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Abstract

It remains a major challenge to achieve precise on-demand drug release. Here, we developed a
modular nanomedicine integrated with logic-gated system enabling programmable drug release for
on-demand chemotherapy.

Methods: We employed two different logical AND gates consisting of four interrelated moieties to
construct the nanovesicles, denoted as v-A-CED,, containing oxidation-responsive nanovesicles (v),
radical generators (A), and Edman linker conjugated prodrugs (CED,). The first AND logic gate is
connected in parallel by mild hyperthermia (I) and acidic pH (II), which executes NIR laser triggered
prodrug-to-drug transformation through Edman degradation. Meanwhile, the mild hyperthermia
effect triggers alkyl radical generation (Ill) which contributes to internal oxidation and degradation
of nanovesicles (IV). The second AND logic gate is therefore formed by the combination of I-IV to
achieve programmable drug release by a single stimulus input NIR laser. The biodistribution of the
nanovesicles was monitored by positron emission tomography (PET), photoacoustic, and
fluorescence imaging.

Results: The developed modular nanovesicles exhibited high tumor accumulation and effective
anticancer effects both in vitro and in vivo.

Conclusions: This study provides a novel paradigm of logic-gated programmable drug release
system by a modular nanovesicle, which may shed light on innovation of anticancer agents and
strategies.
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Introduction

Because of the numerous physical and chemical
characteristic that can be engineered into nanometer-
ials, the field of nanomedicine has exploited these
materials for sensing environmental parameters,
providing images of human diseases, and providing
drug delivery [1-3]. As of 2016, more than 50
nanodrugs had been approved by the U.S. Food and

Drug Administration (FDA) and another 77 were
undergoing clinical trials [4]. Specifically for cancer
therapy, nanomedicine has shown appreciable
advantages over traditional medicine, for example,
through prolonging circulation time and/ or shielding
systemically toxic drugs by integrating with
stimuli-responsive release strategies [5-9]. Despite the
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potential, many of these strategies have not resulted
in prolonged patient survival. This lack of enhanced
efficacy is thought to be due, in part, to the
nonspecific drug release occurring in healthy tissues
resulting in system toxicity [10, 11]. Therefore, there is
a need to develop more advanced strategies of
engineering therapeutic nanoparticles (NPs) where
drug release is explicitly controlled to maximize drug
utilization and minimize systemic side effects [12].

For purposes of controlling drug release,
stimuli-responsive NPs have been engineered to
recognize tumor-specific internal stimuli (e.g., pH,
redox state, and enzymes) and external stimuli (e.g.,
heat, magnetic field, light, and ultrasound) [13-18].
These strategies enable tailored drug release profiles
in a spatiotemporally controllable manner [19-23].
However, a major caveat is that although materials
sensitive to single factor can facilitate therapeutic
delivery to tumor sites, individual biomarkers are
rarely unique to all tumor sites. For example, acidic
pH and reducing conditions are also shared by the
stomach [24] and intracellular milieu [11] of living
subjects, respectively, leading to suboptimal
selectivity for targeted drug delivery and drug
release. To improve site specificity of drug release,
logic-gated systems that respond only when
presented with multiple inducements provide a
promising solution [25-30]. Although it’s still in its
infancy, logic-gated systems have been emerging as a
useful platform affording programmable drug release
for cancer therapy [31-36].

Polymeric nanoparticles [37], including micelles
[38], nanogels [39], and vesicles, have proved to be a
viable nanotechnology platform for effective drug
delivery as demonstrated by their use in a series of
pharmaceutical products for more than 40 years [40].
In particular, polymeric vesicles (e.g., polymersomes)
have been extensively engineered with unique
properties enabling simultaneous loading of both
hydrophilic and hydrophobic molecules [41, 42].
Compared to widely investigated liposomes,
polymersomes have increased mechanical robustness
[43, 44]. Therefore, we anticipate that polymeric
nanovesicles could be the preferred platform for
integrating well-ordered logic-gated nanomedicine.

Here we present a logic-gated drug release
nanoformulation that integrates both external
stimulus and internal stimulus for controlled drug
release and subsequent cancer treatment (Figure 1).
Controlled drug release was accomplished by
incorporation of a heat sensitive prodrug version of
doxorubicin (DOX) and a vesicle structure sensitive to
degradation by reactive oxygen species (ROS). The
nanovesicles were manufactured by self-assembly of
the ROS responsive amphiphilic block-polymer,

poly(propylene sulfide)-poly(ethylene glycol) (PPS-
PEG).[42, 45] The hydrophobic DOX prodrug,
denoted as CEDy, was prepared by conjugation of two
molecules onto the dye croconaine (CR780) using an
Edman linker [46, 47]. The prodrug and hydrophilic
free radical precursor, 2,2’-azobis[2-(2-imidazolin-2-
yl)propane] dihydrochloride (AIPH),[48] were loaded
onto the membrane and into the inner space of
nanovesicles (denoted as v-A-CED), respectively.
Drug release is controlled by two logical AND gates
constructed by four interrelated units. The first AND
gate requires mild hyperthermia (I, generated by
photothermal agent CR780 under external 808 laser
stimulation) and acidic pH (II, provided by the tumor
microenvironment) that converts the prodrug into
DOX by Edman degradation. The second logical gate
requires the heat generated by laser irradiation to
generate radicals from the decomposition of AIPH
(IIT) and subsequent radical-induced oxidation of the
PPS-PEG that leads to nanovesicle degradation (IV)
and release of drug into the tumor. In other words,
upon NIR irradiation, the photothermal agent CR780
in the prodrug CED2 generates heat and elevates the
temperature, which then activates AIPH to generate
free radicals and subsequent radical-induced
oxidation of the PPS-PEG. Overall, these processes
lead to mnanovesicle degradation and release of
prodrug into the tumor cells. Finally, DOX are
released from the prodrug under the tumor acidic
microenvironment and mild hyperthermia through
Edman degradation.

Methods

Measurement of photothermal effect of CED;

Temperature increase was evaluated by a)
irradiation of 200 pL solution (10% DMSO in PBS)
containing various concentrations of CED» with an
808 nm NIR laser at 0.5 W / cm? for 5 min, or B)
exposing 20 pM CED:;, to different power densities (0.1
-2 W / cm?)of the NIR laser. Photothermal stability
was evaluated by exposing the 20 pM to a NIR laser
(0.5 W/cm?) for five cycles. The NIR laser power
density was determined by a laser energy meter
(Coherent Inc., CA, USA). An SC300 infrared camera
was employed to record the real-time temperatures of
the solutions.

Edman degradation behavior of CED; and CD;

Solutions of CED; (1 mg/mL) were prepared at
different pH values (5.0, 6.5, 7.4) in phosphate buffer
(10% DMSO). The resulting solutions were heated at
different temperatures (37, 42 and 50 °C) for 10 min.
After cooling to room temperature, the solution was
filtered and the filtrate analyzed by HPLC (A: 50 mM
ammonium acetate buffer; B: CH3CN) at a flow rate of
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1 mL/min according to the following gradient
program: 0-2 min, 5% of B; 2-15 min, 5%-80% of B;
15-20 min, 80% of B; 20-25 min, 80%-5% of B. The ratio
of the peak area for DOX divided by the sum of the
peak areas for DOX plus CED2 times 100 is reported
as the degradation percentage. For comparison, CD>
was also dissolved in different pH (5.0, 6.5 and 7.4)
phosphate buffer (10% DMSO) but all were heated at
50 °C for 10 min and then analyzed by HPLC.

Formation of PPS-PEG based vesicles

The formation of PPS-PEG based vesicles was
followed by a general procedure of solvent exchange
or thin film method. For the preparation of PPS-PEG
only vesicles (denoted as v), amphiphilic PPS-PEG (5
mg) copolymers were dissolved in chloroform (3 mL),
the chloroform allowed to evaporate onto a surface,
and the dry samples were re-dispersed in distilled
water (1 mL) by subsequent hydration and sonication
(2 min).

Drug loading and release

Initially, CED, or CD, were dissolved in DMF (1
mg/mL) and AIPH was dissolved in distilled water (1
mg/mL) as stock solutions. During the self-assembly
of PPS-PEG vesicles, the above solutions containing
different formulations were applied to disperse
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different vesicle formulations. The v-A, v-A-CED,,
v-A-CD,, v-CED;, and v-CD, samples were purified
by a centrifugal filter (Amicon Ultra, Millipore) and
repeated for three times. The supernatant was
collected and the concentration of residual non-
encapsulated CED> or CD; measured by UV
absorption; according to the UV absorption standard
curve of DOX at 480 nm. The drug loading content
(DLC) and loading efficiency (LE) were calculated
according to the following equations:

Mass of encapsulated drug = mass of fed drug - mass
of residual drug in supernatant

DLC (%) = mass of encapsulated drugs / mass of
carriers and encapsulated drugs x 100%

LE (%) = weight of encapsulated drugs / weight of
fed drugsx 100%

Drug release profiles of DOX from PPS-PEG
based vesicles were performed either with or without
the application of NIR laser irradiation (0.5 W/cm? for
5 min) in different pH solution (pH 5.0 or 7.4). After
the irradiation, the sample was centrifuged to
precipitate the vesicle and the released DOX
concentration measured at 480 nm.

B

Figure 1. Schematic illustration of logic-gated drug release from the modular nanovesicles (v-A-CED») for on-demand chemotherapy. A) Four units: mild
hyperthermia (I, generated by photothermal agent CR780), acidic pH (Il, tumor microenvironment), free radicals (Ill, from AIPH decomposition), and nanovesicle
degradation (IV). The first AND logic (I, Il) leads to prodrug-to-drug transformation through Edman degradation. The units Il and IV cascade moieties cause
oxidation and degradation of nanovesicles. The second AND logic combining I-IV leads to drug release from the nanovesicles. B) Self-assembly of amphiphilic polymer
PPS-PEG, hydrophobic prodrug CED, and hydrophilic component AIPH, forming v-A-CEDz. Programmed drug release is achieved through a logic-gated mechanism
external stimulus from a NIR laser. C) Schematic of NIR triggered drug release in a cell positioned in tumor microenvironment. The released DOX can enter cell

nucleus and trigger cell death.
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Generation of ABTS* - free radicals

The generation of ABTS*- was performed by
taking advantage of the reaction between ABTS
aqueous solution (2 mg/mL, 02 mL) and v-A
aqueous solution (2 mg/mL, 0.2 mL). The mixture
was protected from light irradiation and allowed to
proceed for 0.5 h at 37, 42 or 50 °C. Then, the
absorbance of diluted ABTS* - solution (with DI water)
in the range from 400 nm to 950 nm was recorded
using a UV-Vis spectrometer.

Cell viability assay

U87MG cells were seeded in a 96-well plate with
a concentration of 1x104 cells/well. After 24 h
incubation at 37 °C, various nanoparticle formations
were added to each well in different concentrations (n
= 3). NIR laser irradiation was conducted with 0.5
W/cm? for 5 min reaching about 42 °C or a higher
optical power density (1 W/cm? for 5 min reaching
about 50 °C). After 24 h, cell viability was evaluated
using Cell Counting Kit-8 (CCK-8) method and
calculated as percentages by referring to control (with
or without NIR laser depending on experiments).

Reactive oxygen species detection in vitro

U87MG cells were seeded with a density of 5x10°
per well in 12-well plates. After incubated for 24 h, the
culture medium was replaced with 1 mL of fresh
medium. Freshly prepared carboxy-H.DCFDA was
added into each well as loading solution with the final
concentration of 2 uM and incubated for 20 min under
cell culture condition. After washing by PBS for three
times, cells were treated with various nanoparticle
formations with or without laser irradiation (808 nm
laser, 0.5 W/cm? 5 min) and allow for further
incubation. Subsequently, the cells were washed with
PBS and collected for flow cytometry study. Green
fluorescence was recorded on the FL1 channel. All
experiments ~ were  performed  triply and
independently with a total of 10 cells analyzed for
each experiment.

Apoptosis assessment in vitro

Apoptosis rates were studied using R-phyco-
erythrin (R-PE) annexin V and SYTOX green (Thermal
Fisher Scientific) through flow cytometry following
the manufacturer’s instructions. Briefly, US7MG cells
were stained with annexin-V conjugated to R-PE and
SYTOX green for 15 min at 37 °C in a CO; incubator at
2 h after treated with different formulations and NIR
laser irradiation (0.5 W/cm? for 5 min). SYTOX green
fluorescence versus R-PE fluorescence was plotted
and analyzed using CellQuest Pro software (BD
Biosciences). All experiments were performed triply
and independently with a total of 104 cells analyzed

for each experiment.

Radiolabeling and in vitro stability studies

04CuCl; (222 MBq) was diluted in 2 mL of 0.1 M
sodium acetate buffer (pH 5.5) and mixed with 50 pL
of CED; (Img/mL in aqueous solution with 10%
DMSO). The reaction was incubated at 50 °C for 15
min and the labeling yield was evaluated by iTLC. For
the preparation of ®#Cu-v-A-CED;, the method was
the same as the drug loading method. To test the
stability of #Cu-v-A-CED in vitro, it was incubated in
PBS and mouse serum at 37 °C for 24 h.

MicroPET imaging

About 80 pCi of #4Cu-v-A-CED; was intravenous
injected into U87MG tumor-bearing mice and then
were scanned at various time points with a micro
PET(Siemens Inveon) scanner. The tumor uptake was
calculated according to the 3-dimensional region of
interests (ROIs) drawn on the tumor area in
decay-corrected PET images.

In vivo photoacoustic and fluorescence imaging

All animal experiments were performed under
the National Institutes of Health Clinical Center
Animal Care and Use Committee (NIH CC/ACUCQC)
approved protocol. The tumor model was established
by subcutaneously injecting U887 MG cells (2x10°) into
the right back flank of mice (athymic nude, 5 weeks
old). When the tumor size reached ~100 mm?3, 100 pL
of CEDy, v-A-CED: or v-A-CD; (0.5 mg/mL CED;or
CD: content) was intravenously injected into the
tumor-bearing mice (n = 3). Time points included one
recording before injection (pre) and at 1 h, 4 h, 24 h,
and 48 h after injection. The PA signals were
performed by Visual Sonic Vevo 2100 LAZR system at
a wavelength of 780 nm. The quantified PA intensities
were obtained from the region of interests (ROls).

In vivo thermal imaging

When the tumor size reached ~60 mm?3, 100 pL of
CED», v-A-CED> or v-A-CD» (corresponding to 100
uM CR780), was intravenously injected into the
tumor-bearing mice. Thermal imaging was recorded
by an SC300 infrared camera (FLIR) when the tumors
were exposed to 808 nm laser (LASERGLOW
Technologies) of power density at 0.5 W/cm?2

In vivo tumor therapy study

After the tumor size reaching around 60 mmb3,
mice were randomly grouped into 7 groups (n = 5).
The mice were intravenously injected with different
formulations, including v-A-CD,, v-A-CED,, v-A,
v-CED,, free DOX, and PBS (2 groups), with a
normalized dose of 4.0 mg/kg DOX (or equivalent
amount of PPS-PEG if not applicable) per mouse.
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After 24 h, 6 in 7 mice groups were treated with NIR
laser irradiation (0.5 W/cm? 4 min), including
v-A-CD; + L, v-A-CED2 + L, v-A + L, v-CED» + L, free
DOX + L and PBS + L. The tumor size and body
weight were recorded every two days after each
treatments until 14 days post-irradiation. Mice were
euthanized when any dimension of tumor was close
to 2 cm or when mouse body weight was lost by over
20%. The tumor volumes were calculated by the
equation: V = width? x length/2. The survival rates
were recorded until 40 days post-irradiation. Results
were analyzed using GraphPad Prism 5 (La Jolla, CA).

Results and Discussion

Rational design and preparation of prodrug
and nanovesicle to achieve logic-gated drug
release system

To develop this nanomaterial, we first needed to
prepare a pH and temperature labile prodrug. We
selected CR780, as a linker between two molecules of
DOX, because it has photothermal properties that
would allow external laser irradiation to heat tissue.
CR780 was conjugated to two molecules of lysine via
the epsilon-amine. The alpha-amine was converted to
a phenylthiourea and the lysine carboxylic acid

conjugated with DOX (Scheme S1A) to give CED,. We
refer to the phenylthiourea moiety as an Edman linker
because it can be degraded in response to dual stimuli
of elevated temperature and acidic pH [49, 50]. For
comparison purposes, CR780 conjugated DOX (CD»),
without the Edman degradable structure, was also
synthesized by a direct one-step amide condensation
(Scheme S1B). Chemical analyses of these compounds
are presented in Figures 51-S9.

CED; and CD; showed similar absorption peaks
with that of free DOX at 480 nm. However, the peak
absorption of both CED; and CD has a slight red shift
compared with that of unmodified CR780 in the NIR
region (Figure 2A). Similarly, a slight blue shift of
fluorescence emission was found after conjugation
(Figure S10). There was negligible change in NIR
fluorescence intensity after modification (Figure S10).
We also observed that CED; exhibited excellent
photothermal stability after at least five cycles of NIR
laser irradiation (808 nm, 0.5 W/cm?) at pH 7.4
(Figure S11A). Meanwhile, the photothermal effect of
CED> demonstrated a good linear dependence on its
concentration and NIR laser power density (Figure
2B, Figure S11B-C), which allows for temperature-
dependent degradation of CED..
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Figure 2. A) Normalized absorption spectrum of compounds before and after conjugation. B) Photothermal heating mediated by CED> (20 UM) as a function of laser
power density for 5 min (808 nm). C) Area percent of DOX (480 nm, mean * s.d., n = 3) following Edman degradation of CED; as a function of temperature and pH
using a 10 min incubation. D-F) HPLC profiles (480 nm) of CED: following 10 min incubation in phosphate buffer solutions of different pH and temperature. G) The
mechanism of Edman degradation of CED. The amide bond hydrolysis, assisted by low pH, elevated temperature, and by the participation of the neighboring thiourea

group, results in the release of two-equivalents of DOX.
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Since the Edman degradation depends on both
temperature and pH (figure 2G), we evaluated the
Edman degradation efficiency of CED; at different
temperatures (37 °C, mild hyperthermia 42 °C, and
hyperthermia 50 °C) and pH (5.0, 6.5 and 7.4). The
degradation, expressed as the percent peak area of
DOX at 480 nm, after a 10 min incubation are
displayed in Figure 2C The amount of degradation
was linearly correlated with both temperature and pH
value. CED; showed less than 2% degradation under
normal physiological conditions (37 °C, pH 74),
indicating that even if CED, was released from the
nanovesicles in normal tissues, it may not produce
severe toxicity. However, the release of DOX reached
about 30% at pH 6.5 when treated with mild
hyperthermia (42 °C) for 10 min. On the other hand,
the control compound CD, showed little to no
degradation even after being treated with the harshest
condition (50 °C, pH 5.0) for 10 min (Figure S11D).
The degradation products were confirmed as DOX
(MW calculated 543.52, found 544.19) and the
expected side product croconaine-bis-phenylthiohyd-
antoin (MW calculated 1018.30, found 1019.32)
(Figure S12).

With prodrug in hand, we then constructed the
nanomaterial to evaluate stimuli-responsive logic-
gated drug release. The PPS-PEG copolymers were
first synthesized according to literature procedures
[45], and then self-assembled into nanovesicles with a
size of around 100 nm. The transmission electron
microscopy (TEM) image showed that the membrane
thickness of the nanovesicles was about 6-8 nm
(Figure 3A), and the overall hydrodynamic diameter

A

o

was around 100 nm from dynamic light scattering
(DLS) analysis (Figure S13). During self-assembly of
PPS-PEG copolymers, hydrophilic molecule AIPH
was loaded into the interior cavity and hydrophobic
prodrug CED: was encapsulated into the hydropho-
bic membrane of the nanovesicles simultaneously.
The obtained v-A-CED; nanovesicles showed a dark
contrast on the shell from the TEM image (Figure 3B),
further indicating the successful encapsulation of
CED; within the nanovesicles. For comparison purp-
oses, different formulations including AIPH loaded
nanovesicles (v-A), CED; encapsulated nanovesicles
(v-CED»), and AIPH, as well as CD2 co-loaded
nanovesicles (v-A-CD2), were also prepared (Figure
514). We then studied the drug loading content (DLC)
of the nanovesicles by using the weight fraction of
CED». In a typical protocol, 10 mg of PPS-PEG
polymer and 4 mg of CED, were used as starting
materials for self-assembly which yielded a DLC of
about 22.4% with a loading efficiency of about 83.7%
in v-CED; samples. The remarkably high DLC in the
v-CED, nanovesicles could be attributed to the
hydrophobicity of CED» evidenced by the significant
drop of solubility compared with CR780 or DOX
alone. Additionally, v-A-CED> nanovesicles were
obtained by a similar procedure to v-CED; but with
the presence of 0.8 mg of AIPH, which turned into an
AIPH loading content of about 3.7% and a loading
efficiency of about 46.2%. The other nanovesicles,
including v-A, v-CD,, and v-A-CD,, were prepared
according to a similar protocol but using different
starting materials.
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Figure 3. TEM images of nanovesicles: A) PPS-PEG only, B) v-A-CED3, and C) v-A-CED: after incubation at 50 °C for 30 min. Insets are corresponding cartoons for
the three kinds of nanovesicles. D) Cumulative drug release profiles of the various nanovesicles at pH5 following NIR laser irradiation to a temperature of about 42
°C (0.5 W/em2, 5 min). E) Confocal microscopy images of U87MG cells at 2 h after different treatments (L indicates irradiation with 808 nm laser at 0.5 W/cm? for
5 min). The signal from DOX accumulated in the nucleus of cells treated with free DOX or v-A-CED: + L, indicating the effective release of DOX from v-A-CED:
+ L. For the other four treatment groups, the signal of DOX was concentrated in cytosol, indicating negligible drug release from those nanovesicles.
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Since drug release requires decomposition of the
nanomaterial, we evaluated the decomposition of
AIPH and v-AIPH (v-A) and measured the formation
of free radicals as a function of temperature by meas-
uring the absorption of 2,2’-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) free radicals (ABTS**) at
500-950 nm. As shown in Figure S15, the generation of
ABTS** was temperature-dependent when ABTS was
incubated with AIPH and v(AIPH) (v-A) at 37, 42, and
50 °C. The amount of ABTS** at 50 °C was
considerably higher than that at 42 and 37 °C,
indicating much more free radicals generated by
AIPH at a higher temperature. Notably, the
generation of ABTS** from v-A was significantly
lower than that from free AIPH, which can be
attributed to the presence of PPS vesicles that
consume free radicals. TEM image of v-A after
incubation at 50 °C for 0.5 h showed significant
degradation of the particle (Figure 3C), which was
further confirmed by DLS measurement after NIR
laser irradiation (Figure S16).

Evaluation of the logic-gated
stimuli-responsive drug release of the
nanovesicles in vitro

After validating the degradation behavior of
CED; and nanovesicles, we sought to characterize the
logic-gated stimuli-responsive drug release of the
nanovesicles. Four kinds of nanovesicles (v-A-CED»,
v-A-CD,, v-CED,, and v-CD,) were treated with
different possible combinations of NIR laser and pH,
and the cumulative drug release was measured using
DOX fluorescence of the supernatant after
ultra-centrifugation (figure 3D). When these vesicles
were incubated in an acidic solution (pH 5.0) and
treated with NIR laser until reaching 42 °C (0.5
W/cm?, 5 min), v-A-CED,; and v-A-CD; showed
release of DOX within the first 1 h after NIR laser
treatment, up to 25% and 10%, respectively (Figure
3D). Notably, drug release of the v-A-CED; gradually
increased to 38% at 48 h after laser treatment, while
the late-time drug release of v-A-CD, was minimal
(less than 20%). In contrast, the v-CED, and v-CD;
showed little drug release in response to NIR laser
irradiation. The drug release for v-A-CED, and
v-A-CD; at pH 7.4 may be attributed to free CED; and
CD:;, released from nanovesicles, respectively (Figure
S17A). The negligible difference was found between
the conditions at pH 5.0 and 7.4 for samples without
laser irradiation (Figure S17B and C). The prodrug
CED:; and the vesicles released very little DOX (< 5%)
in vitro when incubated in mouse serum at 37 °C for 48
h (Figure S18). These results support that the drug
release of v-A-CED» proceeds through a logic gated
sequence. At the first AND gate, the simultaneous

events of heating caused by NIR irradiation and low
pH caused unmasking of the drug. At the second
AND gate, the free radical released by NIR decompo-
sition of AIPH and the presence of the oxidation-
sensitive polymer vesicle, resulted in the release of
anticancer drug into the tumor cell environment.

Using confocal microscopy, we observed the
localization of DOX within U87MG cells following
treatment of with the various vesicle formulations and
laser treatment (Figure 3E). The confocal images
showed that cells treated with v-A-CED> + L exhibited
obvious accumulation of free DOX in nucleus owing
logic-gated release following Edman degradation and
vesicle rupture after NIR irradiation. All control
vesicles showed fluorescence signal emitted by CED»
(group v-CED» + L) or CD» (group v-A-CD; + L) in
cytosol of cells.

Since our second logic-AND-gate requires the
generation of free radicals to break down the vesicles
and release drug, we evaluated the radical generation
properties of the particles. As we expected, NIR laser
irradiation of v-A-CED; produced the highest ROS
level in cells (Figure 4A and 4B). We then quantified
the cytotoxicity of different formulations with or
without NIR laser irradiation against US7MG cells
using cell counting kit 8 (CCK 8) assay. Cells were
treated with v-A, v-A-CD,, v-CED», v-A-CED; or free
DOX at various concentrations normalized to the
amount of DOX (or polymers) and with NIR
irradiation (0.5 W/cm?, 5 min, T = about 42 °C), and
24 hours later assayed for cell viability. v-A-CED;
exhibited comparable cytotoxicity with free DOX but
much higher cytotoxicity than control groups (Figure
4C). NIR irradiation did not cause any additional
cytotoxicity under this mild hyperthermia. However,
when treated with a higher optical power density NIR
irradiation (1 W/cm? for 5 min) reaching about 50 °C,
the v-A-CD; + L and v-CED, + L groups showed
increased cytotoxicity that can be ascribed to the
chemo-photothermal combination therapeutic effect
(Figure S19A). Additionally, these nanovesicles, as
well as the free prodrug CED2 without NIR laser
irradiation, exhibited little to no cytotoxicity after 24 h
incubation (Figure S19B). These results were confirm-
ed by calcein AM and propidium iodide (PI) staining
assay (Figure S20). Furthermore, we used Annexin V
R-PE/SYTOX green to evaluate the apoptotic mecha-
nism of cell killing effect by different formulations
(Figure 4D). The results illustrated that cells treated
with nanovesicles and laser irradiation underwent
both apoptosis and necrosis, where v-A-CED; + L
group showed significantly higher proportion of
apoptotic (27.3%) and necrotic (47.5%) cell death (in
total of 74.8%) under NIR laser irradiation than any of
the control groups (Figure 521).
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Figure 4. Cell studies (U87MG) of the various formulations treated with NIR laser (808 nm, 0.5 W/cm2, 5 min). A) Flow cytometry analysis of ROS generation at 24
h. B) The corresponding median fluorescence intensity (MFl) derived from the flow cytometry results. Values are mean * s.d. (n = 3). C) Cell viability assay at 24 h.
D) Cells were stained with Annexin V R-PE/SYTOX green after 24 h incubation to evaluate apoptosis and necrosis.

Logic-gated drug release for on-demand
chemotherapy guided by multimodality
imaging

Encouraged by the promising in vitro cytotoxi-
city, we set out to explore in vivo applications. It is
demonstrated that croconaine dyes can bind with
divalent metal ions at the carbonyl oxygens [51], thus
we sought to do the radiolabeling for CED, with ¢4Cu,
which enables quantitative pharmaco-imaging to
monitor drug distribution in vivo by PET imaging. The
radiochemical yield of ®Cu-CED, is about 63%
evaluated with instant thin layer chromatography
(iTLC) (Figure S22A). Then the ®Cu-v-A-CED; was
obtained by self-assembling with PPS-PEG copoly-
mers and AIPH, which was very stable in PBS and
mouse serum (Figure S22B-22D), making it suitable
for in vivo PET imaging. As shown in Figure 5A, the
decay-corrected PET images displayed a high
tumor-to-normal contrast. The quantification illustra-
ted that the tumor accumulation of *Cu-v-A-CED;
reached a peak (about 8% ID/g) at 24 h post-injection
(Figure 5B). The concentration of %Cu-v-A-CED> in
blood was obtained by quantifying the left ventricle
from PET images, which illustrated that the
radiotracer had a relatively long blood half-life
(Figure S23). After the imaging, tumors and major
organs were harvested for biodistribution study by
gamma countering (Figure 524). We also evaluated

photoacoustic and fluorescence imaging of the
v-A-CED,, v-A-CD,, and free CED; in a subcutaneous
mouse tumor model as a measure of tumor uptake. As
shown in Figure 5C-5F and Figure 525, the
nanovesicles (v-A-CED») showed considerably higher
tumor accumulation compared with CED,,
representing the good passive tumor targeting effect
of the nanovesicles.

In subsequent in vivo studies, our logic-gated
construction was evaluated in a xenografted mouse
tumor model. Using a normalized dosage of DOX (4.0
mg/kg) (n = 5/group), the tumor temperature
increase was monitor by NIR camera 24 hours
post-injection of the various formulations during NIR
irradiation (0.5 W/cm?, 4 min). As expected, the
temperature in the tumor of mice treated with
v-A-CED,, v-CED» or v-A-CD; rapidly increased to
around 42 °C within 2 min. In contrast, the other
groups (PBS, v-A, and free DOX) maintained the
temperature at about 36 °C after laser irradiation
(Figure 6A and 6B). Thus the photothermal properties
of CR780 allow temperature elevation required for the
logic-gated release of the drug.

In the continued evaluation of these vesicles for
anti-tumor therapy (Figure 6C), favorable results were
observed for the v-A-CED. + L group, where the
tumor growth was effectively inhibited (97.0%). In
comparison, both v-CED; + L and v-A-CD> + L groups
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showed moderate tumor growth inhibition (44.8%
and 27.1%, respectively), which can be explained by
the lower efficacy of the AND gates since the lower
temperature causes less prodrug release and less
vesicle degradation. Moreover, the less effective
tumor suppression of v-A-CD, + L than that of
v-A-CED; + L clearly demonstrated the necessity of
NIR triggered Edman degradation of drug release for
effective cancer therapy. Correspondingly, mice
treated with v-A-CED; + L exhibited the highest
survival rate over other treatment groups, in which all
the mice were alive for at least 40 days after treatment
(Figure 6D). Furthermore, the hematoxylin and eosin
(H&E) staining results also showed that tumors from
the v-A-CED; + L group indicated greater apoptotic
and necrotic tumor cell death compared to the other
groups (Figure 6E). It should be noted that the other
normal organ sections showed no obvious sign of
damage (Figure S26). In addition, the low systemic
toxicity was demonstrated by the maintenance of the
body weights of the mice treated with nanovesicles
(Figure 527).
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Conclusions

In summary, we developed a novel approach to
engineer modular nanomedicine with logic-gated
responsiveness to environmental cues. The drug
release was programmed by two different logical
AND gates with four interrelated moieties, mild
hyperthermia (I), acidic pH (I), free radicals (III), and
the degradation of nanovesicles (IV). The external
stimulus NIR-laser acted as the single input to activate
these two logical AND gates. The established
logic-gated modular platform showed effective
anticancer efficacy both in vitro and in vivo. The
nanovesicles (v-A-CED») significantly suppressed
tumor growth in a subcutaneous xenograft model
with a rate of 97% and prolonged the survival of mice.
We anticipate that the strategy of developing modular
nanomedicine may find great utility in targeted drug
delivery and programmable drug release, as well as in
applications for precision medicine.
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Figure 5. A) Representative PET images of U87MG tumor-bearing mice intravenously injected with 64Cu-labeled v-A-CED; at different time points post injection. B)
Drug accumulation in tumor quantified from decay-corrected PET images (n = 3). C) Photoacoustic/ultrasound co-registered images obtained at 780 nm before and
1 h, 4 h, 24 h, and 48 h after intravenous injection of CED; and v-A-CED> (100 uL, 0.5 mg/ml of CED; content) in U87MG tumor-bearing mice (n = 3). D) and E) 3D
PA images of tumor tissues at | h p.i. of CED2 and 24 h p.i. of v-A-CED3, respectively. F) Corresponding quantification of PA signals of mice tumor region before and
immediately, 1 h, 4 h, 24 h, and 48 h after intravenous injection of CED> and v-A-CED». *P<0.05, **P<0.01.
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Figure 6. A) Thermal images of U87MG tumor-bearing mice i.v. treated with different samples and illuminated with 808 nm laser (0.5 W/cm2, 4 min) at 24 h
post-injection. B) Quantitative analysis of temperature changes in tumor area. C) Cancer therapy study in a U87MG subcutaneous mouse tumor model. NIR
irradiation (0.5 W/cmz2, 4 min) was applied 24 h after i.v. injection of different formulations. Asterisks mark the significant differences between v-A-CED> + L and the
other treatments (n = 5, ¥***P < 0.001). The numbers indicate the quantitative percentage (%) of tumor volume inhibition values for each group. D) Survival curves of
tumor-bearing mice after various treatments. Note that the drop of survival rate for the v-A-CED> + L group at day 16 was due to mouse sacrificing for tissue
collection for H&E staining. E) H&E analysis of tumor tissues after different treatments.
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