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Numerous recently developed therapies have highlighted the advantages of using proteins as thera-
peutics. However, in many protein delivery systems, the complicated carrier designs, low loading content,
and off-targeting effects have limited their clinical applications. Here we report a photoresponsive
protein-binding moiety and use it to prepare a simple nanoscale protein delivery system with high delivery
efficiency and photoenhanced cellular uptake of proteins. The carrier was prepared by modifying a
photocleavable molecule, DEACM, onto the surface of a cationic dendrimer, poly(amidoamine). DEACM
simultaneously contributed to protein binding, self-assembly, and photocontrollability of the system. The
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multi-functional DEACM enabled the simplicity of the protein delivery system, which does not require
complex organic synthesis or protein modification. The high delivery efficiency, high serum tolerance,
and photoenhanced cellular uptake have been proved with functional proteins, presenting the potential

rsc.li/nanoscale for delivering protein therapeutics.
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Introduction

Proteins, an important class of biomacromolecules, perform
complex and indispensable functions for organism growth
and maintenance." Over the past decades, there has been
emerging interest in using active proteins for various biologi-
cal applications, such as cancer therapy,” gene therapy,® and
vaccination.” Extracellular delivery of protein therapeutics,
such as insulin and nimotuzumab, has made great progress in
the clinic.” However, development on cytosolic protein delivery
focusing on intracellular targets is still challenging, mainly
due to their large molecular weights, low cellular affinity, and
poor endosomal escape ability.® Moreover, the potential risks
of off-targeting delivery still exist in many current protein deliv-
ery systems.” Therefore, developing strategies for precise and
efficient intracellular protein delivery is highly desired in the
pharmaceutical industry.®

Nanoscale delivery systems are a commonly used platform
for protein delivery. They could load proteins through either
chemical conjugation or physical encapsulation.” Chemical
conjugation, such as covalent conjugation with polyethylene
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glycol’® and polyethyleneimine (PEI),"* could achieve tight

protein binding with carrying materials, but it might affect
protein functionalities and increase production costs.’* The
encapsulation systems, such as polymersomes,'>'* lipid
nanoparticles,">'® and silica nanoparticles,"”'® can carry the
entrapped protein to the designated sites. However, the low
encapsulation efficiency, especially for proteins with large
molecular weights, has limited their overall performance.'® To
address these issues, co-assembled protein delivery systems
through physical adsorption are developed.***' In these
systems, polymers or ultra-small nanoparticles modified with
protein binding moieties could co-assemble with proteins into
nanoparticles with a high loading content. The commonly
used binding moieties include positively charged groups,>*?*
boronic acid derivates,**® guanidine derivates,>’*® and
fluoroalkanes.”® These moieties could provide tight protein
binding ability, whereas they lack stimuli responsiveness to
actively control protein release. For an efficient protein delivery
system, the interactions between carriers and proteins should
be tight and controllable.

To achieve controlled protein delivery, stimuli-responsive
moieties are usually incorporated into the carriers. Smart
materials responsive to internal or external triggers such as
pH," ultrasound,® and light irradiation,*® could provide
precise control for targeted protein delivery and release. For
example, Hentzen et al.®* reported a dendritic polymer com-
posed of photocleavable nitrobenzyl-guanidine conjugates.
Guanidine contributed for protein binding and the nitrobenzyl
moiety enabled photo-disassociation of this conjugate.

This journal is © The Royal Society of Chemistry 2021
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Through this design, spatiotemporally controlled protein
release and endosomal escape had been achieved.

To simplify the complexity of stimuli-responsive protein
delivery systems, exploration of protein binding molecules
with stimuli responsiveness provides one solution. Here, for
the first time, we report the protein binding ability of a photo-
responsive group, 7-diethylamino-4-hydroxymethylcoumarin
(DEACM). It enabled the simple design of a photoresponsive
protein delivery system without complicated synthesis and
protein modification. The protein binding and photo-triggered
dissociation of this system were proved with functional pro-
teins, indicating its applicability for protein-based therapies.

DEACM is a photocleavable coumarin derivative, widely
applied in controlled drug release and targeted drug
delivery.>*** Its simple synthesis and high biosafety have been
evaluated in many drug delivery systems.’® In this protein
delivery system, besides the photoresponsiveness, DEACM also
contributed to the hydrophobicity for self-assembly and the
protein binding ability of the system, resulting in high protein
loading and photoenhanced cellular uptake. Poly(amido-
amine) dendrimers (PAMAM), a tree-like polymer with mul-
tiple amino groups, supported the easy modification of
DEACM on the surface. The PAMAM-DEACM conjugates were
able to form nanocomplexes with proteins. Through the physi-
cal adsorption of hyaluronic acid and albumin, the protein
nanocomplexes achieved high stability in physiological solu-
tions and maintained a high delivery efficiency in serum-con-
taining medium. Upon visible light irradiation, the protein
nanocomplexes were demonstrated to undergo fast dis-
association and enhanced cellular uptake, providing a simple
yet efficient strategy for controlled protein delivery.

Results

DEACM contributed to protein binding and nanocomplex
formation

The PAMAM-DEACM conjugate was prepared by conjugating
generation-five PAMAM (128 amino groups on the surface) with
DEACM through a two-step synthesis (Fig. S1AT). According to
the feeding molar ratios of DEACM to amino groups on PAMAM
(1:10, 2:10, 3:10, 4: 10, and 6:10), the synthesized PAMAM-
DEACM were denoted as PDO0.1, PD0.2, PD0.3, PD0.4 and PDO0.6,
respectively. The successful conjugation was confirmed by 'H
NMR spectra (Fig. S1Bt) and the grafting ratios were calculated
with UV-Vis absorption spectra (Fig. S27).

PAMAM-DEACM could form nanocomplexes in water with a
model protein, bovine serum albumin (BSA), simply through
the flash nanoprecipitation method (Fig. 1A).>* The size distri-
bution of free BSA, mixture of PAMAM and BSA (PAMAM/BSA),
and nanocomplexes were measured by dynamic light scattering
(DLS, Fig. 1B and Table S1f}). It should be noticed that pure
PAMAM could not form nanocomplexes with BSA. However,
after conjugating with DEACM even though with a very low
feeding ratio (PDO0.1), the conjugates and BSA could form stable
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nanocomplexes of around 140 nm in water, exhibiting the excel-
lent protein binding ability of the DEACM group.

Rhodamine-labelled BSA (rBSA) was synthesized to evaluate
the interaction between PAMAM-DEACM conjugates and pro-
teins. The protein binding efficiency of the conjugates was calcu-
lated with the absorbance at 560 nm (Fig. 1C). With more
DEACM groups per PAMAM, the conjugates exhibited higher
protein binding efficiency, which also indicated the role of
DEACM in protein loading. Furthermore, we conducted the titra-
tion experiment, as the fluorescence of rBSA would be quenched
due to the attachment of the conjugates (Fig. 1D). The quench
phenomenon of PD0.4 was much more significant than PDO0.1
and pure PAMAM, indicating that the nanocomplexes formed by
PD0.4 were more compacted in water than PD0.1 and pure
PAMAM.?” According to an established method,***° we fitted the
fluorescence intensity changes (Fig. 1E) and obtained the
binding constant K, of PD0.4 as 2.65 x 10° M, which was
much larger than the K, of PD0.1 (2.25 x 10* M ™).

In another experiment, the fluorescence of DEACM was
measured and analyzed. Rhodamine chromophore worked as
the fluorescence acceptor and DEACM worked as the donor.
The fluorescence resonance energy transfer (FRET) phenom-
enon between PDO0.4 and rBSA also demonstrated the short
distance between each other and the formation of condensed
nanocomplexes (PD/rBSA) in water (Fig. S3AT). Considering
the balance between protein binding and photoresponsive-
ness, PD0.4, but not PD0.6, was used for further studies. The
nanocomplexes formed by PD0.4 and BSA were denoted as PD/
BSA, which showed a spherical and raspberry-like morphology
under transmission electron microscopy (TEM, Fig. 1F).

Based on the above results and literature studies, the poss-
ible interactions between DEACM and proteins were proposed
and are shown in Fig. 1G. The oxygen atoms from DEACM may
contribute the binding force via hydrogen bonds.*®**° The
uneven electronic cloud distribution of the coumarin ring
made it possible to bind with the guanidinium groups,
ammonium groups, or carboxyl groups on proteins.*' The
hydrophobic structure of DEACM resulted in an organized n-n
stacking or hydrophobicity-guided self-assembling behavior of
the protein complexes in aqueous solutions.*>** Also, the
remaining amino groups on PAMAM could provide additional
ionic interactions with proteins.>®

Surface coating stabilized the protein nanocomplexes under
physiological conditions

Protein nanocomplexes for biomedical applications would face a
complicated microenvironment in vivo. Therefore, preparing a
stable protein delivery system capable of tolerating physiological
conditions is highly demanded. Although PDO0.4 could form
stable protein complexes with BSA in water, PD/rBSA showed a
dramatic fluorescence increment once added into solutions con-
taining 5% (w/v) BSA (Fig. S3Bt). The increment is because the
competition of free BSA with rBSA would lower the FRET effect.
PD/rBSA also showed fast fluorescence decrement in phosphate-
buffered saline (PBS) because of an aggregation behavior of the
nanocomplexes in buffers with a high ionic concentration.**

Nanoscale, 2021,13,17784-17792 | 17785
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Fig. 1 DEACM-modified dendrimer binds to protein. (A) Schematic illustration of the co-assembled PD/protein nanocomplex. (B) DLS results of free
BSA, PAMAM/BSA mixture and PD/BSA nanocomplexes. (C) Protein binding efficiency of a series of PAMAM—-DEACM. (D) Fluorescence change of
rBSA (100 nM) with different concentrations of PAMAM—-DEACM or PAMAM. (E) The Stern—Volmer curve for the interaction of PAMAM—-DEACM with
rBSA (100 nM). Fy is the fluorescence intensity of rBSA, F. is the fluorescence intensity of PD/rBSA. ey = 548 nm, ey = 586 nm. (F) TEM images of
PDO0.4/BSA. Scale bar: 200 nm. (G) Possible interactions between PAMAM-DEACM and proteins: hydrogen bond, electron—r interaction, hydro-
phobic interaction, and ionic interaction. Data analysis: n = 3, ***p < 0.001, **p < 0.01.

To increase the stability of nanomedicines, surface coating
is generally needed.” In this study, biodegradable hyaluronic
acid (HA) and BSA protecting layers were subsequently coated
on the surface to stabilize the protein nanocomplexes (BH-PD/
protein, Fig. 2A). The negatively charged HA was spontaneously
adsorbed onto the positively charged nanocomplexes during
preparation. Meanwhile, HA endowed the nanocomplexes with
a targeting ability for CD44 receptors, which are usually over-
expressed on cancer cell surfaces, such as A549 and HeLa
cells.*® The BSA coating provided an extra steric protection for
stabilization in physiological solutions.?” The low cost, ready

17786 | Nanoscale, 2021,13,17784-17792

availability, and high biocompatibility of the coating method
make it widely applicable for surface decorations.*®

After the coating and purification of BH-PD/rBSA nanocom-
plexes through centrifugation, the absorption spectrum was
recorded (Fig. 2B), which indicated the successful self-assem-
bly of PD0.4 with rBSA. After coating, the zeta potential
dropped from +24.0 mV to —1.32 mV. Meanwhile, the diameter
of the coated nanocomplexes increased from 126.5 nm to
139.2 nm. In darkness, BH-PD/rBSA nanocomplexes showed
good tolerance to 5% (w/v) BSA solution or PBS buffer
(Fig. S4AT). When incubated in complete medium containing

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Optimization and characterization of protein nanocomplexes. (A) Schematic illustration of HA and BSA coating and the photoinduced dis-
association of the protein nanocomplex. (B) Absorption spectra of rBSA, BH-PD/BSA and BH-PD/rBSA nanocomplexes in water. (C) Zeta potential
and (D) TEM images of BH-PD/BSA nanocomplexes before and after light irradiation. Scale bar: 200 nm. (E) Fluorescence spectra of rBSA, BH-PD/
BSA, BH-PD/rBSA, and BH-PD/rBSA after light irradiation in water. (F) Fluorescence intensity at 474 nm of BH-PD/rBSA in water and in PBS contain-
ing 5% (w/v) BSA before and after light irradiation. Aex = 405 Nnm, Aem = 474 nm. Irradiation condition: 420 nm, 50 mW cm™2, 2 min. Data analysis: n =

3, ***p < 0.001.

10% (v/v) fetal bovine serum (FBS) at 37 °C, the size kept
almost the same for 48 h (Fig. S4Bf), representing the good
stability of the nanocomplexes.

Photocleavage of DEACM triggered protein release

The photoresponsiveness of the system was investigated by
analyzing the photocleavage rate of the PD0.4 conjugate with
HPLC (Fig. S5t). It showed over 75% cleavage within 2 min
under 420 nm light irradiation at 50 mW c¢m ™2, which released
~37% DEACM with the generation of some by-products.*® The
sensitive photoresponsiveness provided the foundation for the
photo-controlled protein release of the nanocomplexes. After
light irradiation, the size of BH-PD/BSA increased to over
800 nm, and the zeta potential increased to +7.13 mV
(Fig. 2C), indicating the photo-induced disruption of the nano-
structure. Under TEM, the spherical morphology of BH-PD/
BSA nanocomplexes could be observed, while disordered
polymer and protein aggregates were noticed after light
irradiation (Fig. 2D).

This journal is © The Royal Society of Chemistry 2021

The emission spectra of BH-PD/rBSA were measured to
monitor the photo-induced protein release. After light
irradiation, due to the cleavage of DEACM and the reduced
FRET effect, the fluorescence intensity of DEACM increased
immediately (Fig. 2E). In PBS buffer containing 5% (w/v) BSA,
after photo-induced structure disruption, the nanocomplexes
showed greater fluorescence increment than the groups in water
over time (Fig. 2F). It might be because that the competition of
free BSA with rBSA over the binding with DEACM accelerated
the release of rBSA. This result exhibited the photo-triggered
protein release from the nanocomplexes in physiological solu-
tions. Also, in darkness over 24 h, BH-PD/rBSA only showed a
slight fluorescence increment, indicating the stability of the
nanocomplexes under physiological conditions.

Light irradiation enhanced the cellular uptake of the
encapsulated protein

We then evaluated the intracellular protein delivery perform-
ance of the nanocomplexes using rBSA as the model protein.

Nanoscale, 2021,13,17784-17792 | 17787
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The red fluorescence of rhodamine was monitored to assess
the protein uptake. The A549 cancer cell line with over-
expressed CD44 receptors was chosen in this study. As shown
in Fig. 3A, the PAMAM/rBSA mixture showed a slight rBSA-
uptake increment compared to free rBSA, while BH-PDO0.4/
rBSA exhibited the highest rBSA delivery efficiency among all
groups in darkness. With light irradiation, the BH-PD0.4/rBSA
group showed further improved cellular uptake. The increased
uptake is presumably because after the dissociation of the
protein nanocomplexes, the photocleaved conjugates might
still bind with proteins temporarily, which had an increased
surface charge that facilitated cellular uptake. To confirm the
hypothesis, the cellular uptake of rBSA mixed with free
DEACM and PAMAM was investigated (Fig. S61). The mixture
of rBSA with DEACM or PAMAM could not sufficiently improve
the protein delivery efficiency compared to BH-PD/rBSA nano-
complexes with or without light irradiation, demonstrating the
unique intracellular protein delivery property of the protein
nanocomplexes. Another BH-PD/rBSA nanocomplex uptake
analysis was conducted using different light irradiation strat-
egies (Fig. S7t). After incubation with BH-PD/rBSA nanocom-
plexes for 2 h and washing out the non-internationalized
nanocomplexes, light irradiation did not increase the fluo-
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rescence signal, which rules out the interference of the rBSA
release-induced fluorescence increment on cellular uptake
evaluation. Moreover, the two groups both showed lower fluo-
rescence than the group where cells were incubated with light-
activated nanocomplexes for 2 h. This result further confirms
that light irradiation enhanced the cellular uptake of rBSA.

To investigate the cellular uptake routes, cells were pre-
treated with four endocytosis inhibitors before the incubation
with BH-PD/rBSA. In darkness, BH-PD/rBSA uptake was more
affected by the macropinocytosis inhibitor (EIPA), clathrin-
mediated endocytosis inhibitor (CPZ), and lipid-raft-mediated
endocytosis inhibitor (M-B-CD) (Fig. 3B). After light irradiation,
the uptake through macropinocytosis was less important,
while the caveolae-mediated endocytosis inhibitor (genistein)
became more effective to inhibit complex uptake (Fig. 3C). The
HA targeting performance was also evaluated by comparing
complex uptake with or without pretreatment of free HA
(Fig. 3D). In darkness, due to the competition of free HA and
HA coatings on the complexes, the HA-pretreated group only
showed ~22% cellular uptake compared with its control
group. With light irradiation, the HA-pretreated group showed
an elevation of cellular uptake due to the exposed cationic
PAMAM. However, the cellular uptake was still lower than that
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Fig. 3 Cytosolic delivery of rBSA. (A) Cellular uptake of free rBSA, PAMAM/rBSA mixture and rBSA nanocomplexes. The free rBSA-treated group was
set as the control group. Endocytosis pathway analysis of BH-PD/rBSA nanocomplexes (B) without and (C) with light treatment (EIPA, macropinocy-
tosis inhibitor; Genistein, caveolae-mediated endocytosis inhibitor; CPZ, clathrin-mediated endocytosis inhibitor; M-p-CD, lipid-raft-mediated endo-
cytosis inhibitor). (D) Cellular uptake of BH-PD/rBSA nanocomplexes with or without free HA treatment. (E) Confocal microscopy and (F) flow cyto-
metry analysis of cellular uptake of free rBSA, rBSA with Pierce™ Protein Transfection Reagent Kit, BH-PD/rBSA nanocomplexes, and BH-PD/rBSA
nanocomplexes with light irradiation in the medium with or without serum. Scale bar: 20 pm. Irradiation condition: 420 nm, 50 mW cm™2, 2 min.
Data analysis: n = 3, ns: not significant, **p < 0.01, ***p < 0.001.

17788 | Nanoscale, 2021,13,17784-17792 This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr04430c

Published on 17 Leotshe 2021. Downloaded on 2025-11-03 19:55:06.

Nanoscale

in the group without HA-pretreatment (~38%). The result indi-
cated the HA layer still contributed to the cellular uptake of
rBSA, which also supported the hypothesis that the pieces of
dissociated nanocomplexes with HA coating might still encap-
sulate rBSA temporarily and enhance its intracellular delivery.
The protein uptake before and after light irradiation were
then compared with a commercial protein delivery Kkit,
Pierce™ protein transfection reagent (Thermo Fisher),
through confocal microscopy (Fig. 3E) and flow cytometry
(Fig. 3F). The kit showed a relatively high protein delivery
efficiency in serum-free medium. However, its delivery
efficiency dramatically decreased in the medium containing
10% (v/v) FBS. In contrast, BH-PD/rBSA nanocomplexes after
light irradiation maintained a high protein delivery efficiency
regardless of the existence of serum. The excellent serum toler-
ance of BH-PD/rBSA was presumably attributed to the HA/BSA
layer on the surface of the nanocomplexes. BH-PD/rBSA nano-
complexes also presented a time-dependent cellular uptake be-
havior (Fig. S81). The dislocation with acidic endosomes after
6 h incubation in serum-containing medium (Fig. S81) or 1 h
incubation in serum-free medium (Fig. S91) demonstrated an
efficient endosomal escape ability of the protein nanocom-
plexes. We also tested the effect of light irradiation on endo-
somal escape of the protein (Fig. S107). After light irradiation,
the signal of the lysotracker decreased greatly, presumably due
to the “proton sponge” effect of exposed PAMAM. This result
indicated that nanocomplex dissociation induced by light
irradiation would promote the endosomal escape of proteins.

The nanocomplexes maintained the enzyme activity of the
encapsulated proteins

We then examined the binding ability and enzyme activity of
the delivery system with a functional enzyme, glucose oxidase
(GOx). Through the same nanoprecipitation method, PD0.4
and GOx could form stable nanocomplexes (PD/GOx) of
around 118.6 nm in water. We conducted the titration experi-
ment with rhodamine-labelled glucose oxidase (rGOx)
(Fig. S111) and obtained the binding constant K;, of PD0.4 as
1.62 x 10° M, which was larger than the Kj, of PD0.1 (5.19 x
10> M™Y. The result is consistent with the binding ability of
rBSA. The PD/GOx nanocomplexes were collected through cen-
trifugation and the unbound/released GOx in the supernatant
was analyzed with a standard protocol to indicate GOx binding
ability®® (Fig. 4A). In principle, GOx oxidizes glucose to
produce H,0,, and horseradish peroxidase (HRP) catalyzes
H,0, to oxidize colorless tetramethylbenzidine (TMB) into a
blue product (TMBNH). The absorbance of TMBNH at 370 nm
can be used to determine the GOx enzyme activity.

With the addition of a high concentration of anionic
heparin to compete the binding of PD0.4 against GOx, the
release of GOx to the supernatant was observed (Fig. 4B). To
prepare stable nanocomplexes in the physiological solution,
the coating of HA and BSA was performed (BH-PD/GOx) and
the diameter of the nanocomplexes increased to 165.2 nm.
The coating did not affect the enzyme activity of GOx.
Moreover, BH-PD/GOx showed negligible enzyme activity

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Enzymatic activity analysis of GOx nanocomplexes. (A) Diagram
of the TMB protocol. GOx oxidizes glucose to produce H,O,, and HRP
catalyzes H,O, to oxidize colorless TMB into a blue product (TMBNH).
The absorbance at 370 nm is used to determine the enzyme activity. (B)
GOx enzyme activity determined from the supernatant of free GOx, PD/
GOx, and PD/GOx with heparin in water. (C) GOx enzyme activity of
GOx and BH-PD/GOx in PBS with 5% (w/v) BSA at 37 °C after 16 h. (D)
GOx enzyme activity determined from the supernatant of GOx and
BH-PD/GOx before and after light irradiation (420 nm, 50 mW cm™,
2 min) in PBS containing 5% (w/v) BSA.

change in PBS containing 5% (w/v) BSA over 16 h incubation
(Fig. 4C), demonstrating the good stability of the system, while
free GOx partly lost its enzyme activity in the solution. This
result demonstrated that the nanocomplex structure could
protect proteins from degradation and inactivation."?

The enzyme activity of the supernatants of BH-PD/GOx
nanocomplexes before and after light irradiation was
measured to investigate the phototriggered release behavior
(Fig. 4D). The enhanced enzyme activity of the light-treated
group demonstrated the release of GOx after light irradiation.
Thus, we concluded that nanocomplex formation and photo-
triggered protein release processes would not affect the
enzyme activities. The nanocomplex structure could provide
an excellent protection for protein delivery.

Cytosolic delivery of cytotoxic proteins

We then prepared GOx nanocomplexes as protein therapeutics.
GOx could produce hydrogen peroxide with glucose to kill
cancer cells.’® It is a strongly anionic protein at pH 7.4, which is
not preferable for cellular uptake. HA-coating endowed the
nanocomplexes with binding ability to A549 cells. Moreover,
light irradiation significantly enhanced the cellular uptake of
GOx, which was confirmed by confocal microscopy (Fig. 5A) and
flow cytometry (Fig. 5B). PD0.4 did not show obvious toxicity at
the working concentration (<20 pg mL™', Fig. S12) against
A549 cells regardless of the light irradiation, while BH-PD/GOx
showed a high anticancer effect after light irradiation (Fig. 5C),
which may result from the enhanced internalization of GOx
after light irradiation. These results together demonstrated that
PDO0.4 was a promising photocontrollable platform for cytosolic
protein delivery without interfering with their activity.

Nanoscale, 2021,13,17784-17792 | 17789


https://doi.org/10.1039/d1nr04430c

Published on 17 Leotshe 2021. Downloaded on 2025-11-03 19:55:06.

Paper

Free rGOx Pierce™/rGOx

BH-PD/rGOX BH-PD/rGOX+ L

B s Cc

" - GOx

g . ok _ -= BH-PD/GOX

£ ” g -+ PAMAM/GOX

° 2 ierce™)

> & E ~¥- Pierce "/GOx

2 g + BH-PD/GOX + Light
£

£, = 8

E o

T
oF o oF s
o go\@ +,v\" GOX (ug/mL)
o)
& & ¢
2
<

Fig. 5 Cytosolic delivery of cytotoxic proteins. (A) Confocal images and
(B) flow cytometry analysis of rGOx uptake. (C) Cell viability analysis of
GOx treatment. Irradiation condition: 420 nm, 50 mW cm™2, 2 min. Data
analysis: n = 3, ns: not significant, *p < 0.05, ***p < 0.001.

Discussion

Many multifunctional stimuli-responsive protein delivery
systems have been recently developed to achieve targeted
protein delivery and controlled protein release. In these
systems, protein modification, complicated organic synthesis,
or the addition of extra chemical components are usually
involved, which might bring new concerns on the production
cost, biocompatibility, and long-term biosafety.”’ Here we
reported a simple yet efficient photoresponsive protein delivery
system with high protein binding ability and delivery
efficiency, reducing the need for complex material synthesis
and protein modification.

In this protein delivery system, the protein binding ability
of the photocleavable molecule, DEACM, was reported and uti-
lized for the first time. DEACM was proved to contribute to the
photoresponsiveness, protein binding, and also the driving
force for the self-assembly of the system. We used one moiety
to achieve multiple functions, which reduced the complexity of
the synthesis and the usage of additives. Meanwhile, PAMAM
supported the easy modification with DEACM and electrostatic
interactions with proteins, which provided the foundation for
the high protein binding efficiency of this system.

To achieve targeted protein delivery, the high stability of
the protein nanocomplexes during circulation and the con-
trolled release should be considered. In our system, the
coating of biocompatible HA and BSA achieved high stability
of the nanocomplexes in the physiological solution, whereas
many other reported co-assembled protein delivery systems
did not exhibit stability under physiological conditions. The
rigid structure and inactive surface facilitated the high serum
tolerance of the system. Under spatiotemporally controlled
light irradiation, protein release and enhanced cellular uptake
were demonstrated in complete medium, which provided a
high possibility for clinical applications. One limitation of this
photoresponsive system is that 420 nm light has a short tissue
penetration depth, which is limited to treating diseases in

17790 | Nanoscale, 2021,13,17784-17792

View Article Online

Nanoscale

superficial tissues or the eye. In the next stage, we would
explore longer wavelength light-responsive groups as protein
binding moieties, to achieve deeper tissue penetration.

This protein delivery system was demonstrated to be appli-
able for various proteins like BSA and GOx, which are anionic
proteins. Cationic proteins, like trypsin and lysozyme, could
not form nanocomplexes with PDO0.4 (data not shown).
However, fusing with anionic tag-like green fluorescent
protein®® or phenylboronic acid® to provide the negative
charge for co-assembly would be an option in future studies.

In summary, a simple and photoresponsive protein delivery
system was developed with the help of a photocleavable group,
DEACM, which provided photoresponsiveness, protein
binding, and the driving force for the self-assembly of the
system. The system not only delivered proteins, but also
enhanced the cellular uptake of proteins and controlled
protein release upon light irradiation. The high delivery
efficiency, good serum tolerance, and photocontrollability of
the system imply its potential in biomedical applications.
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