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Abstract
As an alternative to cell specific cancer targeting strategies (which are often afflicted with the
heterogeneity of cancer cells as with most biological systems), a novel polymeric micelle constitute
of two block copolymers of poly(L-lactic acid)-b-poly(ethylene glycol)-b-poly(L-histidine)-TAT
(transactivator of transcription) and poly(L-histidine)-b-poly(ethylene glycol) was developed. The
micelle formed via the dialysis method was approximately 95 nm in diameter and contained 15 wt.
% of doxorubicin (DOX) by weight. The micelle surface hides TAT during circulation, which has
the strong capability to translocate the micelle into cells, and exposes TAT at a slightly acidic tumor
extracellular pH to facilitate the internalization process. The micelle core was engineered for
disintegration in early endosomal pH of tumor cells, quickly releasing DOX. The ionization process
of the block copolymers and ionized polymers assisted in disrupting the endosomal membrane. This
processes permitted high DOX concentrations in the cytosol and its target site of the nucleus, thus
increasing DOX potency in various wild and multidrug resistant (MDR) cell lines (3.8–8.8 times
lower IC50 than free DOX, depending on cell line). When tested with the xenografted tumors of
human ovarian tumor drug-resistant A2780/AD, human breast tumor drug-sensitive MCF-7, human
lung tumor A549 and human epidermoid tumor KB in a nude mice model, all tumors significantly
regressed in size by three bolus injections at a dose of DOX 10 mg equivalent/kg body per injection
of DOX-loaded micelle at three day interval, while minimum weight loss was observed. This
approach may replace the need for cell-specific antibodies or targeting ligands, thereby providing a
general strategy for solid tumor targeting.
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1. Introduction
Tumor cells are often identified by over-expressed surface markers [1,2], including particular
receptors that respond to various signals and nutrients present in their surrounding
environment. Unique surface markers include tumor cell-specific antigens that can be
specifically targeted by monoclonal antibodies or ligand/receptor pair interactions. The design
of drug carriers targeting tumors have extensively exploited these paired cell-specific
interactions (e.g., antigen/antibody and ligand/receptor) to target macromolecular or nano-
sized vehicles carrying cytotoxic drugs for internalization into tumor cells via intracellular
delivery mediated by various active endocytotic pathways [3]. The repertoire of interactions
for drug targeting is rather limited because solid tumors display rather heterogeneous cell
populations as well as differential antigen or receptor expression on cell surfaces [4–7]. For
example, HER2 antigen (human epidermal growth factor receptor 2 protein) currently used for
breast tumor targeting is positive in only 20–30% of human breast tumor [4]. Moreover, normal
cells often express the same antigens or receptors as do the tumor cells [5,6]. As an example,
the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has been exploited for
therapy since it induces apoptosis in tumor cells [5]. However, recent findings that healthy
human hepatocytes, brain tissue, and certain epithelial cells are also susceptible to TRAIL have
raised serious concerns of its potential toxicity if administered systemically [5]. Folate has also
been explored as a targeting moiety since expression of folate receptor is positive in
approximately 89% of human ovarian tumors and in approximately 20–50% of solid tumors
originated from kidney, lung tumor, breast, bladder, and pancreas. However, this marker is not
ubiquitous since the folate receptor is essentially absent in ovarian tumor [6]. Moreover,
‘positive’ bioassays for folate receptor are not sensitive enough to discriminate between
expression levels that are sufficiently high to produce active cell entry upon binding. Together,
these factors clarify why various drug delivery systems targeting tumor cell-specific antigens
or receptors produce mixed outcomes and limited efficacy in clinical settings [7].

The TAT peptide is one of non-specific cell penetrating peptides [8], derived from human
immunodeficiency viruses types 1 and 2 (HIV-1 and HIV-2), that has been reported to be a
potent transcriptional activator of viral gene expression [9]. TAT peptide serves to quickly
translocate various attached molecules into mammalian cells both in vitro and in vivo [9,10].
Although the precise entry pathways are still controversial, small molecules attached to TAT
peptide are likely to be internalized into cells by passive electrostatic interactions [11] whereas
TAT-polymer conjugates and TAT-conjugated nano-sized drug carriers are thought to be taken
up by energy-dependent endocytosis (or macropinocytosis) after electrostatic interactions
[12]. Recently, researchers have challenged the use of TAT for in vivo applications, however
their results do not support the in vivo efficacy of TAT based delivery systems [11,12]. One
of the main obstacles that still remains unresolved is the lack of selectivity of TAT [11,12].

We previously reported a pH-sensitive pop-up polymeric micelle system which presents a
targeting moiety such as biotin on its surface in response to small change in pH [13]. Above
pH 7.2 biotin was anchored on the inside of the polymeric micelle via a pH-sensitive molecular
chain actuator - a short poly(L-histidine) (polyHis), thus being shielded by the poly(ethylene
glycol) (PEG) shell of the micelle. When the pH becomes slightly more acidic (6.5<pH<7.2),
the actuator becomes charged and exposes the biotin to the outside of PEG shell, and where it
interacts with avidin and tumor cells. This event facilitated biotin receptor-mediated
endocytosis in cells. When the pH is further lowered (pH<6.5), the micelles become physically
destabilized, which results in enhanced drug release, disruption of the cell’s endosomal
membrane [13–16], and increase intracellular drug concentration [13,14].
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These previous results prompted us to examine a more universal delivery and entry strategy
for various solid tumors by introducing a non-specific cell penetrating peptide (TAT peptide)
to the super pH-sensitive pop-up polymeric micelle system.

Acidic pH is known to be a prominent microenvironment in solid tumors. Typical extracellular
pH (pHe) ranges from 7.0 to 6.5 in both tumor xenograft animal models [13,14,17] and in
clinical tumors [17]. This acidic pH is thought to be a tumor phenotype caused by anaerobic
respiration and subsequent glycolysis [17,18]. In particular, tumor pHe (but not normal tissues)
may be lowered by 0.2–0.4 pH units by glucose given orally or intravenously [19]. Weakly
acidic pH, in the range of 7.0-6.8, is the natural pH range used for targeting purposes to most
solid tumors in both animal models and humans, and this pH range can be used in clinical
patients, optionally with a glucose challenge if necessary to induce lower pH.

2. Materials and methods
2.1 Materials

Cystamine, triscarboxyethylphosphine (TCEP), N-(2-aminoethyl) maleimide (AEM), succinic
anhydride, triethylamine (TEA), 4-dimethylaminopyridine (DMAP), N,N′’-
dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), folate, pyridine, sodium,
liquid ammonia, dimethylsulfoxide (DMSO), dimethylformamide (DMF), dichloromethane
(DCM), diethyl ether, tetrazolium salt MTT, FITC (fluorescein isocyanate), ammonium
chloride, L-glutamine, and DOX·HCl were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Penicillin–streptomycin, fetal bovine serum (FBS), 0.25% (w/v) trypsin–0.03% (w/v)
EDTA solution, and RPMI1640 medium were purchased from Gibco (Uxbridge, UK). Cy5.5
Bis NHS ester was provided by GE healthcare (Piscataway, NJ, USA). LysoTracker Red
DND-99 and N-(fluorescein-5-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethyl ammonium salt (fluorescein DHPE) were purchased from
Invitrogen (Carlsbad, CA, USA). TAT peptide (FITC-Gly-Cys-(Gly)3-Tyr-Gly-Arg-(Lys)2-
(Arg)2-Gln-(Arg)3) was provided from the protein synthesis core facility at the University of
Utah.

2.2. Polymer synthesis (Supplementary Information, Scheme S-1)
2.2.1. Synthesis of poly(benzyl-His)(2kDa)—Poly(imbenzyl-L-histidine)-maleimide
(Mal) (2kDa) (poly(benzyl-His)(2kDa)-Mal) was synthesized by ring-opening polymerization
of protected His N-carboxyanhydride (NCA) using AEM as a initiator. His NCA (30 mmol)
prepared as described in detail in our previous reports [13,20,21] was dissolved in DMF (20
ml) in the presence of AEM (1 mmol) and reacted for 3 days at room temperature. After
reaction, diethyl ether was added to the solution to precipitate the product. The molecular
weight of poly(benzyl-His)-Mal was targeted to 2kDa (Supplementary Information, Table
S-1), measured as described before [13,20,21].

2.2.2. Synthesis of Mal-polyHis(2kDa)-Mal—The terminal amine group of poly(benzyl-
His)(2kDa)-Mal (20 mmol) was modified with succinic anhydride (24 mmol), DMAP (24
mmol), and TEA (24 mmol) in DMF (30 ml)/pyridine (10ml) at room temperature for 1 day.
After the reaction, the carboxylated poly(benzyl-His)(2kDa)-Mal (yield: 96±3 wt.%) was
obtained after recrystallization from excess diethyl ether. The conversion of the terminal amino
group of poly(benzyl-His)(2kDa)-Mal into a carboxyl group was confirmed by the transfer of
the 1H NMR peak at δ 3.97 (-CH-NH2 at the terminal site of poly(benzyl-His)(2kDa)) to δ
4.92 (-CH-NH-CO- at the conjugation site of poly(benzyl-His)(2kDa) and succinic anhydride).
In order to substitute a carboxyl group in poly(benzyl-His)(2kDa)-Mal with AEM, the
carboxylated poly(benzyl-His)(2kDa)-Mal (20 mmol) was pre-activated using NHS (24 mmol)
and DCC (24 mmol) in DMF (30 ml). After carrying out the reaction for 1 day at room
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temperature, dicyclohexylurea (DCU) was removed by filtration and then AEM (40 mmol)
suspended in TEA (40 mmol) was added to the filtrate for coupling reaction between poly
(benzyl-His)(2kDa)-Mal and AEM (reaction time: one day). The solution was then dialyzed
to remove unconjugated AEM. Mal-poly(benzyl-His)(2kDa)-Mal (yield: 94±5 wt.%) was
obtained after freeze-drying. 1H-NMR showed peak transfer of δ 4.12 (-CH2-COOH, terminal
group of the carboxylated poly(benzyl-His)(2kDa)) to δ 2.04 (-CH2-CO-NH-Mal, conjugation
site). The percentual conversion of poly(benzyl-His)-Mal to Mal-poly(benzyl-His)-Mal was
95±3 wt.%, as calculated by the comparison of 1H NMR peak of δ 4.92 (-CO-CH-NH-,
repeating units of polyHis) and δ 6.95 (-CH=CH-at Mal group). Subsequently, Mal-poly
(benzyl-His)(2kDa)-Mal (2 g) was treated with finely cut metallic sodium (0.4 g) under
anhydrous liquid ammonia (40 ml) to remove benzyl groups in poly(benzyl-His)(2kDa)
(reaction time: 30 min) [13,20,21]. Residual (non-reacted) sodium was discharged with
ammonium chloride (0.1 g). After evaporating all liquid ammonia, 1 N HCl (15 ml) was added
to dissolve the residue. This solution was filtered to remove insoluble materials and extracted
three times with diethyl ether (40 ml) to remove byproduct (reductive benzyl group). Mal-
polyHis(2kDa)-Mal (yield: 87±6 wt.%) was collected after freeze-drying for 2 days. The
removal of benzyl group was confirmed by 1H-NMR peaks: no peak of δ 7.2 (benzyl group).
In addition, to determine molecular weight of polymer, MALDI TOF mass spectra (from a
Micromass TOFSPEC mass spectrometer in the reflection mode) were analyzed. A PEG
mixture, consisting of PEG 650, 1500 and 4100 were used for calibration. As a result, Mn and
polydispersity index (PDI) of Mal-polyHis-Mal were 1,983 and 1.23, respectively.

2.2.3. Synthesis of PLA(3kDa)-b-PEG(2kDa)-SH—Poly(L-lactic acid) (3kDa)-b-PEG
(2kDa)-COOH (PLA(3kDa)-b-PEG(2kDa)-COOH) was prepared by a conventional method
[13,20,21]. PLA(3kDa)-b-PEG(2kDa)-COOH (20 mmol) pre-activated with NHS (24 mmol)
and DCC (24 mmol) was reacted with cystamine (40 mmol) in DMSO (15 ml), in the presence
of TEA (40 mmol). After 1 day, TCEP (80 mmol) dissolved in deionized water (30 ml) was
mixed with the solution for the reduction of PLA(3kDa)-b-PEG(2kDa)-cystamine-PEG
(2kDa)-b-PLA(3kDa) or PLA(3kDa)-b-PEG(2kDa)-cystamine (reaction time: 4 hours). The
solution was then dialyzed to remove unconjugated cystamine and TCEP. PLA(3kDa)-b-PEG
(2kDa)-SH (yield: 70±8 wt.%) was lyophilized. PLA(3kDa)-b-PEG(2kDa)-SH was examined
using 1H-NMR. 1H-NMR showed peak transfer of δ 4.23 (-CH2-COOH, terminal group of
PLA(3kDa)-b-PEG(2kDa)-COOH) to δ 2.83 (-CH2-CO-NH-, conjugation site of PLA(3kDa)-
b-PEG(2kDa)-SH). The percentual conversion of PLA(3kDa)-b-PEG(2kDa)-COOH to PLA
(3kDa)-b-PEG(2kDa)-SH was 82±5 wt.%, as calculated by the comparison of two 1H NMR
peaks (δ 4.23 and δ 2.83).

2.2.4. Synthesis of PLA(3kDa)-b-PEG(2kDa)-b-polyHis(2kDa)-Mal—The coupling
of Mal-polyHis(2kDa)-Mal (75 mmol) and PLA(3kDa)-b-PEG(2kDa)-SH (25 mmol) was
carried out in DMSO/water (20 ml/2 ml) for overnight. The resulting solution was dialyzed
against excess DMSO using a dialysis membrane tube (Spectra/Pore; MWCO 5kDa) to remove
unconjugated polymers. The solution in a dialysis membrane tube was then dialyzed against
excess deionized water with 6 M TCEP for the reduction of PLA(3kDa)-b-PEG(2kDa)-S-S-
PEG(2kDa)-b-PLA(3kDa) for 8 hours. The resulting solution in a dialysis membrane tube was
then dialyzed against excess DMF using a dialysis membrane tube (Spectra/Pore; MWCO
5kDa) to remove PLA(3kDa)-b-PEG(2kDa)-SH for 1 day. The 8-fold excess diethyl ether was
added to the solution to precipitate the product. After freeze-drying, PLA(3kDa)-b-PEG
(2kDa)-b-polyHis(2kDa)-Mal (yield: 80± 4 wt.%) was obtained. The DMSO-mediated
oxidation of SH group to disulfide (-S-S-) may be occurred as a side reaction during the
conjugation [22]. However, the addition of 6-fold excess Mal for SH group seemed to facilitate
the chemical reaction between Mal- and SH- group. The coupling of Mal-polyHis(2kDa)-Mal
and PLA(3kDa)-b-PEG(2kDa)-SH was confirmed by the presence of 1H NMR peak at δ 3.24
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(-CH-CH2-, maleimide reacted with –SH group), considering that peak of -CH=CH- in
maleimide group was shown at δ 6.95. The Mn and PDI of PLA(3kDa)-b-PEG(2kDa)-b-
polyHis(2kDa)-Mal were analyzed to 7,232 and 1.45, as measured by MALDI TOF mass
spectra. The presence of byproduct, PLA(3kDa)-b-PEG(2kDa)-b-polyHis(2kDa)-b-PEG
(2kDa)-b-PLA(3kDa) were less than 1%, confirmed by the above two 1H NMR peaks.

2.2.5. Synthesis of PolyHis(5kDa)-b-PEG(3.4kDa)—PolyHis(5kDa) was synthesized
by ring-opening polymerization of protected His NCA using isopropylamine as a initiator
[13,20,21]. The polymer block was then coupled with PEG(3.4kDa) via an amide bond as
describe before [13,20,21]. Next, the protecting (benzyl) group of polyHis was deprotected
using sodium and liquid ammonia as described before [21].

2.2.6. Synthesis of PLA(3kDa)-b-PEG(3.4kDa) and PLA(3kDa)-b-PEG(3.4kDa)-
folate—PLA(3kDa)-b-PEG(3.4kDa) and PLA(3kDa)-b-PEG(3.4kDa)-folate was prepared
using standard methods [13,20,21].

2.2.7. Synthesis of PLA(3kDa)-b-PEG(3.4kDa)-Mal—PLA(3kDa)-b-PEG(2kDa)-
COOH (20 mmol) pre-activated with NHS (24 mmol) and DCC (24 mmol), was reacted with
AEM (40 mmol) in DCM (15 ml), in the presence of TEA (40 mmol). After 1 day, the solution
was filtered to remove DCU and recrystallized from excess diethyl ether. PLA(3kDa)-b-PEG
(2kDa)-Mal (yield: 90±8 wt.%) was obtained after vacuum-drying. 1H-NMR showed peak
transfer of δ 4.23 (-CH2-COOH, terminal group of PLA(3kDa)-b-PEG(3.4kDa)-COOH) to δ
2.05 (-CH2-CO-NH-Mal, terminal group of PLA(3kDa)-b-PEG(3.4kDa)-Mal) and included
maleimide peaks at δ 6.95.

2.3. Polymeric micelle preparation
2.3.1. TAT pop-up pH-sensitive micelles (denoted as PHSMpop-upTAT hereafter)
—PLA(3kDa)-b-PEG(2kDa)-b-polyHis(2kDa)-Mal (40 mol%), polyHis(5kDa)-b-PEG
(3.4kDa) (60 mol%) and DOX dissolved in DMSO (75 vol%) were coupled with TAT (FITC)
(40 mol%) dissolved in Na2B4O7 buffer solution (pH 9.0, 20 mM) (25 vol%) for 6 hours at
room temperature. PLA(3kDa)-b-PEG(2kDa)-b-polyHis(2kDa)-TAT in solution was formed
from the chemical reaction [23] between maleimide group of PLA(3kDa)-b-PEG(2kDa)-b-
polyHis(2kDa)-Mal and TAT’s cysteine. The mixed solution was transferred to a pre-swollen
dialysis membrane tube (Spectra/Por; MWCO 15kDa) and dialyzed against Na2B4O7 buffer
solution (pH 7.4, 20 mM) for constituting micelles and removing unconjugated TAT. The outer
phase was replaced three times with fresh Na2B4O7 buffer solution for 24 hours [24,25]. The
micellar solution was lyophilized. The critical micelle concentration was 3 µg/ml, calculated
from a published pyrene fluorescent study [13,20,21].

2.3.2. pH-sensitive micelles lacking TAT peptide (denoted as PHSM)—PLA
(3kDa)-b-PEG(2kDa)-b-polyHis(2kDa) (40 mol%), polyHis(5kDa)-b-PEG(3.4kDa) (60 mol
%) and DOX dissolved in DMSO was dialyzed to construct PHSM as described above.

2.3.3. pH-sensitive micelles that expose TAT peptide at all pH ranges (denoted
as PHSMTAT)—PLA(3kDa)-b-PEG(3.4kDa)-Mal (40 mol%), polyHis(5kDa)-b-PEG
(3.4kDa) (60 mol%) and DOX dissolved in DMSO were reacted with TAT (40 mol%) and
were dialyzed to construct PHSMTAT.

2.3.4. pH-sensitive micelles that expose folate at all pH ranges (denoted as
PHSMfolate)—PLA(3kDa)-b-PEG(3.4kDa)-folate (40 mol%), polyHis(5kDa)-b-PEG
(3.4kDa) (60 mol%) and DOX dissolved in DMSO were dialyzed to construct PHSMfolate

[26,27].
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2.3.5. pH-insensitive micelles that expose TAT peptide at all pH ranges (denoted
as PHIMTAT)—PLA(3kDa)-b-PEG(3.4kDa)-Mal (40 mol%), PLA(3kDa)-b-PEG(3.4kDa)
(60 mol%) and DOX dissolved in DMSO were reacted with TAT (40 mol%) and were dialyzed
to construct PHIMTAT.

2.3.6. pH-insensitive micelles (denoted as PHIM)—PLA(3kDa)-b-PEG(3.4kDa) and
DOX dissolved in DMSO were dialyzed to construct PHIM.

2.4. Coupling TAT peptide to micelles
The yield of TAT conjugation was measured from fluorescence (excitation: 485 nm;
emission=535 nm) intensity of micelles dissolved in DMSO, based upon a standard curve of
fluorescence intensity of free TAT (FITC) with concentration. Results showed 90–95 wt.-%
of TAT feed was conjugated to polymeric micelles.

2.5. DOX loading and DOX release test
10 When a total 5 mg of polymer with DOX (1 mg) was dialyzed to produce micelles, 0.80–
0.90 mg of DOX was encapsulated into the micelles [26,27]. For DOX release test, the micelles
in a dialysis membrane tube (Spectra/Por MWCO 5kDa) including PBS pH 7.4 solution (0.5
ml, ionic strength: 0.15) were immersed in a vial containing fresh PBS (50 ml) with different
pHs (pH 8.0-6.0) for 24 hours including mechanical shaking (100 rev. /min) at 37 °C. The
measurement of DOX concentration in micelles was performed with a UV/visible
spectrophotometer as described previously [24,25].

2.6. Cell culture
Human breast tumor MCF-7 cells (from ATCC), drug-resistant NCI/ADR-RES cells (from
NCI), human ovarian tumor A2780 cells (from ATCC), drug-resistant A2780/AD cells (kindly
supplied by Prof. Kopecek, Univ. Utah), human promyelocytic leukemia HL-60 cells, drug-
resistant HL-60/MX2 (from ATCC), human lung tumor drug-resistant NCI-H69/AR cells
(from ATCC), human lung tumor A549 cells (from ATCC) and human epidermoid tumor KB
cells (from ATCC) were maintained in RPMI-1640/PBS medium with 0.5M PBS, 2 mM L-
glutamine, 5% penicillin–streptomycin, 10% fetal bovine serum in a humidified incubator at
37 °C and 5% CO2 atmosphere. Before testing, cells (1×105 cells/ml) growing as a monolayer
were harvested by trypsinization using a 0.25% (w/v) trypsin–0.03% (w/v) EDTA solution.
Cells suspended in RPMI-1640 medium (200 µl) were seeded into a 96-well plate and cultured
for 24 hours prior to in vitro cell testing.

2.7. Cellular uptake of polymeric micelles
TAT (FITC) was linked to PHSMpop-upTAT for fluorescent cellular uptake studies. MCF-7 cells
(1×106 cells/ml) in 96-well plates were treated with PHSMpop-upTAT (FITC) suspensions for
a specified times. The pH of RPMI-1640 culture medium was adjusted with PBS 0.5 M, HCl
and NaOH [26,27]. The cells were then washed with PBS (pH 7.4) and lysed using 125 µl
CellLyticiM Cell Lysis Reagent (Gibco). Fluorescein uptake (% FITC uptake) was measured
by assaying the cell lysate using static fluorescence measurements (excitation and emission
wavelengths of 488 and 520 nm, respectively), based upon a standard curve of fluorescence
intensity of free TAT (FITC) with concentration. All fluorescence intensities were normalized
to total cell protein (g) calculated from a standard BCA protein assay kit (Gibco) [24,25].
Furthermore, PHSM without TAT was investigated as a control group. The FITC was directly
conjugated to PHSM for the fluorescence study as described in detail in our previous report
[13]. Fluorescein uptake was measured by assaying the cell lysate using static fluorescence
measurements, based upon a standard curve of fluorescence intensity of free FITC with
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concentration. All fluorescence intensities were also normalized to total cell protein (g)
calculated from a standard BCA protein assay kit.

2.8. Cell cytotoxicity
Free DOX or equivalent DOX-loaded micelles (PHSMpop-upTAT, PHSM, PHSMTAT,
PHIMTAT and PHIM) dispersed in RPMI-1640/PBS medium with different pH values (pH
7.4-6.4) were added to cells plated in 96-well plates for cell cytotoxicity testing. The pH of the
culture medium was adjusted to each corresponding pH during the assay as described before
[24,25]. Cell cytotoxicity as measured using the MTT assay [24,25]. Cell viability (%) was
calculated by dividing number of live cells (after being treated with DOX or DOX-loaded
micelles) with number of live cells (existing in drug-free culture medium) at each pH after 48-
hour incubation.

2.9. Animal care
In vivo studies were performed in 4–6 weeks old female nude mice (BALB/c nu/nu mice,
Charles River Lab, Wilmington, USA). Nude mice were maintained under the guidelines of
an approved protocol from the University of Utah Institutional Animal Care and Use
Committee.

2.10. Dorsal skin window chamber model
To investigate in situ the delivery of polymeric micelles to solid tumors, the noninvasive
visualization method of ‘dorsal skin fold window chamber model’ was employed [28]. To
establish the dorsal skin fold window chamber model [29], a flap of skin measuring 1 cm in
diameter was dissected away from opposing surfaces of the dorsal skin flap of an anesthetized
mouse, leaving a facial plane with associated vasculature. The flaps were held vertically away
from the body with an aluminum or titanium saddle, which was sutured to both sides of the
flap. MCF-7 tumor cells or small tumor pieces (~ 1 mm3) extracted from xenograft mice bearing
MCF-7 were implanted into the window chamber. Glass windows were then attached to the
center of the saddle to cover the surgical site. After surgery, the skin surfaces adjacent to the
window assembly were covered with neomycin sulfate ointment to prevent infection [28,29].
In addition, fluorescein DHPE was incorporated into the polymeric micellar core for precise
fluorescent imaging micelles in skin dorsal window. Polymers and fluorescein DHPE were
dissolved in DMSO and were dialyzed to construct FITC labeling micelles as described above.

For serial observation of the window, nude mice intravenously administered with FITC-labeled
micelles (PHSMpop-upTAT or PHSMTAT) (60 mg micelle per kg body) were anesthetized with
a mixture of 90 mg/kg ketamine (Abbott, IL, USA) and 10mg/kg xylazine (Bayer, KS, USA).
Nude mice were placed on a glass stage with an adjustable restrainer and kept warm using a
temperature-controlled heating blanket (homeothermic system, Harvard Apparatus) at 37°C
on the microscope stage. Nude mice were positioned so that the mammary window was aligned
with the hole of a restraining bar. Observation was made using intravital fluorescence
microscopy (Olympus BX51WI Microscope, Leeds Precision Instruments, Inc. MN) over time.

2.11. NIR fluorescence real-time tumor imaging
Cy5.5® (fluorescent dye for precise in vivo imaging) bis-NHS ester (2 mol) was reacted with
primary amines of poly(benzyl-His)(5kDa) (1 mol) in water/DMSO (1ml/5 ml) mixture
solution for 8 hours. After the reaction, unconjugated Cy5.5® bis-NHS ester was removed by
dialysis. Cy5.5® labeled poly(benyzl-His) was lyophilized from freeze-drying.

Preparation of Cy5.5® labeled PHSMpop-upTAT was performed with Cy5.5® labeled poly
(benzyl-His) (10 mol%), PLA(3kDa)-b-PEG(2kDa)-b-polyHis(2kDa)-TAT (40 mol%),
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polyHis(5kDa)-b-PEG(3.4kDa) (50 mol%) and DOX. Preparation of Cy5.5® labeled
PHSMTAT was performed with Cy5.5® labeled poly(benzyl-His) (10 mol%), PLA(3kDa)-b-
PEG(3.4kDa)-TAT (40 mol%), polyHis(5kDa)-b-PEG(3.4kDa) (50 mol%) and DOX. 0.9 M
NaCl was added to micelle solution for in vivo injection.

For in vivo animal experiments, KB cell tumors were introduced into female nude mice by
subcutaneous injection of 1×106 cells suspended in cell culture media (RPMI-1640, 10% fetal
bovine serum). When the tumor volume in two sites reached 50–70 mm3, Cy5.5® labeled
micelles (60 mg micelle per kg body) were intravenously injected into KB tumor-bearing nude
mice through a tail vein.

After i.v. administration of Cy5.5® labeled micellar solutions, the time-dependent tissue
distribution in tumor-bearing nude mice was imaged by positioning nude mice on an animal
plate heated to 37°C using the Explore Optix System (ART Advanced Research Technologies
Inc., Montreal, Canada). Nude mice were automatically moved to the imaging chamber for
scanning. Laser power and count time settings were optimized at 25 mW and 0.3 sec per point.
Excitation and emission spots were raster-scanned in 1 mm steps over the selected region of
interest to generate emission wavelength scans. A 670 nm pulsed laser diode was used to excite
Cy5.5® molecules. NIR fluorescence emission at 700 nm was collected and detected with a
fast photo multiplier tube (Hamamatsu, Japan) and a time-correlated single photon counting
system (Becker and HicklGmbH, Berlin, Germany) [30].

2.12. Tumor inhibition assays
To establish xenograft mice bearing various tumors, 1×106 cells (A2780/AD, MCF-7, or A549
cells) suspended in cell culture media (RPMI-1640, 10% fetal bovine serum) were
subcutaneous injected into the left inguinal mammary line. After 2 weeks, tumors were grown
to 50~100 mm3. Free DOX or DOX-loaded micelles (PHSMpop-upTAT, PHSM, PHSMTAT,
and PHSMfolate) were intravenously injected into tumor-bearing nude mice through a tail vein
at a 3-day interval (e.g., 0, 3, and 6 days post the first injection). The injection volume
(approximately 0.2 ml/10g body weight) of micelle solution was adjusted to yield 10 mg DOX
per kg of body weight. Tumor volume and mouse weight were monitored with elapsed time.
A mean standard error was calculated for each experimental point. Tumor volume was
calculated using the formula: tumor volume=length×(width)2/2. The dimension of the tumor
was measured using an electronic digital caliper [25].

2.13. Statistical analysis
All results were analyzed by student t-test or ANOVA test with p < 0.05 significance.
MINITAB® release 14 statistical software was used.

3. Results and discussion
3.1. pH-sensitivity

Various combinations of the synthetic polymers comPprising the micelle carrier for TAT
surface repositioning triggered by pHe were engineered and optimized (Fig. 1A) [13]. The
PHSMpop-upTAT (~ 95 nm size in diameter, measured by dynamic light scattering) is formed
by self-assembly of a mixture of two block copolymers (poly(L-lactic acid)(PLA)(3kDa)-b-
PEG(2kDa)-b-polyHis(2kDa)-TAT and polyHis(5kDa)-b-PEG(3.4kDa)) by dialysis methods.
Herein, the numerical values in parentheses indicate the molecular weight of each block (for
example, 3kDa means 3,000 Daltons). This micelle comprises a hydrophobic core (PLA(3kDa)
and polyHis(5kDa) blocks), a hydrophilic corona or shell (PEG(2kDa) and PEG(3.4kDa)
blocks) and a TAT peptide repositioning actuator (polyHis(2kDa) block) (Fig. 1A). The
ionization state of the polyHis(2kDa) block determines the positioning of the TAT peptide in
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the micelle. At pH 7.4 TAT is shielded within the hydrophilic PEG corona shell by interfacial
hydrophobic interactions between non-ionized polyHis(2kDa) and PLA micelle core.
However, the micelles expose TAT on their surface when polyHis(2kDa) becomes ionized at
pHe, prior to ionization of the longer polyHis(5kDa) block blended with PLA in the micellar
core (Fig. 1A). TAT exposure by the PHSMpop-upTAT was examined by observing cellular
uptake of the micelles as pH of the medium was reduced (Fig. 1B). At pH 7.4, micelle uptake
by human breast tumor drug-sensitive MCF-7 cells was minimal. At pH 7.0, cell uptake
increased 30-fold compared to that at pH 7.4, attributed to the partial exposure of TAT on the
micellar surface. At pH 6.8, there was a 70-fold increase. These results are comparable with
the PHSM. It was found that the effect of pH in a culture medium on cellular uptake of PHSM
is negligible: 2.1±0.6 ((%) FITC (fluorescein isocyanate) uptake per (g) protein) at pH 7.4 and
2.9±0.5 ((%) FITC uptake per (g) protein) at pH 6.8 after 48 hours (data not shown). In addition,
it was also observed that the effect of pH in culture medium on cellular uptake of the
PHSMTAT (~ 105 nm size in diameter) is negligible: 73±5 ((%) FITC uptake per (g) protein)
at pH 7.4 and 72±4 ((%) FITC uptake per (g) protein) at pH 6.8 (data not shown). Furthermore,
the PHSMpop-upTAT showed triggered DOX release at acidic pH (Fig. 1C). At pH 7.4-7.0 the
PHSMpop-upTAT showed limited DOX release. However, at pH 6.6 the PHSMpop-upTAT

released 60 wt.% of the initial DOX amount and at pH 6.4 (e.g., endosomal pH) the
PHSMpop-upTAT released approximately 78 wt.% of the initial DOX amount. These pH-
sensitive DOX release properties of PHSMpop-upTAT are due to the physical destabilization of
the hydrophobic core (resulting from ionization of polyHis) as the pH decreases [20–25]. In
addition, DOX release behaviors of the PHSM or PHSMTAT with pH were similar to that of
the PHSMpop-upTAT (data not shown).

Further evidence of the efficacy is shown in Fig. 1D which displays the pH-dependent cytotoxic
effects produced by the model anticancer drug, DOX incorporated within the
PHSMpop-upTAT (DOX: ~15 wt.% in micelle) on MCF-7 cells in culture. At the weakly acidic
pH of 7.0 and 6.8, PHSMpop-upTAT showed 2 and 8 times higher cytotoxicity, respectively,
than that seen at the physiological pH of 7.4. This is presumably due to enhanced cellular uptake
rates of PHSMpop-upTAT when the TAT peptide is exposed as shown in Fig. 1B. At pH 6.4, the
endosomal pH, the PHSMpop-upTAT is further destabilized because of the ionization of polyHis
(5kDa) in the micellar core [24,25], this leads to release of more drug into the medium, and
results in less active internalization of drug and less cytotoxicity, but still greater cytotoxicity
than free DOX. While the PHSM (~87 nm size in diameter) showed 70% cell viability at pH
6.8, cell viability was reduced to 30% at pH 6.4 due to accelerated drug release by micelle
destabilization at the outside of cells. Further the PHSMTAT showed the highest cytotoxicity,
however the pH sensitivity was lost. The PHIMTAT (~ 101 nm size in diameter) and the PHIM
(~ 80 nm size in diameter) were also used as controls and exhibited marginal MCF-7 cell killing
efficacies. In addition, the effect of the DOX dose on pH-sensitivity of micelles was not
significant (Supplementary Information, Fig. S-1). All blank micelles without DOX showed
no cytotoxicity for MCF-7 cells at all pH ranges (cell viability ~100%) (data not shown).

From these observations, we conclude that (i) when the TAT peptide is exposed due to lowering
of the pH into a narrow pH range (pH 7.0-6.8), extensive cellular uptake of the
PHSMpop-upTAT by tumor cells is evident and (ii) when the pH is lowered further into the early
endosomal pH range (pH<6.5), the PHSMpop-upTAT is destabilized further leading to the
enhanced release of DOX. This then further exerts an endosomolytic effect produced by
disassembled ionized polyHis segments [13,24,25]. These combined effects lead to more
effective treatment for both drug-sensitive tumor cells. Shielding TAT peptide in a hydrophilic
shell (Fig. 1A) in the blood (pH 7.4) is expected to minimize unwanted uptake of
PHSMpop-upTAT by normal organs.
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3.2. Overcoming MDR
A variety of multidrug resistance (MDR) mechanisms occurring at the unicellular level are
known, including altered expression of topisomerase II (Topo II) and over-expression of P-
glycoprotein (Pgp) (ATP-dependent efflux pumps), multidrug resistance protein (MRP), lung
resistance protein (LRP), and antiapototic (or survival) bcl-2 protein [26,27,31]. In clinical
settings, various factors in the microenvironment of tumors such as epidermal growth factor,
fibroblast growth factor, insulin-like growth factor, and extracellular matrix components are
strongly linked to the survival mechanisms of both tumor cells and normal healthy cells [26,
27]. These environmental factors are believed to be relevant to oncogenic survival pathways
(i.e., bcl-2 gene expression). Reversing MDR by bypassing a particular mechanism, for
instance Pgp modulators, has been extensively studied, but a practical solution to defeat all of
the many MDR mechanisms remains elusive [32]. One possible more general solution involves
using a sufficiently high cytosolic dose of a conventional anticancer drug such that the common
resistance mechanisms are overwhelmed. To further test this hypothesis, the
PHSMpop-upTAT was tested in treating a series of different MDR tumor cell lines.

Fig. 2 shows the cytotoxic activity of the PHSMpop-upTAT against human breast tumor drug-
resistant NCI/ADR-RES cells (from NCI) that over-expresses the drug efflux pump, Pgp, on
the plasma membrane [26,31]. Free DOX is inactive against this cell line due to the enhanced
Pgp activity. The efficacy of the PHSMpop-upTAT for NCI/ADR-RES cells was pH-dependent.
PHSMpop-upTAT at pH 7.0 and 6.8 showed 2.2 and 8 times higher cytotoxicity than at pH 7.4,
respectively. The results are similar to those obtained with MCF-7 cells (Fig. 1D) because TAT
peptide-mediated endocytosis evades Pgp function [25].DOX prematurely released from
PHSMpop-upTAT at pH 6.4 is less effective due to Pgp action in NCI/ADR-RES cells. On the
other hand, the PHIMTAT and the PHIM did not show any significant cytotoxicity against these
drug-resistant cells. In addition, the effect of the DOX dose on pH-sensitivity of micelles was
not significant (Supplementary Information, Fig. S-2). All blank micelles without DOX
showed no cytotoxicity for NCI/ADR-RES cells at all pH ranges (cell viability ~100%) (data
not shown).

Similarly, as shown in Fig. 3, the PHSMpop-upTAT was able to overcome various MDR
mechanisms, including over-expression of Pgp, altered Topo II expression, positive bcl-2
expression, MRP and LRP to demonstrate good killing efficacies. In contrast, the killing
efficacies of drug-loaded control micelles were found to be worse than free DOX. In addition,
Table 1 shows IC50 values of PHSMpop-upTAT and free DOX used in this study, indicating
high cytotoxicity of PHSMpop-upTAT for MDR cells.

3.3. In vivo tumor inhibition
In order to evaluate the in vivo efficacy of the PHSMpop-upTAT for MDR solid tumors, human
ovarian tumor drug-resistant A2780/AD cell xenografts in female nude mice were tested. Fig.
4A shows the in vivo results for the anti-tumor activity of DOX carried by the
PHSMpop-upTAT injected intravenously on days 0, 3 and 6 in nude mice bearing the A2780/
AD solid tumors. The drug dose in the micelle formulations was equivalent to 10 mg DOX/kg
body, and the diluted polymer concentration (60 mg/kg body) in blood (blood volume ~7% of
body weight) immediately after injection was approximately 280 times higher than the critical
micelle concentration of 3 µg/ml. This treatment led to significant regression of the A2780/
AD tumors. The tumor volume on week 3 was approximately 18 times smaller than that
observed with the free DOX treatment (P <0.01) and 7 and 6 times smaller than those treated
with the control micelles (PHSM or PHSMTAT) (P<0.01), respectively. Neither complete
tumor growth regression nor toxicity-induced death was observed in any of the animal groups.
However, tumor growth in nude mice treated by the PHSMpop-upTAT was significantly
suppressed, and the size of tumors showed continuous reduction for 12 days. These results are
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consistent with the in vitro cell viability tests (Fig. 4A), and demonstrate the high cytotoxicity
of the PHSMpop-upTAT at tumor extracellular pH, while correspondingly low cytotoxicity at
blood pH. All of the pH-sensitive micelles (PHSMpop-upTAT and PHSM) showed little
influence from differences in on body weight (Supplementary Information, Fig. S-3),
indicating low systemic toxicity. Nude mice treated with free DOX exhibited less than 20%
loss in body weight after 9 days. Nude mice treated with the PHSMTAT showed about 10%
loss over three injections, probably due to non-specific active uptake of the PHSMTAT by
normal cells, causing higher systemic toxic effects.

To prove further applicability of the PHSMpop-upTAT, two additional tumor xenograft types
(specifically the MCF-7 and human lung tumor A549 cells) were tested in small animals. As
shown in Fig. 4B and 4C, the PHSMpop-upTAT significantly decreased the volume (P<0.01,
PHSMTAT compared to free DOX) of other two tumors, indicating tumor targeting by the
PHSMpop-upTAT in these tumor types as well. When a similar system coupled with folate
(PHSMfolate) (~ 96 nm size in diameter), was tested with A549 tumors which do not express
folate-receptor [33], it was inactive (Fig. 4C) despite having previously proven to be effective
for resistant and folate-receptor overexpressing NCI/ADR-RES xenografts [25]. Taken
together, these results suggest that the PHSMpop-upTAT is close to universal in targeting to
various acidic solid tumors, independent of the specific antigen presentation or receptor
expression profiles.

3.4. In vivo tumor imaging
A dorsal skin-fold window chamber model allows direct in situ monitoring of administered
drug formulations and visualization of the effects of the various micelles in vivo on vascularized
tumors [34]. Fluorescein-labeled lipid DHPE was encapsulated within the polymeric micelles
to allow for precise fluorescent imaging of the micelles within tumor sites in vivo. Fig. 5A
supports the tumor-specific accumulation of the PHSMpop-upTAT. Polymeric micelles
extravasated from systemic circulation seemed to immediately respond to the acidic interstitial
fluid around the tumors, leading to rapid TAT peptide exposure and extensive cellular uptake
of the PHSMpop-upTAT. Bright intensity (due to fluorescein DHPE) in the tumor was significant
after 60 min, suggesting rapid entry of the PHSMpopupTAT into the tumor cells. In contrast, the
PHSMTAT showed a relatively lower intensity within the tumors, probably due to less
accumulation. Additionally, heterogeneous localization of the PHSMTAT (bright part) was
observed, perhaps related to unknown interactions between the cationic TAT peptides and
negatively charged biological components around blood vessels [35].

The tumor targeting ability of the PHSMpop-upTAT was also demonstrated using a near-infrared
(NIR) fluorescence imaging system [30]. The NIR fluorescence signals were monitored at
scheduled time points after intravenous injection of polymeric micelles in human epidermoid
KB tumor-bearing female nude mice (Fig. 5B). The NIR whole-body fluorescence intensity
profiles for both the PHSMpop-upTAT and PHSMTAT were roughly comparable, gradually
decreasing during the 24 hours post-injection. However, the tumor-accumulation efficiencies
of the PHSMpop-upTAT and PHSMTAT are different as shown in Fig. 5B. Importantly, the
PHSMpop-upTAT within the KB tumors produces a stronger fluorescence signal and provides
more clear images of the tumors, compared to the PHSMTAT. This suggests that the tumor
targeting efficiency of the PHSMpop-upTAT is superior to that of the PHSMTAT, consistent with
the results of in vivo tumor suppression

4. Conclusion
Collective results from a series of both in vitro and in vivo studies strongly support improved,
effective treatment of acidic solid tumors, whether they are drug-sensitive or drug-resistant,
using the more general targeting nanotechnology enabled by the PHSMpop-upTAT design.
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However, this hypothesis requires further investigation for verification such as in vivo
manipulation of tumor pH in xenograft and in vivo histopathological analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
pH-sensitivity for polymeric micelle drug targeting of drug-sensitive tumor. (A) Schematic
representation of the acid-induced pop-up targeting mechanism for the peptide-conjugated
micelle corona. (B) Cellular uptake of PHSMpop-upTAT in cultured MCF-7 cells: pH 7.4 (●),
pH 7.0 (■), pH 6.8 (▲). Particle size and size distributions of PHSMpop-upTAT suspensions (in
PBS) at pH 7.4 were measured by dynamic light scattering. Each data point represents an
average with standard deviation (n=3). (C) Cumulative DOX release from PHSMpop-upTAT

(●) with decreasing pH. PHIMTAT (■) was used as a control group (n=3). (D) Drug-sensitive
MCF-7 cell killing efficacy of PHSMpop-upTAT (DOX 10 µg/ml equivalent) as a function of
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pH after 48-hour incubation. Five control experiments (PHSM, PHSMTAT, PHIMTAT, PHIM,
and free DOX) were conducted (n=9) (*p < 0.05, **p < 0.01 compared to free DOX).
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Fig. 2.
pH-sensitivity for polymeric micelle drug targeting of drug-resistant tumor. Drug-resistant
NCI/ADR-RES cell killing efficacy of PHSMpop-upTAT (DOX 10 µg/ml equivalent) as a
function of pH after 48-hour incubation. Five control experiments (PHSM, PHSMTAT,
PHIMTAT, PHIM, and free DOX) were conducted. Each data point represents an average with
standard deviation (n=9) (*p < 0.05, **p < 0.01 compared to free DOX).
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Fig. 3.
Reversing various MDR mechanisms using polymer micelles in cell culture. (A) Cytotoxicity
of PHSMpop-upTAT with a DOX 5 µg/ml equivalent against HL-60/MX2 cells (altered Topo II
expression) after 1-hour incubation, (B) with a DOX 1 µg/ml equivalent against HL-60 cells
(bcl-2 positive expression) after 1-hour incubation, (C) with a DOX 5 µg/ml equivalent against
NCI-H69/AR cells (MRP expression) after 24-hour incubation and (D) with a DOX 10 µg/ml
equivalent against A549 cells (LRP expression) after 48-hour incubation. All experiments were
performed at pH 6.8 RPMI-1640/PBS medium. Five control experiments (PHSM,
PHSMTAT, PHIMTAT, PHIM, and free DOX) were also conducted (n=9) (*p < 0.05, **p <
0.01 compared to free DOX).
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Fig. 4.
In vivo efficacy against solid tumors. (A) Tumor regression by PHSMpop-upTAT.
PHSMpop-upTAT (●) (equivalent DOX 10 mg/kg body) was intravenously injected three times
(days 0, 3 and 6 post the first injection) to nude mice bearing A2780/AD tumor xenografts
(n=4). Three controls experiments (PHSM (■), PHSMTAT (▲) and free DOX (▼)) were also
conducted. In vitro cytotoxicities of PHSMpop-upTAT, PHSM, PHSMTAT and free DOX are
shown (inset figure). Samples with DOX 1 µg/ml equivalent were applied to A2780/AD cells
for 48 hours (*p < 0.05, **p < 0.01 compared to free DOX) (n=9). Similar tumor regression
tests (under the same conditions) using PHSMpop-upTAT (●) were performed for nude mice

Lee et al. Page 18

J Control Release. Author manuscript; available in PMC 2009 August 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bearing (B) MCF-7 tumor (n=4) and (C) A549 tumor xenografts (n=4). Control experiments
(PHSMTAT (■), PHSMfolate (▲) and free DOX (▼)) were co-conducted in (B) and (C).
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Fig. 5.
In vivo imaging solid tumors. (A) In vivo dorsal window chamber imaging of nude mice bearing
MCF-7 cell xenograft tumors over time (5, 15, 60 min); PHSMpop-upTAT and PHSMTAT

micelles’ tumor penetration imaged in situ by FITC fluorescence. (B) In vivo NIR fluorescence
real-time imaging of nude mice bearing KB tumor xenografts. Two tumor sites are indicated
by arrows. Intensity levels of micelle with Cy5.5® are depicted in the figure.
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Table 1
IC50 of PHSMpop-upTAT and free DOX for HL-60/MX2, HL-60, NCI-H69/AR, and A549 MDR cells (n=9). All
experiments were performed at pH 6.8 RPMI-1640/PBS medium. IC50 was obtained from the DOX concentration
where 50% cell viability was achieved [24,26].

PHSMpop-upTAT Free DOX

HL-60/MX2a 0.32±0.07 µg/ml 1.12±0.08 µg/ml
HL-60b 0.10±0.03 µg/ml 0.42±0.07 µg/ml

NCI-H69/ARc 0.20±0.06 µg/ml 0.75±0.08 µg/ml
A549d 0.75±0.08 µg/ml 6.60±0.09 µg/ml

a
after 1-hour incubation

b
after 1-hour incubation

c
after 24-hour incubation

d
after 48-hour incubation.
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