the same amount of Na,CO; solution and make
up the volume to 500 mL, stirring violently for 10 min. Sat at room temperature for 24 h,
centrifuge to collect precipitation, wash with deionized water and alcohol, dry and set
aside.

Fabrication of APD-PD-L1-MIPL and MIP

e above-mentioned CaCO,; NPs (0.2 g) was dispersed into water for 0.5 h, and 8 mg
of pamino benzoic acid (PABA) was added, stirred at 70 °C for 2 h, and thus centrifugal
drying was used to obtain NH, modified CaCO; NPs (CaCO;@NH, NPs). PABA can
be ionized into p-aminobenzoate in water, which can be adsorbed with Ca®* and uni-
formly adsorbed on the surface of CaCO; nanoparticles by high-speed stirring to form
CaCO;@NH,,.

A short peptide exposed outside the membrane during the binding of PD-1 and PD-L1
was selected as the template molecule (Minouraa et al. 2001). Briefly, 10 mg of CaCO,@
NH, NPs was dispersed in 15 mL Tris—HCI bu er solution (20 mM pH 8.0), and 40 mg
of peptide template (VPK DLY VVE) was added and shaken for 3 h. Carboxyl groups
on polypeptide sequences are immobilized on CaCO;@NH, through multiple hydrogen
bonding interactions with amino groups (Chen et al. 2019).  en, add DA (20 mg) and
ammonium persulfate (APS) and shake at room temperature for 3 h to ensure su cient
air to wrap DA on CaCO;@NH,. e CaCOj; and peptide templates were eluted with
10% HAC-10% SDS mixed solution, and until no absorption was detected at 280 nm
(Hao et al. 2016), and the MIP was obtained. NIP without peptide template was also pre-
pared under the same condition.

e aptPD-L1 and MIP were incubated in 25 °C for 2 h, and then aptamer were conju-
gated onto the surface of dopamine (DA) by 7— stacking and hydrogen bonding (Zhao
et al. 2021a; b), and the corresponding APD—PD-L1-MIPL was obtained.

Static recognition experiment
e recognition characteristics of APD—PD-L1-MIPL, MIP and NIP were verified by
static recognition experiments. First, 0.1 mg of the APD—PD-L1-MIPL, MIP and NIP
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were added to the PD-L1 protein solution (0.2—1 mg mL™Y), respectively. e mixture
was uniformly dispersed by gently blowing, and the reaction was oscillated for 4 h. Col-
lecting supernatant, and the change of protein concentration before and after reaction
was determined by a multifunctional plate reader at 595 nm according to Bradford Pro-
tein Assay Kit. e binding amount Q(mg g~?) as follows (1):

Q=(Co—-C)V/m @

where C, (mg mL~Y) is the original concentration of PD-L1, C (mg mL™!) represents the
protein concentration in the supernatant after recognition, V (L) stands for the volume
of the adsorption mixture, and m (g) is the weight of the nanomaterial.

e recognition ability of APD—PD-L1-MIPL was evaluated by the imprinting factor

(IF):
IF = Qapp - PD - L1 - MIpL/ ONIP 2

where Qapp_pp-L1—mipL @Nd Qup Was the binding ability of APD—PD-L1-MIPL and NIP,
respectively.

Kinetics recognition experiments

First, 0.1 mg of the APD—PD-L1-MIPL, MIP and NIP were mixed with 0.5 mL of PD-L1
protein solution (0.6 mg mL~Y) for di erent times (30—180 min), respectively. e super-
natant was collected by centrifugation. e changes of protein concentration (before and
after reaction) were measured by Bradford Protein Assay Kit at 595 nm. e adsorption
amount Q and imprinting factor IF were calculated by formula (1) and (2).

Selectivity experiments

Lyz, BSA, B-CN and HRP was selected as competitive proteins to evaluate the selectiv-
ity of the APD—PD-L1-MIPL, MIP and NIP. e selectivity of the APD—PD-L1-MIPL,
MIP and NIP was described by selection factors (B) (Qian et al. 2021):

B = IFtem/IF efer (3)

where IFt,,, is the IF value of the template protein, IF ., is the IF value of the selected
protein, using Egs. (1)—(3) to evaluate selective recognition capabilities.

Competitive recognition performance

In the mixed solution of PD-L1, Lyz and BSA, Lyz and BSA were used as competitive
proteins to further prove the selectivity of the APD—PD-L1-MIPL and MIP, and qualita-
tive analysis was carried out by SDS—PAGE gel electrophoresis.

Reusability
e APD—PD-L1-MIPL were reused four times to evaluate its reusability in the step of
binding—elution—rebinding.

The quantitation of the APD-PD-L1-MIPL
FITC was used to conjugate PD-L1 to achieve the APD—PD-L1-MIPL quantifica-
tion. Protein and FITC were coupled at a mass ratio of 1 mg:150 pyg.  en, purified by
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desalting column to obtain high purity coupling product. e ratio of FITC labeled pro-
tein was calculated by F/P:

F/P = 3.1 x Agos5/(Azg0 — 0.31 x Agos) (4)

e protein with di erent concentration after FITC coupling was combined with the
same amount of APD—PD-L1-MIPL (0.001 mg), and the relationship between adsorp-
tion quantity Q and fluorescence intensity value was studied.

Cell cytotoxicity

e e ect of the APD—PD-L1-MIPL and MIPs on cell viability was detected by MTT
colorimetric assay. L-02 and B16 F10 were inoculated in 96-well plates. Washing the cells
with PBS for three times, the cells were cultured with di erent concentrations of (0.125,
0.25, 0.5, 1, 2, 4 mg mL™?) the APD—PD-L1-MIPL, MIP and NIP for 24 h, and the cul-
ture medium was used as control.  en, incubate with MTT reagent, 37 °C for 4 h, and
add DMSO (100 yL), shaking and measure the absorbance of each well at 490 nm with
SPARK 10 M multimode plate reader.

Intracellular imaging

Since the APD—PD-L1-MIPL can selectively recognize PD-L1, it is important to verify
that they also enable recognize and bind PD-L1 of cancer cells. FITC was modified to
the APD—PD-L1-MIPL, MIP and NIP to give fluorescence property. B16 F10 cells with
high expression of PD-L1 protein were inoculated in confocal Petri dishes with a diam-
eter of 20 mm and cultured for 24 h. After being cultured with the same amount of the
APD—PD-L1-MIPL, MIP and NIP (0.6 mg mL~Y) for 2 h, and stained with 500 uL DAPI
for5min. e images were obtained by inverted confocal microscope (Leica, Germany),
and L-02 cells, which did not express PD-L1, were used as control.

Similarly, Hoechst 33258 live cell staining was performed on B16 F10 cells to observe
apoptosis. B16 F10 cells were seeded on 6-well plates, and 0.6 mg mL~* of APD—PD-L1—
MIPL, MIP and NIP were added after 24 h, and PBS was used as a control for treat-
ment for 24 h. T lymphocytes were extracted from C57BL/6 mice, co-cultured with B16
F10 cells, and anti-CD3 (5 pg mL~1) and CD28 (2 ug mL~%) monoclonal antibodies were
added to stimulate cells. Hoechst 33258 live cells were stained and visualized by laser
confocal after 30 min incubation.

Flow cytometry

T lymphocytes were extracted from the spleen of C57BL/6 mice, labeled with CFDA-SE,
and co-cultured with B16 F10 cells. After treatment with the APD—PD-L1-MIPL, MIP
and NIP, cells were re-suspended in PBS and the proliferation of T lymphocytes were
observed by flow cytometry.

Hemolysis experiment

To initially assess the feasibility of the APD—PD-L1-MIPL for subsequent intravenous
injection administration, hemolytic experimental was also studied. Rat plasma samples
were centrifuged, and the red blood cell suspension was re-suspended in physiologi-
cal saline (2% RBCS). And RBCS (0.08 mL) and saline (0.8 mL) were added as negative
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control, 0.08 mL of RBCS and 0.8 mL of distilled water were added as positive control.

en, 0.8 mL of the APD—PD-L1-MIPL with di erent concentrations (0.2, 0.4, 0.6, 0.8,
1 mg mL~Y) was added to 0.08 mL RBCS, respectively. All samples were incubated at
37 °C for 3 h, and their absorbance at 570 nm was determined, and the hemolysis rate
was calculated:

Hemolysis (%) = (Asample - Anegative)/ (Apositive - Anegative) x 100% (5)

where A, e Anegative N Apoitive FEpresent the absorbance values of samples, negative
controls and positive controls at 570 nm, respectively.

Results and discussion
Preparation of the APD-PD-L1-MIPL and MIP

e freely accessible peptide Val-Pro—Lys—Asp—Leu—Tyr—Val—-Val-Glu which can bind
to outside membrane of PD-1 was chosen as a template epitope (Fig. 1a). e synthetic
peptide of the PD-L1 epitope, was immobilized onto the amine-functionalized CaCO,
nanospheres. is enables allow the template to be orientation-immobilized around
the nanoparticles.  erefore, an MIP layer around CaCO, nanosphere was endowed
by a surface polymerization, which owned uniformly, homogeneous and specific bind-
ing sites. e removal of CaCOj4 nanospheres core enable form the MIP layer, to ensure
high specifically matching capacity and short equilibrium time. Additional file 1: Fig. S1
shows the TEM image of the pure CaCO, nanoparticle with size of 125 nm. After modi-
fication with aminobenzoic acid (PABA), a new infrared absorption peak at 3446 cm™*
due to the stretching vibration of N—H, confirmed the successful conjugation of the
amine group onto the surface of CaCO, nanospheres (Additional file 1: Fig. S2). Di er-
ent dosage of dopamine (DA) leads to the change of the MIP layer thickness (Chen et al.
2019). In Additional file 1: Fig. S3a, the binding quantity of the MIP layer is rising with
the increase of DA. e binding quantity reached to maximum with the rate of 1:2 of
CaCO;@NH,:DA, and then the imprinting factor IF was higher than 1.9. e low DA
dosage leads to thin layer, resulting in weak capacity for recognizing, as the increase of
DA ratio, the ability of recognition was improved. While too thick MIP layer due to high
DA dosage also induced to long equilibrium time, the mass ratio of 1:2 with CaCO,@
NH,:DA as the optimal mass ratio.

Dosage of template molecules are another important factor to a ect the binding e ect.
Di erent concentrations (0.67, 1.33, 2.00, 2.67, 3.33 mg mL™?) of the template molecules
were used to prepare MIP layers, to measure the binding amount of target molecule.
In Additional file 1. Fig. S3b, ¢, with the increase of the template molecules from 0.67
to 3.33 mg mL~1, the binding quantity was increased due to the increasing of the bind-
ing site. Meanwhile, the di erence in the imprinting time also led to the change of the
binding capacity, and when the time was 4 h, the binding capacity was highest.  ere-
fore, the template molecule of 2.67 mg mL~! and the imprinting time of 4 h were the
optimal conditions. After acid dissolution the CaCO, core nanospheres and removal of
non-polymerized monomer, the MIP layer was presented high a nity to the peptide.

e infrared spectrum also further confirmed the fabrication of the MIP layer, and the
new absorption peaks around 3500 cm~! represent O—H and N—H functional groups
(Additional file 1: Fig. S2).
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e transmission electron microscope (TEM) of the APD—PD-L1-MIPL and MIP
are shown in Fig. 2a, b. e MIP exhibited uniform spherical morphology with 200 nm.
e APD—PD-L1-MIPL was monodispersed and showed a batch-to-batch repeatable
hydrodynamic diameter of 280 nm (Fig. 2c). e pure MIP and NIP charges are about
—0.9 mV and — 1.3 mV, respectively (Fig. 2d). e phenolic hydroxyl group and amino
group maintained the MIP negative charge. When the aptPD-L1laptamer was modified
onto the surface of the MIP, the potential became negative to approximately —23.6 mV
(Fig. 2d), which is due to the electronegativity of aptamer. No aggregation or changing in
the binding characteristics of the APD—PD-L1-MIPL was observed within a period of
1 year when stored at 4 °C.

Binding of APD-PD-L1-MIPL to PD-L1

e in vitro specific recognition of the APD—PD-L1-MIPL to PD-L1 was first
evaluated. e saturation binding was conducted at di erent PD-L1 concentra-
tions (0.2—1.0 mg mL™Y) to study the binding ability of the APD—PD-L1-MIPL,
MIP layer and NIP. In Fig. 2e, the equilibrium binding isotherm indicated that the
APD—PD-L1-MIPL enables bind specifically to PD-L1 protein; meanwhile, a low
binding was observed using a non-imprinted polymer (NIP) as control. e binding
targets of the APD—PD-L1-MIPL, MIP and NIP were 266.8 mg g™, 167.1 mg g~* and
64.0 mg g—*. And the corresponding imprinting factor of the APD—PD-L1-MIPL and
MIP was 4.2 and 2.6 (Additional file 1: Fig. S4a). is high specific binding of the
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Fig. 2 TEM images of the APD-PD-L1-MIPL (a) and MIP (b). DLS characterization (c) and zeta potential (d)
of the APD-PD-L1-MIPL, MIP and NIP. e Adsorption isotherms of PD-L1 onto the APD—PD-L1-MIPL, MIP and
NIP. f Scatchard plot of the adsorption assays of PD-L1 on the APD-PD-L1-MIPL, MIP and NIP. g Langmuir
adsorption constants for binding of PD-L1 on the APD-PD-L1-MIPL, MIP and NIP. h Adsorption kinetics of
PD-L1 onto the APD-PD-L1-MIPL, MIP and NIP
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APD—PD-L1-MIPL is higher 62% than the MIP, owing to synergism recognition of
MIP and the aptamer. In addition, the removal of CaCO, nanospheres core by acidic
eluent enables to reduce stereospecific blockade of binding, and give more binding
sites, such as inner cavity and alleviate equilibrium time.

To further conduct the binding ability of the APD—PD-L1-MIPL, MIP and NIP,
Freundlich equation was used to depict the binding characteristics, the equation is
shown below (6):

Qe = K¢ x CL/" (6)

where C, (mg mL~Y) is an equilibrium molarity of the binding target, Q, (mg g~?) is equi-
librium adsorption capacity, K is binding equilibrium constant, and its binding strength
is represented by L. In Fig. 2f, g, R? of the APD—PD-L1-MIPL and MIP was closer to 1,
indicating that this binding process is an inhomogeneous multi-layer binding. According
to the regression equation, the binding equilibrium constant KF of the APD—PD-L1—
MIPL, MIP and NIP was calculated into 288.2 mg g~%,181.1 mg g~* and 72.2 mg g%,
which indicated the existing of plenty of imprinted cavities in the APD—PD-L1-MIPL
and MIP, while the adsorption of NIP is mainly non-specific adsorption.

e binding kinetics curves of the APD—PD-L1-MIPL, MIP and NIP are shown in
Fig. 2h, and the binding target amount with the MIP is rapidly increased over time,
and finally gradually reached balance in 2 h. e Qmax of the APD—PD-L1-MIPL,
MIP and NIP were 263.4 mgg~!,161.3 mgg~tand 63.9mgg~t. e imprinting factor
of the APD—PD-L1-MIPL and MIP in di erent time was in the range of 2.9—4.9 and
2.4—4.6, respectively (Additional file 1: Fig. S4b).

Various molecularly imprinted polymers including di erent template molecules and
preparation methods in recent years were compared in Table 1. e APD—PD-L1-
MIPL excels in terms of adsorption capacity.

Lys, B-CN, BSA, and HRP were selected as competitive protein to assess its selectiv-
ity. B-CN (MW 25 kDa, pl 5.8—6.0) has similar molecular weight and isoelectric point
to PD-L1 (MW 26.3 kDa, pl 6.4), and the molecular weight and isoelectric point of
Lyz (MW 14.5 kDa, pl 9.3), BSA (MW 66 kDa, pl 4.9) and HRP (MW 44 kDa, pl 3-9)
are quite di erent from those factors of PD-L1. In Fig. 3a and Additional file 1: Fig.
S4c, the binding characteristic of the APD—PD-L1—-MIPL for PD-L1 was about three
times as much as any other protein, indicated that the APD—PD-L1-MIPL and MIP
has excellent selectivity for PD-L1.

Table 1 Comparison on recently reported molecularly imprinted polymers

Molecular polymer type Qpax IF References

A polydopamine-based molecular imprinted film coating on silica— 465mgg~t 219 lJiaetal (2013)
Fe;0, nanoparticles

His-tag-anchored epitope imprinting 40mggt 426 Lietal (2015)

Hollow molecularly imprinted polymers using silica nanoparticles as 1721mgg™t 295 Chenetal. (2019)
the sacrificial matrix

Imprinted microspheres with dopamine self-polymerization 26699 mgg~! 545 Zhouetal (2019)
Core—shell dual-template molecularly imprinted superparamagnetic ~ 7312mgg~! 554 Gaoetal. (2015)
nanoparticles 4425mggt 498
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Fig.3 a Amountsof di erent proteins bound on the APD-PD-L1-MIPL and MIP. b SDS-PAGE analysis of
recognition of PD-L1 by MIP NPs: lanes 1 2, protein mixed solution of the APD-PD-L1-MIPL and MIP; lanes 3
4, protein eluate from APD—PD-L1-MIPL and MIP. c Reusable of the APD-PD-L1-MIPL. d Quantitation of the
APD-PD-L1-MIPL. The error bars represent the standard deviation of three independent measurements

To further verify the binding specificity, the APD—PD-L1-MIPL and MIP was
added into the mixed protein solution containing Lyz, BSA and PD-L1 protein,
respectively, and further analyzed by SDS—PAGE. As shown in Fig. 3b, lanes 1 and 2
represented the protein mixed solution containing Lyz, BSA and PD-L1 before bind-
ing (C,,=Cgspa=Cpp..1=0.2 Mg mL~1), and lanes 3 and 4 were eluent of the APD—
PD-L1-MIPL and MIP, respectively. PD-L1 band was obviously appeared in the lane of
protein eluent, while other stripes can hardly be observed. e bands using the APD—
PD-L1-MIPL as recognition templets are darker than MIP, indicating that the APD—
PD-L1-MIPL own stronger recognition capacity. In addition, by grayscale analysis of the
bands (Additional file 1. Fig. S4d), the PD-L1 protein content was the highest in the elu-
ate bands of the APD—PD-L1-MIPL and MIP.  is is further evidence that the eluent
mainly was belonged to PD-L1; therefore, both the APD—PD-L1-MIPL and MIP have
good selectivity.

e regeneration of the APD—PD-L1-MIPL is also studied, the alternately binding—
elution process was repeated four times. As shown in Fig. 3c, the binding PD-L1 quan-
tity fell only slightly about a quarter lower and still maintained high binding capacity
after three times (Q were 134,114, and 107 mg g2, respectively), indicating good regen-
eration of the APD—PD-L1-MIPL. e binding capacity decreased significantly after the
fourth time reuse (Q=62 mgg?).

Quantitation detection of PD-L1 using the APD-PD-L1-MIP
FITC was applied to conjugate PD-L1 to make the APD—PD-L1-MIPL achieve quan-
tification assay. Protein and FITC were coupled at a mass ratio of 1 mg:150 ug. en,



Ji et al. Cancer Nanotechnology (2023) 14:51 Page 11 of 14

they were purified by desalting column to obtain high purity coupling product. F/P=2.5
was calculated, indicating that each mg protein was labeled with 2.5 ug luciferase FITC.
In Fig. 3d, a fluorescent intensity increased linearly with the PD-L1 concentration from
0.005 to 0.03 mg mL~%, and the correlation coe cient R? was 0.9843, and the limit of
detection (LOD) was 0.003 mg mL~%. e limit of detection is obtained by a typical
equation 3 o/s, where ¢ is the standard error of ten determinations of the blank control
trials (dispersion of the APD—PD-L1-MIPL conjugate without PD-L1) and s is the slope
corresponding to the linearity of fluorescence.

APD-PD-L1-MIPL inhibit PD-1/PD-L1 engagement of cells
To verify that the APD—PD-L1-MIPL enables specifically bind PD-L1 of the tumor cell,
B16 F10 cells with high expression of PD-L1 protein and L-02 cells without PD-L1 pro-
tein were selected as model cells and control. e APD—PD-L1-MIPL, MIP and NIP
are labeled with FITC. As shown in Fig. 4a, the surface of B16 F10 cells treated with the
APD-PD-L1-MIPL showed strong green fluorescence, and the MIP showed relatively
weak fluorescence intensity, while NIP NPs can hardly appear fluorescence. On the sur-
face of L-02 cells (Additional file 1: Fig. S5), the APD—PD-L1-MIPL, MIP and NIP pre-
sent scarcely any green fluorescence.  ese results indicate that the APD—PD-L1-MIPL
and MIP can specifically bind to PD-L1 of cancer cells.

e cytotoxicity of the APD—PD-L1-MIPL, MIP and NIP for L-02 cells and B16 F10
cells was showed that when the concentration of the APD—PD-L1-MIPL, MIP and NIP

a) ’ : Merge D) APD-PD-LI -

-MIPL aptamer NIP
- I |
APD-PD-LI1 H v }Jl
-MIPL : | / \
1w 1 W [ L. 1 10 1L 100 1 1o w oW "w o
CFDA-SE
C) o
z
= 60 I
3
E 40 ) .
T 20 =)
’:
pBs PR PD-Lly e aptamer NIP

-MIPL

APD-PD-LI-MIPL
Fig. 4 a Confocal fluorescence imaging of B16 F10 cells after staining with the APD—PD-L1-MIPL, MIP and
NIP. The APD-PD-L1-MIPL, MIP, NIP and nuclei are visualized in green and blue, respectively. b, ¢ Proliferation
of T lymphocytes in di erent groups after staining with CFDA-SE. d Imaging of apoptosis of B16 F10 cells
after staining with Hoechst 33,258 (blue). The concentration of the APD—PD-L1-MIPL, MIP and NIP was

0.6 mg mL™?, respectively
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were lower than 4 mg mL~2, it had no obvious cytotoxicity to L-02 cells and B16 F10
cells (Additional file 1: Fig. S6).

e APD—PD-L1-MIPL is expected to break the binding of PD-1/PD-L1, and promote
the proliferation of T lymphocytes. In Fig. 4b, c, the T cell proliferation of PBS group
was about 22%, and that of the T cells treated with the APD—PD-L1-MIPL was 61%.
In addition, the proliferation of the T cells treated with pure MIP (34.2%) and aptamer
(35.3%) group was about 10% higher than that of PBS, while NIP had almost no pro-
liferation e ect. s further indicates that the APD—PD-L1-MIPL enable enhance the
activity of apoptotic T lymphocytes induced by blocks the binding of PD-1/PD-L1, and
significantly stimulate the proliferation of T lymphocytes.

B16 F10 cells were co-cultured with T lymphocytes and using Hoechst 33258 cell
staining to observe apoptosis (Fig. 4d). e apoptosis of B16 F10 cells was observed by
the nuclear dye Hoechst 33258. e normal nuclei were stained uniform blue, while the
apoptotic nuclei showed shrinking state and turned bright blue. In Fig. 4d, after cocul-
turing B16 F10 cells with T lymphocytes, cells in the PBS group showed a uniform blue
color, while after the APD—PD-L1-MIPL and MIP treatment, the nuclei turned bright
blue. isindicated that the APD—PD-L1-MIPL and MIP could induce apoptosis of B16
F10 cells.

We also performed western blot analysis to know whether the APD—PD-L1-MIPL
and MIP could change PD-L1 protein expression in tumor cells. e results (Additional
file 1: Fig. S7) showed that the expression level of PD-L1 on the surface of B16 F10 cells
did not change significantly after the APD—PD-L1-MIPL and MIP treatment, which
indicated that the e ects of the APD—PD-L1-MIPL and MIP were similar to "physical
resistance”, not a drug-induced e ect.

For preliminary evaluation feasibility of the APD—PD-L1-MIPL for subsequent intra-
venous medication, the hemolytic toxicity of the APD—PD-L1-MIPL in the concentra-
tion range of 0.2—1 mg mL~* was measured. Results (Additional file 1: Fig. S8) shown
that even in the detection range of the highest concentration of hemolytic toxicity is far
less than 5%, proving that the APD—PD-L1-MIPL hemolytic toxicity is low, satisfy the
requirement of intravenous drugs.

Conclusions

In summary, we successfully fabricated a molecular imprinting polymer modified with
aptamer for targeting PD-L1, which can block PD-1/PD-L1 engagement and thus restore
tumor killing ability and restrain the further growth of cancer. e prepared APD—
PD-L1-MIPL has excellent binding capacity for PD-L1; meanwhile, the presence of
aptamer makes its selectivity stronger with dual-targeting functionality. e optimum
binding capacity of the APD—PD-L1-MIPL is 266.8 mg g~1, and the best IF is exceeded
to 4.2. e APD—PD-L1-MIPL has good specificity for PD-L1, as confirmed by confo-
cal fluorescent imaging and inhibited of tumor immune escape. e APD—PD-L1-MIPL
can also be used to determine the amounts of the components of PD-L1 with LOD of
0.003 mg mL~Y. e proliferation of T lymphocytes and cell apoptosis further demon-
strated that the APD—PD-L1-MIPL and MIP could inhibit the activity of cancer cells.
Although the APD—PD-L1-MIPL could be di culty in the practical uses for drug pen-
etration, because the tumor microenvironment is denser than the extracellular matrix
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of normal tissues, we have faith in that this way can boost the development of immuno-
therapy and will adapt to other targets.
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