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ABSTRACT: Controlling poly(ethylene glycol) (PEG) shielding&hielding at the desired site
of action exhibits great advantages for nanocab@sed on-demand drug deliveny vivo.
However, the current PEG deshielding strategieseweainly designed for anticancer drug
delivery; even so, their applications are also limited by tumor heterogeneity. As a proof-of-
concept, we explored a photoinduced PEG deshieldimgcarrier TK-NBsgeptx 10 Circumvent
the aforementioned challenge. The TKd\2prx encapsulating chlorin e6 (Ce6) and paclitaxel
(PTX) was self-assembled from an innovative thiak€tK) linkage-bridged diblock copolymer
of PEG with poly(d,l-lactic acid) (PEGK-PLA). We demonstrated that the high PEGylation of
TK-NPcesepTx in blood helps the nanocarrier efficiently avoapid clearance and consequently
prolongs its circulation time. At the desired giiemor), 660-nm red light irradiation led to ROS
generationin situ, which readily cleaved the TK linkage, resulting REG deshielding. Such
photoinduced PEG deshielding at the desired sgeifsiantly enhances the cellular uptake of
the nanocarriers, achieving on-demand drug deliaeny superior therapeutic efficacy. More
importantly, this strategy of photoinducing PEG hdekling of nanocarriers could potentially

extend to a variety of therapeutic agents beyonidancer drugs for on-demand delivery.

Keywords: PEG deshielding, ROS-sensitive block copolymer,demand drug delivery,

photocontrolled drug delivery, PEG-dilemma



1. Introduction

Polyethylene glycol (PEG) has been widely used talifg nanocarriers to reduce the non-
specific cellular uptake of drug delivery vehicligsvivo,"* which consequently prolongs the
circulation time and decreases the cytotoxicityntsmal healthy tissues or orgatfsSeveral
PEGylated nanocarriers, including Doxil and GendXgl, have been approved for clinical use,
and nearly ten pioneering clinical trials of naniea-based therapies are ongoffig.However,
the PEGylation also inhibits the internalizationnaihocarriers into target cells and further limits
the therapeutic efficiency (known as the PEG dileymfi** To circumvent this dilemma,
various smart “sheddable” nanocarriers have regdmgén explored by scientists, in which the
PEG can be deshielded from the nanocarriers itatiget tissue to significantly promote cellular
uptake and subsequently improve drug delivery iefiicy’>*® For the current sheddable
nanocarriers, PEG deshielding was mainly achiewedebponding to the local stimuli of the
tumor microenviroment, such as a slightly acidiantw microenvironment and various
overexpressed enzym&s? It should be noted that, for the tumor acidityp@ssive
formulations, the PEG segment was also deshieluéaki blood circulation at a relatively lower
rate compared to the rate in the slightly acidimau tissue® For the enzyme-responsive
formulations, the expressions of these enzymesifierent tumor patients or in the same
individual at different tumor stages were dynanicahanged?®?* which could lead to varied
PEG shielding effects and, hereafter uncontrolla@lécancer efficacy. More importantly, these
sheddable nanocarriers, which were designed tarovent the PEG-dilemma for anticancer
drug delivery, cannot be extended to deliver themtipe agents to other desired tisstieBhus,
exploring alternative strategies with precisely tcolted PEG deshielding capability to any

desired site, not just tumor cells, is urgentlydesk



Recently, light has been widely utilized as anaative external stimulus, which can be
remotely manipulated with high spatial and tempoeablutions, to fabricate smart nanocarriers
for on-demand drug delivery and drug rele®<e Specifically, red or near-infrared (NIR) light
with wavelengths in the range of approximately 850- nm, is suitable for biomedical
applications because of its greater tissue permmiratreduced scattering, and minimal
phototoxicity?®%° Consequently, red and NIR light seem to be a pesémulus to induce PEG
shielding in the desired tissue to enhance druiyetgl efficacy. Unfortunately, the low energy
of the red and NIR light directly resulted in iriefént cleaving of the chemical bord

Realizing the photoinduced PEG shielding from theatarriers remains a major challenge.

Recent reports have demonstrated that the thiok&t& bond can be readily cleaved by
reactive oxygen species (ROB}* ROS is capable of being generated specifically by
photosensitizers under red or NIR light irradiatiém light of this, an innovative TK linkage-
bridged diblock copolymer of PEG with polylactideLpA) (PEGTK-PLA) was synthesized and
used to encapsulate the photosensitizer Ce6 anth#motherapeutic drug PTX (TK-NRszpTx,
Scheme 1). At the target tissue, 660-nm red ligtatdiation efficiently produced ROS by the
encapsulated Ce6 to rapidly degrade the TK linkaggtu; consequently, the PEG corona of
TK-NPcesgprx rapidly deshielded, which significantly enhancdtk tcellular uptake. We
systematically and comprehensively evaluated tfexedf the photoinduced PEG deshielding of
TK-NPceseptx ON the nanocarrier’s circulation, internalizatioaccumulation, and overall
antitumor efficacy. This study provides new aventmsthe fabrication of PEG sheddable

nanocarriers for on-demand drug delivery.
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Scheme 1. Schematic illustration of the ROS-sensitive linkdogelged diblock copolymer-based
nanocarriers TK-NEssprx for on-demand drug delivery by photoinduced PEGhadding.
Without NIR irradiation, the PEGylation of TK-NEeprx avoided rapid clearance and
prolonged its circulation time. At the tumor sitbe encapsulated Ce6 under 660-nm red light
irradiation efficiently produced ROS to rapidly dade the TK linkagen situ, resulting in PEG

deshielding and consequently enhanced cellulakapta

2. Materials and methods

Materials. PTX, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tezolium bromide (MTT) and
4,6-diamidino-2-phenylindole (DAPI) were purchadeadm Sigma-Aldrich (St. Louis, USA).
Chlorin e6 (Ce6) was purchased from Shanghai NewrUmextra Import & Export Co., Ltd.

(Shanghai, China). Dulbecco's-modified eagle medibMEM) and fetal bovine serum (FBS)



were purchased from Gibco BRL (Eggenstein, GermaW@thoxy and carboxyl terminated
PEG (Mn=5,000) were purchased from Aladdin Chem(al, Ltd. (Shanghai, China). D,L-
lactide was purchased from Jinan Daigang Biomdt€@@ Ltd. (China). FITC-labeled PLA
(Mn=1.0x1d) was purchased from Xi'an Ruixi Biological Techogy Co., Ltd. (Xi'an, China).
The synthesis processes of mMREAGK-PLA14 and mPEGsb-PLA14, was described in the

supporting information. Other organic solvents egmhents were used as received.

Characterizations. NMR spectra were recorded in deuterated reagertt ait Agilent
VNMRS 600 MHz NMR spectrometer (California, USAhd& molecular weights of the samples
were measured on a Waters gel permeation chronagiogr(GPC) systerir. The size of the
nanocarriers was measured by DLS (NanoBrook-90 Pistsument, Brookhaven Instrument
Corporation, Holtsville, New York, USA). The morghgy of the nanoparticles was analyzed by
JEM-2100F transmission electron microscopy (TEMarataccelerating voltage of 200 kV. The
concentrations of PTX and Ce6 were determined biyRIbC method and UV-Vis spectroscopy,

as previously reported:*°

Preparation of TK-NPcessprx @and NPcessprx. TO prepare TK-NBsssptx, Ce6 (0.2 mg),
PTX (1.0 mg) and mPEfesTK-PLA140 (10.0 mg) were dissolved in dimethyl sulfoxide (B[,
1.0 mL) for 30 min, and then water (10.0 mL) waslexl dropwise and continually stirred for
another 4 h. Thereafter, the mixture solution wagsdferred to a dialysis tube (cutoff molecular
weight was 14,000 Da) to remove the DMSO. The fgmhlition was filtered through a 0.4
filter (Millipore). NPcessptx Was similarly prepared by replacing mPE&SITK-PLA140 with
MPEG1zb-PLA14,.  Similarly, the FITC-labeled nanocarriers' “TK-NPceseprx  and

FTCNPcesertx Were prepared by adding FITC-labeled PLA (0.2 thgjng the procedure.
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PEG deshielding of TK-NPceseprx under 660-nm light. The solution of TK-NResgptx (1.0
mg/mL, 10 mL) in a centrifuge tube was immersea iwater bath at 37 °C and then irradiated
with 660-nm red light (0.2 Wi/cfh for different times. Subsequently, partial sarapieere
collected and lyophilized for GPC analysis, andeottamples were collected by centrifugation
(100,000% g, 1 h). The concentration of the resultant tbéosfinated PEG in the supernatant
was determined by Ellman's reagent DTNB accordinthe previously reported methddin

addition, the ROS generation was determined aatgrigi previously reported methdd.

Additionally, the solution of TK-NEssgptx and NResgprx (1.0 mg/mL, 1.0 mL) in a
centrifuge tube was immersed in a water bath &C3@nd was then exposed to 660-nm red light
(0.2 Wicnf, 30 min). Thereafter, the size distributions aratphologies of both samples with or
without light irradiation were detected by DLS ah@M, respectively. Meanwhile, the samples
were suspended in a PBS containing 10% FBS, anditkechanges were monitored by DLS

after incubation for different time periods.

In addition, after preirradiation (660 nm, 0.2 WfcrB0 min), the TK-NResertx OF NPeeserrx
(2.0 mg/mL, 1.0 mL) was transferred into the dilymembrane tubing and was then immersed
in the PB buffer (0.02 M, pH 7.4, 15 mL) at 37 “Then, the release of PTX was determined

using HPLC analysis, as previously reportéd.

The cellular uptake of TK-NPcessgprx prerradiated with 660-nm light. After light
preirradiation (660 nm, 0.2 W/ém10 min or 30 min), the FITC-labeled nanocarri@fSTK-
NPcesgprx OF 7T “NPcesgpx (1.0 mg/mL, 0.1 mL) were separately added intocifieure medium
(0.5 mL) of MDA-MB-231 cells in 24-well plates. “TK-NPcesgprx and™ “NPcesgprx Without
preirradiation were used as the controls. Afteubation for 2 h or 4 h, the MDA-MB-231 cells

were washed twice, trypsinized, collected, and extbf to FACS analyses on a BD FACS



Calibur flow cytometer (BD Bioscience, Bedford, MASA). In addition, the partial samples

were lyophilized to determine the intracellular centration of PTX by HPLC analysis.

For CLSM observations, tHe'“TK-NPcegeprx and™ ' “NPcesertx Were preirradiated and then
co-incubated with MDA-MB-231 cells, as describedat After incubating for 4 h, the cells
were counterstained with DAPI and Alexa Fluor56&lfidin according to the protocols
provided by the manufacturers and were then obdeoyeCLSM (LSM 710, Carl Zeiss, Inc.,

Jena, Germany).

In vitro cytotoxicity and apoptosis assay. TK-NPcessptx and NRessptx Were preirradiated as
described above and were then co-incubated with MIBX231 cells at different concentrations.
After incubating for 4 h, non-internalized nanoears were removed, and the MDA-MB-231
cell viabilities were measured by MTT assay aftetifer incubation for 24 h. In addition, the
cells, which were treated with these samples aba édbncentration of 4.Qug/mL, were stained
with the Annexin V-FITC apoptosis detection kitB[§ Biosciences) according to the protocols

provided by the manufacturers to determine theagmptosis rate.

Animal and tumor model. Female BALB/c nude mice and ICR mice were purchdszu
Beijing HFK Bioscience Co. Ltd. To establish a cangenograft tumor model, MDA-MB-231
cells (2x16) cells were injected into the mammary fat padfeafale BALB/c nude mice. After
the tumor volumes reached 50 frthe mice were used for subsequent experimentamiée
received care in compliance with the guidelinedimed in the Guide for the Care and Use of
Laboratory Animals. The procedures were approvedhey Hefei University of Technology

Animal Care and Use Committee.

Phar macokinetic studies. ICR mice were randomly divided into three groums4 per group)

and were intravenously injected with 2@ of TK-NPcesepte NPcessptx, and free PTX



(dissolved in 1% DMSO) at an equivalent PTX dosé@D mg/kg. At the predetermined times,
blood samples were collected, and 100 puL of plagreee obtained. To determine the PTX
concentration, 200 uL of acetonitrile was addetheocollected plasma and vortexed for 5 min.
Then, the samples were centrifuged at 10,809 for 10 min. The PTX concentration in the

supernatant was measured by HPLC.

PTX distribution in major organs and tumor tissue. Mice bearing MDA-MB-231 tumors
were intravenously injected witAT“TK-NPcegeptx O 7' “NPcesgprx at an equivalent PTX
injection dose of 10.0 mg/kg. At 2 h post-injecticdhe tumors sites of partial mice were
irradiated with 660-nm light (0.2 W/n30 min). Thereafter, at 6 h or 24 h post-injettithe
tumor tissue and main organs were collected fromstcrificed mice. Subsequently, the PTX
content in the tumor tissue was quantified using.€Pand the accumulation of both FITC-
labeled nanocarriers in the tumor and main orgaas wsualized using a Xenogen IS

Lumina system.

In vivo antitumor efficacy. Mice bearing MDA-MB-231 tumors were intravenousetted
with 200 puL of TK-NPceseptx, NPcesepTx, OF free PTX at an equivalent PTX injection do$e o
2.5 mg/kg. At 2 h post-injection, the tumors sitesre irradiated by 660 nm light (0.2 W/gn80
min). Mice without irradiation were used as corgrdlhe mice received the treatments described
above once a week. The estimated tumor volume vasstoned by measuring the perpendicular
diameters of the tumors and was then calculatedrdity to the formula: tumor volume (mim

= 0.5 x length x width The weight of each mouse was also measured évery days.

Immunohistochemical Analysis. After the last measurement, the tumor tissues wecesed

from the sacrificed mice and weighed. Then, thesaés were fixed in 4% formaldehyde and



embedded in paraffin for immunohistochemical stagnof the proliferating cell nuclear antigen

(PCNA) and the terminal transferase dUTP nick-eling (TUNEL) assay.

Statistical Analysis. The statistical significance of treatment outcomvas assessed using a
Student’s t-test; *p values < 0.05, **p values €1).and ***p values < 0.005 were considered

statistically significant in all analyses.

3. Results and Discussion

To synthesize the TK linkage-bridged diblock copady mPEGYK-PLA, ROS-cleavable
2,2'-(propane-2,2-diylbis(sulfanediyl))bis(ethamhine) (PDSE, Figure S1) was first reacted
with carboxyl-terminated PEG to obtain mPE&IK (Scheme S1), and its structure was
confirmed by*"H NMR (Figure 1A). Subsequently, the mPE&TK was used as a macroinitiator
in the second step for the ring-opening polymeigzabf D,L-lactide. The successful synthesis
of MPEG15TK-PLA14 was verified usingH NMR spectroscopy (Figure 1A). The average
degrees of polymerization (DP) of PLA block was 14@ich was calculated by comparisons of
the integrals of methylene proton resonances of B&tkbone (3.70 ppm) to methine protons of
PLA backbone (1.57 ppm). Meanwhile, the ROS-ingasmsidiblock copolymer mPEfzsb-
PLA14, was also successfully synthesized as a contrgu(€iS2). The successful synthesis of
MPEG 13 TK-PLA140 and mPEG3-b-PLA14, were also verified using GPC (Figure 1B), which
indicated that both diblock polymers exhibited uodal peaks toward higher molecular weights

compared with the macroinitiator mPgor mPEG13TK.

10



— MPEG,,

- MPEG,;-TK
—— MPEG,5-b-PLA,,,
Y — MPEG,,;-TK-PLA,

_______________________________

T T T T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 19 20 21 22 23 24 25 26
Elution volume (mL)

Figure 1. (A) *H NMR spectra of the macroinitiator mPEGTK and mPEG, 5 TK-PLA140 The
subscript numbers represent the DP of PEG or Pb&kbl(B) GPC spectra of the macroinitiator

mPEng, mPEG_lg-TK, mPEG[]_g-TK-PLA14o and mPEG:g_g-b-PLA142.

Thereafter, the obtained amphiphilic polymer mPBGPLA was used to simultaneously
encapsulate Ce6 and PTX by the nanoprecipitatiotihade and the obtained nanocarrier was
denoted as TK-NReseptx The loading contents of Ce6 and PTX for TKd\Rptx Were
approximately 0.62+0.11% and 4.88+0.31%, respéegtivedditionally, the Ce6 and PTX co-
loaded nanocarriers NEeptx €xhibited similar loading contents, reaching 0®89% and

4.79+0.26%, respectively.

According to our design, the 660-nm red light ireidn would produce ROS by the
encapsulated Ce6 to efficiently cleave the TK lgds resulting in the PEG shielding. To
demonstrate this, the TK-NRgptx and NRessptx Were exposed to 660-nm light at a power
density of 0.2 W/crfor different periods, and then nanocarriers wekected and lyophilized
for GPC analysis. It was observed that the shoyldak gradually emerged at 22.2 min (Figure
2A), and its intensity increased as the irradiatiare increased. To quantitatively determine the
PEG shielding, the TK-NRsertx and NReseptx Were exposed to a 660-nm laser as described

above, and then the nanocarriers were collectectdnyrifugation (100,00x g, 1 h), the

11



concentration of resultant thiol-terminated PEGha supernatant was determined to calculate
the degradation ratios of mPEGTK-PLA40 and mMPEGzb-PLA142. As shown in Figure 2B,
the degradation ratios of the mPH®&-PLA gradually increased, which was consistent il
result of Figure 2A; after 10 min and 30 min ir@ibns, approximately 24.4% and 50.3% of the
PEG segment were efficiently deshielded from theNPesspTx respectively. In contrast, the
degradation of PE®-PLA was negligible. In addition, the collected g@patation of TK-
NPcesgprx Was lyophilized and analyzed By NMR. As shown in Figure 2C, the peak at 3.70
ppm (the methylene proton resonances of PEG baellmpadually decreased as the irradiation
time increased. It should be noted that TKeMRetx and NReseptx produced comparable ROS
under the 660-nm light irradiation (Figure S3). 8a®n these results, it could be concluded that

the PEG deshielding of TK-NRseptx Was efficiently achieved under 660-nm light.
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Figure 2. The PEG deshielding from TK-NEseptx under a 660-nm laser. (A) GPC

measurements of TK-Nfseprx With 660-nm light irradiation for 10 min, 20 miand 30 min.
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TK-NPcesgprx Without light irradiation was used as a contr@) The PEG deshielding ratios
versus irradiation times for TK-NBsggprx and NResgrrx. (C) *H NMR spectra of collected
precipitation from TK-NRessptx With 660-nm light irradiation for different timg8, 10, 20, and
30 min) at a power density of 0.2 W/en(D, E) Size distributions (D) and PTX release ¢E)
TK-NPcesgprx With (L+) or without (L-) 660-nm light irradiatianThe NRgseptx Was used as a

control.

Thereafter, the size, stability, morphology, andXPiElease profile of TK-NE.septx and
NPcesgrrx With or without 660 nm light irradiation (0.2 W/én80 min) were also determined. It
was observed that the photoinduced PEG deshiettithgot affect their size and morphologies;
the sizes of TK-NBwsgptx and NReseptx @S measured by dynamic light scattering (DLS) were
approximately similar at 100 nm (Figure 2D), ane ttmorphologies of these nanocarriers
exhibited compact and spherical morphologies (legdd). After PEG deshielding, the PTX
release from TK-NEsseptx(L+) only slightly increased compared to that withdhe 660-nm
light irradiation (Figure 2E). In addition, the TKPceseptL+) group also maintained its
diameter for over 60 h (Figure S5), which could m#aat the residual PEG was also capable of

stabilizing the nanocarrier TK-NBsgprx-

According to our design, photoinduced PEG deshmegldhould enhance the cellular uptake of
the nanocarriers. To confirm this hypothesis, tledutar uptake of TK-NRBesgptx With or
without 660-nm light irradiation was investigatdthe fluorescein isothiocyanate (FITC)-labeled
TK-NPcesgrrx (T TK-NPceserty) OF NPsesgprx (T CNPcesertx) Was exposed to 660-nm light
irradiation at a density of 0.2 W/énfor 10 min or 30 min and was then co-incubatechwit
MDA-MB-231 cells for 4 h. Thereafter, intracellulatTC fluorescence was determined by flow

cytometric analysis. As shown in Figure 3A, thelxéhcubated with “TK-NPgesgprx plus

13



660-nm light irradiation exhibited much strongetracellular FITC fluorescence than cells that
did not receive light irradiation, and the intrdakr FITC fluorescence intensity increased as the
irradiation time increased. Because approximatély% and 50.3% of the PEG were efficiently
deshielded from TK-N&segprx following 660-nm light irradiation for 10 min an80 min,
respectively, as described above (Figure 2B). Aaltily, the changes of PEG density for TK-
NPceseprx after 660-nm light irradiation (0.2 W/é&n10 min or 30 min) were calculated
according to previously reported methd8i&ased on the thBH NMR (Figure S6) and equation
(supporting information), it could be calculatedttthe PEG density of TK-Nfssptx decreased
from 0.77 to 0.62 or 0.34 PEG/Anrespectively. Such reducing surface PEG densig w
sufficient to increase cellular uptake of nano@arrivhich has been widely reported® Since
the cellular uptake of nanoparticles is dependergwface PEG density, and high surface PEG
density made the nanoparticles resistant to celiysake’® ** Such enhanced cellular uptake
under 660-nm light irradiation was not observeaeéils treated with' “NPcesgprx (Figure 3B)

because the photoinduced PEG deshielding canmetlized for NRessprx.

On the other hand, the enhanced tumor cell uptaleru660-nm light irradiation was further
corroborated by confocal laser scanning microscéPySM). The "T“TK-NPcegerrx and
FTCNPcesertx Were preirradiated and then co-incubated with MEIB-231 cells as described
above. As shown in Figure S7, the cellular uptak€'6NPcesertx Was not affected by 660-nm
light irradiation, while a much stronger cellularegn fluorescence fof' “TK-NPcesgprx
preirradiated with 660-nm light irradiation for le#r 10 min or 30 min was clearly observed

when compared to cells treated wWith"NPcesgprx Without light preirradiation (Figure 3C).

Moreover, the TK-NBesgprx OF NR:eseptx Was preirradiated with 660-nm light for different

periods and then co-incubated with tumor cells Zoh or 4 h. Subsequently, the cells were

14



collected, and the intracellular PTX concentratwas quantitatively determined. For the TK-
NPcessptx group, 660-nm light irradiations of 10 min and Bin significantly improved the
amount of intracellular PTX at both time pointsgitie 3D). For instance, after a 4 h incubation,
the 660 nm preirradiation of 10 min and 30 min heslin amounts of intracellular PTX
approximately 1.39 and 2.34 times higher than thios®lls treated with TK-N&eeptx Without
light preirradiation. In contrast, 660 nm preirr@ibn did not affect the amount of intracellular
PTX when the MDA-MB-231 was incubated with dEeptx at both time points. Thus, these
results demonstrated that the photoinduced PEGialdsty effect resulted in enhanced tumor

cell uptake of TK-NResepTx

A 400 B 400 Do
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Figure 3. Photoinduced PEG deshielding for enhanced celluf@ake. The FITC-labeled
FITCTK-NPcesgprx and™ T°NPcesgprx Were preirradiated under 660-nm red light (L+, %&nt)

for 10 min or 30 min. Both nanoparticles withoghi preirradiation (L-) were used as a control.
(A, B) Flow cytometric analyses of MDA-MB-231 cellafter incubation with™ “TK-

NPcesert(L+) (A) and " NPcesgrrx(L+) (B). (C) CLSM images of T“TK-NPcegeptx(L+) in
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MDA-MB-231 cells. The scale bar was lén. The cell nuclei and F-actin were counterstained
with DAPI (blue) and Alexa Fluor568 phalloidin (dedespectively. (D) HPLC quantitative
analyses of the intracellular PTX concentratiorisrafeatment as described in (A) and (B).<

0.05, **p < 0.01.

The increased amount of intracellular PTX by TKd\M2prx under 660-nm light irradiation
would result in enhanced anti-proliferation acynaf cancer cells. To demonstrate this, the TK-
NPcesgprx Was preirradiated with or without 660 nm laser2 (@/cnf, 30 min) and was then
incubated with MDA-MB-231 cells for 4 h. After remiag the non-internalized nanocarriers
and further incubating in a fresh medium for 24he MDA-MB-231 cell viability was detected
by an MTT assay (Figure 4A). At each concentratibrtould be clearly observed that more
tumor cells were destroyed by TK-MRBeprx plus light preirradiation (TK-N&esgptx(L+))
compared to those without light preirradiation (NRceszptX(L-)), exhibiting the highest
efficacies for inhibiting tumor cell growth. In ctvast, 660-nm light preirradiation did not

improve the cytotoxicity of NEssptx t0 MDA-MB-231 cells.
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Figure 4. The photoinduced PEG deshielding significantly erea the anticancer efficacy
vitro. (A) The relative cell viabilities of MDA-MB-231 dils after treatment with TK-
NPcesspt(L+) and NResgpt(L+). The TK-NResept(L+) and NReegpr(L+) represented
preirradiation with 660-nm light irradiation (0.2/@#?, 30 min) before co-incubation with cells.
Both nanoparticles without light irradiation, TK-NMRept(L-) and NResgprx(L-), Were used as
controls. *p < 0.01. (B) Flow cytometric analysis of MDA-MB-23Ell apoptosis induced by

different treatments at an equivalent PTX conceéiotneof 4.0ug/mL.

Furthermore, the cell apoptosis was also dete@&#dr treatment as mentioned above at an
equivalent PTX concentration of 4.g/mL, the MDA-MB-231 cells were stained with
Annexin-V-FITC and propidium iodide (PI). As showm Figure 4B, TK-NReesept(L-) and
NPcessrt(L-) induced apoptosis in 19.86% and 20.95% of MBA-MB-231 cells. Pre-
irradiating NResgpTx With 660-nm light irradiation did not elevate calboptosis (19.37%). In
contrast, treatment with TK-NRsepr(L+) induced 42.76% cell apoptosis, which was the
highest apoptotic ratio among these treatmentss,Timese anticancer results demonstrated that
the photoinduced PEG deshielding effect remarkaated the nanocarrier’'s efficacy in

destroying tumor cells.

Encouraged by the superior efficacy of TKMNRptx(L+) in vitro, the in vivo animal
experiment was performed to demonstrate the adgardé photoinduced PEG deshielding for
nanocarriers-based cancer therapy. The mice wér@venously injected with TK-NResepTx,
NPcesgptx, Or free PTX, and the concentrations of PTX versomge were determined using
HPLC. As shown in Figure 5A, TK-NRseptx and NResgpx, Which both contained high levels
of PEGylation, exhibited a prolonged circulatiomdi in the blood compared with those of free

PTX. Furthermore, the pharmacokinetic parametethede formulations were calculated (Table

17



S1). It was observed that the PEGylation of TKeMNErrx and NRessptx €Nnsured large areas
under the curve (AUC) compared to that of the @&, being 15.5-fold and 18.0-fold greater
than that of free PTX. In addition, the high PEGga also induced a much slower blood
clearance rate of TK-NRsertx and NResepTx than that of free PTX. Overall, we concluded that
TK-NPcesgptx @and NResgprx €Xhibited remarkably prolonged circulation timead)ich was to
the high PEGylation of nanocarriers that minimizéeir recognition by MPS cells during

circulation and consequently helped them avoiddraf@arance by the RES.
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Figure 5. Photoinduced PEG deshielding for enhanced tumarnagtationin vivo. (A) Plasma

(%lg organ)
>
1

Injection dose of PTX
(3]
1

PTX concentratiorversus time after intravenous injection of free PTX in 1B#MSO, TK-
NPcessrtx @and NReseptx (B) The quantification of PTX contents in tum@sue by HPLC. *p
< 0.05. (C)Ex vivo images of heart, lung, spleen, liver, kidney, &mdor tissue at 24 h post-

injection. (D) The quantification of the PTX contern major organs by HPLC. In Figures 5B,
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5C, and 5D, (L+) represented that only the tumte wias irradiated with 660-nm light (0.2

W/cn?, 30 min) at 2 h post-injection, the other tisswas not received.

Once circulating in the tumor interstitium, the &&® light irradiation should induce the PEG
deshielding from TK-NRBeseptx resulting in the enhanced tumor cell uptake amusequently
improving the tumor accumulation. To verify thisesplation, mice with MDA-MB-231
xenografts were administerEd“TK-NPcesertx | "NPceseprx OF free PTX, and the tumor sites
were irradiated with 660-nm light (0.2 W/En80 min) at 2 h post-injection. At 6 h or 24 h pos
injection, the mice were sacrificed to collect themor tissue and main organs. Subsequently, the
PTX content in the tumor tissue was quantified g$#PLC, and the tumor accumulation of both
FITC-labeled nanocarriers was visualized using aogen VIS Lumina system. Figure 5B
shows that the PTX contents in the tumor tissuerdth and 24 h administration Bf°TK-
NPceserrx plus 660-nm light irradiation”( “TK-NPcesgprx(L+)) were 1.37-fold and 1.55-fold
higher than the amount that accumulated without ligradiation ['"“TK-NPcesgprx(L-)),
respectively. In contrast, for thd “NPcesgprx groups, the PTX content in the tumor tissue was
almost not affected by the light irradiation, eitiity a similar level to th& “TK-NPcesgrrx(L-)
group. Meanwhile, the result generated by the XendyIS® Lumina system further indicated
that the highest FITC fluorescent signal in the durtissue was visualized in tHé “TK-
NPcesgrrx(L+) group in comparison t8' “TK-NPcesspx(L-) (Figure 5C). Such enhanced tumor
accumulation under 660-nm laser irradiation was fmind in the mice injected with
FTCNPcessprx It should be noted that the enhanced PTX accuionlavas not observed in the
other organs (Figure 5D) because the PEG shieldagynot realized in the absence of 660-nm
light irradiation. Thus, the high PEGylation poieily reduced nonspecific cellular uptake by

normal healthy cells, which consequently avoidetoxicity to normal tissues or organs.
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The above results demonstrated that the high degr®&Gylation ensured the significantly
prolonged circulation of TK-NfRegptx in the blood, while the photoinduced PEG deshngjdn
the tumor tissue efficiently enhanced the cellulptake by tumor cells and improved the PTX
accumulation in tumor tissue, which could elevaie anticancer efficacy of TK-NRBsgpx plus
light irradiation. To demonstrate this, mice begrMDA-MB-231 tumors were intravenously
injected with TK-NResgptx NPcessptx OF free PTX in 1% DMSO, and a portion of each grou
was irradiated with a 660-nm laser (0.2 W80 min) at 2 h post-injection. As indicated in
Figure 6A, treatment withK-NPceseptx and NResgptx ONly moderately inhibited tumor growth,
and there were no significant differences amongfdheulations. The 660-nm light irradiation
slightly improved the anticancer efficacy of &Ekptx Which could be due to the photodynamic
effect of the encapsulated Ce6. In contrast, thmvtr of the tumor was most efficiently
suppressed in the TK-NBgptx group with light irradiation (TK-NBsssptx(L+)), which verified
that the photoinduced PEG deshielding significarglyhanced anticancer efficacy of TK-
NPcesgprx due to the enhanced cellular uptake. It shoulddied that there is no obvious body
weight loss during treatment with these formulagigirigure S8), suggesting the negligible
toxicities of these treatments. In addition, ingecof the tumor pictures of all formulations in
Figure 6B further supported the above conclusiat the TK-NReseprx(L+) group exhibited
the highest anticancer efficiency. Moreover, an@atson of the tumor growth rates (Figure 6C)
and the tumor weights (Figure 6D) among all thamigations also indicated that the TK-

NPcessrt(L+) group exhibited the greatest improvement ititamor efficiency.

Finally, immunohistochemical staining was usedralgze cell proliferation and apoptosis in
the tumor tissues after treatment. As shown in f@ggE, treatment with TK-NRsgp(L+)

more efficiently reduced the percentage of prddiferg PCNA-positive tumor cells (proliferating
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cells) and increased the percentage of TUNEL-p@situmor cells (apoptotic cells), further

confirming that the photoinduced PEG deshieldinigafat the tumor site realized superior

anticancer efficacy of the nanocarrier.
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Figure 6. Photoinduced PEG deshielding for elevated antigagitieacyin vivo. (A) The MDA-
MB-231 tumor growth curves (A) of PBS, free PTX 1% DMSO, TK-NRgssptx, and
NPcessrTx after intravenous administration. (B, C, D) Tunmages (B), tumor growth rates (C)
and tumor weights (D) of various groups at the tase point of measurement. (L+) and (L-)
represent whether the tumor sites were irradiatiédl 660-nm light (0.2 W/c 30 min) at 2 h

post-injection. (E) The H&E, PCNA and TUNEL analgsgf tumor tissues after treatment. The

scale bar is 50 pum. *p < 0.05; **p < 0.01; **p <005.

4. CONCLUSION
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We have successfully constructed an innovative cemnier TK-NReseptx With photoinduced
PEG deshielding capability through designing bradtl§&G and PLA copolymers with an ROS-
sensitive TK linker. Under 660-nm light irradiatiadine TK linker was efficiently cleaved by the
encapsulated Ce6-generated R@Situ. Then, the PEG corona detached from the nanocarrie
As a result of the specifically photoinduced PEGhdelding in the tumor tissue, enhanced
cellular uptake and improved antitumor efficacy everealized in comparison with the
conventional mMPE®-PLA nanocarrier. This strategy could be extendedn-demand drug
delivery to a variety of desired tissues and cglisyiding a precisely and remotely controlled

drug delivery approach.
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