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Transduction and Mitochondrial Localization

Jon Callahan' and Jindfich Kopecek* T+

Department of Bioengineering, University of Utah, Salt Lake City, Utah 84112, and Department of
Pharmaceutics and Pharmaceutical Chemistry, University of Utah, Salt Lake City, Utah 84112

Received April 5, 2006, Revised Manuscript Received May 22, 2006

Semitelechelic HPMAN-(2-hydroxypropyl)methacrylamide) copolymers possessing a single terminal lipophilic
triphenylphosphonium (TPP) cation and fluorescent labels were synthesized to determine how the attached cation
affected cellular uptake and intracellular trafficking. In vitro mitochondrial uptake fluorescence quenching assays
using isolated mouse liver mitochondria indicated that only lower molecular weightkDa) BODIPY FL-

labeled TPP-semitelechelic HPMA copolymers exhibited significant organelle localization or uptake. In vitro
cellular uptake and intracellular trafficking was evaluated using cultured human ovarian carcinoma cells. Cells
incubated with all types of TPP copolymers used in the study appeared to internalize the polymer by endocytosis
only, and all of the internalized copolymer was confined to the lysosomal compartment after 24 h. Endocytotic
uptake of the TPPHPMA copolymer conjugates was rapid, suggesting that they were internalized by adsorptive
endocytosis, rather than fluid-phase pinocytosis. Low-molecular weightkDa) and high-molecular weight

(=5 kDa) semitelechelic copolymers, microinjected into cultured cells indicated that the TPP moiety did not
significantly localize the polymers to mitochondria.

1. Introduction has recently been explored using cationic oligopeptides or CPPs
) (cell penetrating peptides). The CPP Tat peptide from the HIV-1
Synthetic polymers, such as HPMA copolymers, have been T4t protein has been used to deliver HPMA copolymers to the
shown in recent years to be versatile tools to improve the cytosol of cultured cell§® Both ANTP peptides from the
efficacy of a wide array of conventional low-molecular weight - antennapedia protein and Tat have been used to deliver antisense
drugs. When applied to the treatment of cancer, for example, pNAs to the cytosol and nucleus to inhibit gene expresSiéh.
polymeric carriers of anti-cancer drugs have been used to greatly - once macromolecules are delivered to the cytosol, a number

enhance the biocompatibility, pharmacokinetjcgnimmuno- of methods have been employed to traffic them to specific

genicity? and targetability* of these agents, while reducing  gypcellular compartments such as the nucleus and mitochondria.

their toxicity toward normal cells. . Targeting constructs to affect nuclear and mitochondria targeting
Because macromolecular therapeutics (polyruzug con- of synthetic and biological polymers have included nuclear

jugates) are not as freely diffusiblt_e as I(_)w _moleg:ular weight targeting sequence (NLBY'8 and mitochondrial targeting
(LMW) drugs, their transport and b|od|str|put|on d!ﬁers mark_- sequence (MLS) peptidé; 2! respectively. In both cases, the
edly from free drugs. Intravascular half-life, for instance, is peptide sequences take advantage of the endogenous nuclear
greatly lengthened, particularly for polymer conjugates larger or mitochondrial import machinery to deliver a conjugated, high-
than the glomerular filtration cutoff. Drug concentrations in  molecular weight cargo.
tumor tissue are increased due to the EPR (enhanced perme- Nonpeptidic cationic functional groups have also been used
ability and retention) effect as a result of high rates of leakage ;5 targeting moieties to penetrate the plasma membrane and to
from the neovasculature of tumor tissue. Typically, cell uptake (rafic conjugates to the mitochondrial compartment. These
has been shown to occur via endocytosis, whereby high jnciyde rhodamine-1222oligoguanidiniun?? and triphenylphos-
molecular weight molecules are typically trafficked to the phonium25-28 Of particular interest, the experiments of Murphy
lysosomal compartment, where nondegradable compoundset 4. ysed terminally functionalized TPP to target anti-sense
remain. Drug activity in this case typically requires release of pnA into the mitochondria of isolated organelles and whole
the drug from the carrier via hydrolyzable bonds. Obstacles thatjniact cells in vitro2®3° |t was determined that TPFPNA
reduce the amount of drug delivered to target cells are createdconjygates as large as 4 kDa were directly transduced through
by the rate of cellular internalization and/or lysosomal release. e plasma membrane, trafficked through the cytosol, and passed
Efficacy is further limited by the problem of trafficking of  through the inner and outer membranes of mitochondria in high
bioactive agents to the subcellular compartment where the qncentrations.
target's active site is located. . Here, we have tested whether the lipophilic cationic moiety
Plasma membrane transduction and delivery to the cytosolyiphenyiphosphonium (TPP) can be used to also traffic HPMA
of synthetic polymers and biopolymers (such as nucleic acids) copolymer conjugates to the mitochondria of target cells.

* Corresponding author. E-mail address: Jindrich.Kopecek@utah.edu Semitelechelic HPMA polymers were synthesized using a thiol

Tel: +801 581 7211. Fax--801 581 7848, chain transfe_r agent containing TP_P, th_ereby creating low-
t Department of Bioengineering. molecular weight polymers possessing single cation fixed on
* Department of Pharmaceutics and Pharmaceutical Chemistry. one terminus of the final polymer (TPHPMA).31 Semitelech-
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Scheme 1. General Synthesis of TPP-Functionalized Semitelechelic HPMA Copolymers with MA-FITC and MA-GG-BODIPY FL
Comonomers
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elic copolymers were then created using methacroylated mono-al.* the thiol TBTP was generated by first synthesizing acylated TBTP.
mers containing either fluorescein or BODIPY FL (4,4-difluoro- TBTP with a free thiol was generated as needed by removing the acyl
5,7-dimethyl-4-bora-3a,4a-diazindacene) to act as drug protecting group using base hydrolysis.
models and to allow for microscopic visualization of the 2.2.1. Synthesis of 4-Bromobutylthiolacetate (BBTA)The precur-
polymers (Scheme 1). Cell uptake and intracellular trafficking sor 4-bromobutylthiolacetate, was synthesized by reacting 36 mmol
of the copolymers was then characterized using cultured human(2.8 g) of thiolacetic acid with 18 mmol (2.5 g) of 4-bromo-1-butene
ovarian carcinoma cells. with 3.3 mg of AIBN (2,2-azobis-isobutyronitrile) at 40C for 60

Ultimately, the ability to deliver macromolecular carriers to Min under nitrogen. Water was removed from thiolacetic acid by
the cytoplasm with high efficiency and to control their intra- distilling thg liquid with phosphorus pfentox.idg. The crude produ_ct was
cellular trafficking will greatly widen the application and ~€xtracted into CHG| washed 3 with distiled H0, and dried
improve the efficacy of many drugs. This approach and overnight using Mgsg) The solvent was then removed un_der vacuum,
internalization/intracellular trafficking model can be contrasted and BBTA was purified by alumina chromatography using G4
with the use of the polycationic polymer PEI (polyethylene- the mobile phase. The identity of BBTA was confirmed by TL_C n
imine) to transport nucleic acids to the cytoplasm and subse-CHC|3' ESI-MS (eleCtrOSpray lonization mass spectroscapi, =

! 210.8), and'H NMR. The yield was 4.0 g (75%).

quently, the nucleu®

- . PR . . 2.2.2. Acylated Thiolbutyltriphenylphosphonium Bromide (aT-
Mitochondrion malfgnctlon is associated Wlt.h many a;pects BTP). Acylated thiolbutyltriphenylphosphonium bromide was synthe-
of neuron degeneration, cancer, and agimlitochondria- . : . _
- ; . sized by refluxing 4-bromobutyl thiolacetate (10.1 mmol, 1.5 mL) with
targeting drug carriers could be used as effective vectors for

. d I her d h ff itoch triphenylphosphine (10.1 mmol, 2.7 g) in dry toluene (8 mL) for 2 h
anticancer drugs, as well as other drugs, that afiect mitoc 0N~ ynder nitrogen. After cooling, the product was obtained as a viscous

drion function, the apoptotic pathway, or other signal transduc- yejiou Jiquid under a layer of toluene and white precipitate. The bottom
tion factors localized in the mitochondria. solvent layer was washed with pentane followed by dry diethyl ether
and dried under vacuum. Product identity and yield was determined
usingH NMR, ESI MS, and UV absorption spectra (Cary 400 Bio

2. Experimental Section :
spectrophotometer). The yield of acyl-protected TBTP was 1.1 g or

2.1. Materials. Chemicals and solvents used were of reagent grade 22%.
or better unless otherwise stated. Before syntheses, 4-bromo-1-butene 2.2.3. Thiobutyltriphenylphosphonium Bromide (TBTP). Thiobu-
(Sigma) and thiolacetic acid (Sigma) were freshly distilled under N tyltriphenylphosphonium bromide, the deprotected mercaptan used as
Triphenylphosphine (TPP, Sigma) was recrystallized from 95% ethanol. a chain-transfer agent, was prepared using a procedure modified from
Diethyl ether was dried over Cagind stored over Na metal. Toluene  Burns et af® Acylated TBTP was first dissolved in 95% ethanol. Then,
was washed with 1/10 vol. cold concentratesbBy, dried over CaGl 0.1 M NaOH was added, and the solution was bubbled with argon for
and stored over Na. between 15 and 25 min. The solution was then neutralized by the

Nontelechelic copolymers of HPMA and methacryloylated fluores- addition of 90 mM HEPES buffer (pH 4.0). The solution containing
cein (MA-FITC) monomer were used as control and were prepared as TBTP thiol was then added directly to the polymerization reactions.

described by Minko et al., previouslyThese HPMA-FITC copolymers 2.3. Triphenylphosphonium-BODIPY FL. As a control for the

were fractionated using size-exclusion chromatography to produce BODIPY-labeled HPMA copolymers in the isolated mitochondria assay,

polymers of a narrow polydispersity. TBTP was conjugated to BODIPY FN-(2-aminoethyl)maleimide
2.2. Synthesis of the Chain Transfer Agent Thiobutyltriphenyl- (Molecular Probes), as shown in Scheme 2. Activated thiol TBTP was

phosphonium Bromide (TBTP). Following the protocol by Burns et generated from acylated TBTP as described above immediately b&fISR?
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Scheme 2. Synthesis of the Control Fluorescent Probe TPP—BODIPY FL by the Conjugation of TBTP and BODIPY FL

N-(2-Aminoethyl)maleimide
O

Scheme 3. Synthetic Scheme for the Comonomer
MA-GG-BODIPY FL by the Conjugation of BODIPY FL EDA and
MA-GG-ONp

CH,

CHp=C

DIPEA

NO,

the conjugation reaction. In a glass vial, 5.7 mg (12iol) of acylated

orange product was 97% of theoretical yield. ESI mass spectroscopy
confirmed the product at mass 517 N, n/z).

H NMR (400 MHz, d:-DMSO) ¢ 8.24-7.84 (m, 4H,—NH-),
7.64-6.29 (m, 4H, Ar-H), 5.74 (s, 1H,—C=CH,), 5.37 (s, 1H—
C=CH,), 3.76-3.65 (m, 4H, CO-CH,—NH), 3.45-3.10 (m, 8H,
—CH,—CH,—), 2.46 (s, 3H, Ar-CHg), 2.25 (s, 3H, Ar-CH;s), 1.87 (s,
3H, CH;—C=CH),).

2.5. Semitelechelic HPMA Polymers: Synthesis and Character-
ization. Semitelechelic HPMA polymers possessing triphenylphospho-
nium as a terminal functional group were synthesized by free radical
polymerization using TBTP as a chain transfer agent. All reactions used
AIBN as the initiator. Ratios of initiator, monomers, and chain transfer
agent used for the polymerization of semitelechelic polymers were
roughly based on those used by Oupiclet al®¥” In general, all
polymerization reactions were performed with 0.8 M HPMAx 3073
M AIBN, and TBTP chain transfer agent concentrations ranging from
1 x 103to 5 x 1072 M. If fluorophore containing comonomers were
included for the synthesis of copolymers, mol %’s ranging from 0.5 to
5.0 were used, as stated below.

Reactions were typically performed at a scale of 1 mL. Before each
reaction, the protecting acyl group of the chain transfer agent TBTP
was removed to produce the free thiol, as described alig¥klethanol
was used to dissolve all other reactants of the polymerization. After
mixing, the reactant solution was bubbled with argon and sealed in a

TBTP was first deprotected by base hydrolysis, and the activated thiol 9lass ampule. Polymerization reactions were done &Gfor 24 h.

solution was then added to a solution of 4.5 mg (Lh®l) of BODIPY
FL N-(2-aminoethyl)maleimide dissolved in 1 mL of 1:1 DMR®
and left to stir at room-temperature overnight. The reaction mixture
was then dried by rotoevaporation.

The TPP-BODIPY conjugate was purified by preparative reverse-
phase HPLC, using an analytical C18 RP column with UV (220 nm)

When complete, the solutions were dilutedx1ith distilled water

and then dialyzed extensively against water using tubing with a

molecular weight cutoff (MWCO) of 1 kDa for polymers ranging below

5 kDa and a MWCO of 2 kDa for polymers ranging above 5 kDa. The

samples were then freeze-dried to isolate the finished solid product.
2.5.1. Octanol:HO Partition Coefficient Determinations. Ap-

and fluorescence detection (ex/em 480/518 nm). The column was runproximately 1 mg of fluorescently labeled HPMA copolymer was first
using a linear solvent gradient and solvent system consisting of buffer dissolved in 50@.L of PBS (pH 7.4) in a 1.7 mL tube. An equal volume

A = acetonitrile with 0.1% TFA and buffer B= 0.1% TFA. The

(500uL) of 1-octanol was aliquotted to the tube, and the sealed tube

gradient was started at 30%/70% A/B and ended at 80%/20% A/B over Was mixed by shaking for at least 1 h. The tubes were then centrifuged
25 min. Fractions collected during the main elution absorbance/ at high speed for 1 min. The octanol layer was then removed, and the
fluorescence peak were pooled and dried by rotoevaporation. A concentration in each fraction was determined by fluorescent spectro-
MALDI-TOF MS analysis of the purified product showed a single main  phometry (ex/en= 480/518 nm; in/out slit widths= 10 nm). For this,
product with a mass of 765.2, compared to 765 for thé IVof the standard curves of each polymer were created using both octanol-
expected TPPBODIPY conjugate. The final yield of product was 5.1 ~ saturated PBS and PBS-saturated octanol.
mg or 52.6%. 2.5.2. Size-Exclusion Chromatography Size-exclusion chroma-
2.4. MA-GG-BODIPY FL Monomer. Monomer incorporating the tography (SEC) was used to determine the molecular weight distribution
BODIPY FL fluorescent dye was synthesized by reacting (11.3 mg, of the polymers. All samples were run on a Pharmacia FPLC System
30.5umol) of BODIPY FL EDA (Molecular Probes) with MA-GG- equipped with UV and differential refractive index detectors&a,
ONp* (11.8 mg, 36.&mol) and a 1.2 molar excess (36:&nol) of Pharmacia) using either a Superdex 75 or Superose 6 HR10/30
N,N-diisopropylethylamine (DIPEA) in DMF (Scheme 3). After stirring ~ analytical column in PBS (pH 7.3) calibrated with polyHPMA standards
for 4 h atroom temperature, the product was purified on an LH-20 of a narrow polydispersityMw/M, < 1.1).
column, and the fractions containing the product were pooled, dried, 2.5.3. Mass Spectrometry. MALDI TOF mass spectra were
resuspended in water, and freeze-dried. The final yield of the bright determined using a Voyager-DETM STR Biospectrometry Worksta&(tslv
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Table 1. Summary of Polymers Used for Mitochondrial Uptake, Cell Incubation, and Microinjection Studies

polymer class copolymers type (M) approximate MW range (kDa)
semitelechelic TPP—HPMAs TPP—HPMA-FITC 4 kDa 2-5
semitelechelic TPP—HPMAs TPP—HMPA—-FITC 10 kDa 8—12
semitelechelic TPP—HPMAs TPP—HPMA-BODIPY FL 3 kDa 1-5
semitelechelic TPP—HPMAs TPP—HPMA—BODIPY FL 12 kDa 10-15
control polyHPMAs HPMA-FITC 10 kDa 8-12
control polyHPMAs HPMA-FITC 170 kDa 150—210

(Perseptive Biosystems, Framingham, MA). Polymer samples were BODIPY FL. A summary of the polymers used in uptake and
spotted for analysis using a dried-droplet method. For each sample, microinjection studies is shown in Table 1.

~1 mg of polymer sample was first dissolved in 4d00f 50:50 water: 2.6. Uptake of TPP-HPMAs by Isolated Mitochondria. Uptake
acetonitrile/0.1% TFA solution. A fresh saturated solution of matrix of the labeled polymers was measured using a fluorescence quenching
material in the solvent system of 50:50 water:acetonitrile and 0.1% assay using isolated mitochondria. Mouse liver mitochondria were
TFA solution was prepared by thoroughly mixing the matrix powder suspended in solutions containing fluorescently labeled polymers, and
of either HABA (2-[(4-hydroxyphenyl)azo]benzoic acid) or sinapinic quenching after the activation of mitochondrial electropotential was
acid with 1 mL of solvent in a 1.7 mL tube and then centrifuged to used to determine polymer uptae.

pellet the undissolved matrix. Then % of the supernatant matrix Free mitochondria were isolated from freshly removed mouse liver.
solution in a small plastic tube was taken and mixed thoroughly for a For each series of experiments, the organ was washed~wlithmL
few seconds in a vortex mixer with the 54 of polymer sample. A of isolation buffer (10 mM sucrose, 200 mM mannitol, 5 mM HEPES,

0.5-2 uL droplet of the resulting mixture was placed on the mass 1 mM EGTA, 1 mg/mL BSA; pH 7.4). The liver was then homogenized
spectrometer’'s sample stage, and then the droplet was dried at roomysing an Ultraturrax homogenizer with S25N186 shearing head. The

temperature. liver was homogenized at low speed (8000 rpm) until tissue was
2.5.4. TPP-HPMA-FITC Copolymers. Preliminary polymeriza- dispersed and then at high speed (9500 rpm) two times for 15 s.
tions were performed to characterize fluorescently labeled-FHHFMA To remove crude tissue debris, the homogenate was centrifuged at
polymers. Initial copolymerizations used 0.5 mol % (4 mM) meth- |ow speed (80@) for 10 min. The supernatant was then aliquotted into
acryloylated fluorescein (MA-FITC) monome?? In general, two new tubes and centrifuged at high speed (10gp@6r 10 min. The

different conditions were used consisting of either 7.5 or 12.5 mM pellets were then washed with fresh isolation buffer and recentrifuged
TBTP chain transfer agent and the same comonomer concentrationsfor 10 min. The pellets were then suspended~ih mL of cold
described for TPPHPMA polymers above. During dialysis, the  mitochondria uptake assay buffer (70 mM sucrose, 230 mM mannitol,
samples were centrifuged to remove precipitate that formed due to the3 mM HEPES, 5 mM KHPQ,, 0.5uM rotenone; pH 7.4). The yield
high concentrations of MA-FITC and TBTP in the aqueous solution. of mitochondria was calculated by total protein content using a standard
The molecular weights of the polymers were characterized by SEC microplate/Coomassie Blue assay.
using an analytical Superose 6 HR10/30 FPLC column. Due to the  An LS-55 luminescence spectrometer (Perkin-Elmer) was used to
high polydispersity of the TRPPHPMA—FITC copolymers, they were monitor the fluorescence of 2.5 mL sample solutions over time in a
further fractionated using a preparative Superdex 75 (HR16/60) column stirred sample cell warmed to 3T. Polymer concentrations used were
by FPLC. Fractions from the SEC column were subsequently pooled typically between 0.1 and Zg/mL. Solutions of~1 uM MitoTracker
into 6 separate cohorts. These were then dialyzed extensively againsiCM-H,TMRos (Molecular Probes) and10ug/mL TPP-BODIPY FL
water and freeze-dried. The molecular weight distribution of each were used as controls. Solutions testing unconjugated, free FITC,
polymer fraction was then analyzed using SEC (Superose 6 HR10/30) BODIPY FL EDA, and nontelechelic HPMA-FITC (MW 10 kDa)
and MALDI-TOF MS. were also run as controls. To test for the effect of bulk polymer on
2.5.5. TPP-HPMA-BODIPY FL Copolymers. Semitelechelic probe fluorescence, solutions containingut@mL TPP-BODIPY FL
polymers incorporating the BODIPY monomer were synthesized using and 10ug/mL unlabeled polyHPMA were run also.
MA-GG-BODIPY FL monomer and TBTP as a chain transfer agent For each incubation and fluorescence measurement, 0.5 mg of mouse
and the general conditions described above. Copolymers with higher liver mitochondria in 10Q:L of uptake buffer was aliquotted to the
molecular weights (between 8 and 12 kDa) were produced using a glass cuvette. Shortly after, 1@Q of succinate solution buffered in 5
TBTP concentration of 10 mM and a 0.1 mol % MA-GG-BODIPY mM HEPES (pH 7.4) was added to activate the mitochondria to a final
FL comonomer feed concentration. Low molecular weight copolymers concentration of 5 mM. Finally, after-14 min, the decoupler FCCP
were generated using either 0.5 mol % (4 mM) MA-GG-BODIPY FL was aliquotted in 10@L to a concentration of 0.4M.4!
with 40 mM TBTP, or 1.0 mol % (8 mM) MA-GG-BODIPY FL with 2.7. Whole Cell Incubation.Live cell, polymer uptake studies using
10 mM TBTP. Due to the low polydispersity of the BODIPY FL-labeled scanning laser confocal fluorescence microscopy (Olympus Flowview
polymers, no further purification or size fractionation was performed. with krypton/argon excitation lasers) were performed using OVCAR-3
2.5.6. Polymers for Uptake and Localization ExperimentsThe and MDAH2774 ovarian carcinoma cells (ATCC) to determine if
semitelechelic polymers, synthesized to characterize mitochondrial andpolymer was internalized and localized to mitochondria. Cells were
cellular uptake, were designed to test a range of parameters consideregultured in media supplemented with 10% fetal bovine serum (HyClone
important to the mechanism of action of the cationic TPP moiety. In Laboratories, Logan, UT) and X@/mL insulin (HyClone) and 12.5
studies using TPP to enhance the uptake and localization of PNA the mM HEPES buffer (pH 7.4) under a humidified atmosphere at@G7
criteria cited to ensure activity were a molecular weight less than 4 OVCAR-3 cells were grown in RPMI media, and MDAH2774 ovarian
kDa and a noncharged and relatively nonpolar macromolecular carcinoma cells were grown in Leibovitz L-15 media (Sigma).
conjugate. For this reason, the semitelechelic polymers were synthesized One day prior to each study, 50 06000 000 cells were seeded on
from several types to investigate the physical requirements for activity. no. 1.5 glass-bottom 14 mm microwell dishes (MatTek Corp., Ashland,
By varying the concentration of CTA used in polymerization, two MA). For incubations, 2 mL of fresh media containing micromolar
classes of molecular weight distribution were created: a lower molecular concentrations of TPPHPMA polymer was added and the cell
weight class from 2 to 5 kDa, and a higher molecular weight class of incubated for up to 24 h. Polymer concentrations were varied from 1
8—12 kDa. For both classes, semitelechelic copolymers were synthe-to 10u4M; however, 2uM was used in most experiments. To visualize
sized using fluorescent monomers possessing either fluorescein ormitochondria, 100 nM MitoTracker Orange CMyFMRos was adde(&:DV
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Figure 1. Summary of semitelechelic TPP—HPMA molecular weight
vs feed chain-transfer agent concentration to monomer concentration
ratio (@). The results for semitelechelic copolymer with MA-FITC are
also shown (k).

0

to the media at leasl h before microscopy. In some experiments,
MitoTracker was added after the cells had incubated with polymer.
Before microscopy, the incubation media was replaced with fresh media
and the cells were observed without ambient polymer to reduce
background fluorescence. For microscopy, images were collected by
combining dual-channel fluorescent and transmitted light using z-series

slices in 0.2um steps. Image data was processed using ImageJ software.

2.8. Microinjection. Polymer localization from the cytosol was
determined using microinjection. Fluorescently labeled 0.5 mg/mL
polymer/PBS solutions were directly introduced into the cytosol of
plated MDAH2774 cells. Injections were performed usingibglass
needles equipped on an Eppendorf Transjector 5346 pressure injecto

r
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Figure 2. MALDI-TOF mass spectrum of semitelechelic TPP—HPMA
(25 mM TBTP chain-transfer agent).
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Figure 3. Typical MALDI-TOF mass spectrum of semitelechelic

and fixed to an Eppendorf 5171 micromanipulator arm. Pressures usedrpp _HpMA/MA-FITC copolymer.

varied from 50 to 200 HPa, and extra care was taken to inject solutions
as far from the cell nuclei as possible to avoid traumatizing the cell
structure during injection. After injection, the media was replaced with
fresh media containing 100 nM of MitoTracker. The cells were then
observed periodically for up to 24 h using laser scanning fluorescence
confocal microscopy, as described above, to determine copolymer
localization.

3. Results

3.1. Synthesis and Characterization of Semitelechelic
TPP—HPMA Copolymers. The number average molecular
weights My) of polyHPMAs as a function of CTA concentration
are summarized in Figure 1. Here, there was a very strong
correlation between CTA concentration and the resulting
polymer molecular weights. For comparison, the resulting values
of M, of two polymers with 1 mol % MA-FITC comonomer
included in the polymerization are also shown in Figure 1. It is
evident that the molecular weight of these copolymers is also
consistent with the trend obtained from TPRPMA copoly-
mers, based on the CTA concentration used.

When the data of these results are fitted into the Mayo
equatior?

1/DR,engy= 1/DR, o+ C{SJ/[M]

where DRengyand DR o are the number average degrees of
polymerization with and without the chain-transfer agent S,
respectively, [M] is the monomer concentration, abds the

chain-transfer constant. Given that all of the polymers using

UV —vis spectra of the semitelechelic polymers were deter-
mined using 1 mg/mL polymer sample solutions in water. The
UV —vis spectra of the polymer samples indicated the incor-
poration of the TPP moiety based on its absorption maximum
at 262 nm. MALDI-TOF mass spectra indicated that ap-
proximately 100% of the polymer chains possessing a single
TPP moiety. Number average molecular weights of the polymer
preparations were calculated using a molar absorptivitggfm
= 1650 M1 cm™.

MALDI-TOF analyses of all preparations of semitelechelic
TPP-HPMA showed a single series of molecular weights
corresponding with the increments of increasing degrees of
polymerization. As shown in Figure 2, the peak series cor-
responded well witmV/z = 143.1n (HPMA) + 349.1 (TBTP),
where n is the degree of polymerization. For copolymers
incorporating MA-FITC, the MALDI spectra typically showed
two series of peaks: one corresponding to FRFPMA), and
another consistent with the empirical formulavz = 143.1n
(HPMA) + 349.1 (TBTP)+ 532 (MA-FITC). In Figure 3, the
MALDI spectrum of SEC-fractionated semitelechelic copolymer
synthesized using a 1% MA-FITC:HPMA mole ratio is shown.
Here, only one peak series is prominent and the masses
correspond to semitelechelic copolymer where every polymer
possesses exactly one TBTP moiety and one MA-FITC mono-
mer. The MALDI-TOF MS of unfractionated, semitelechelic
copolymer synthesized with a 1% MA-GG-BODIPY FL:HPMA
feed mole ratio and 10 mM TBTP is shown Figure 4. Here,
there are two series of peaks: one corresponding to;-TPP

the CTA TBTP are semitelechelic and using the number average(HPMA), and another consistent with the empirical formula:

molecular weights derived from the SEC data, the calculated

m'z = 143.1n (HPMA) + 349.1 (TBTP)+ 517.4 (MA-GG-

Cs value was determined to be 0.84. Compared to previous dataBODIPY FL).

for other thiols used as CTAs, this result indicated that TBTP
had a high efficiency of chain-transfer in the polymerization
reaction??

SEC and MALDI-TOF MS analyses of the synthesized
copolymers confirmed that all labeled polymer chains possessed
exactly one TPP moiety and exactly one fluorophore pen&zﬂ\tl



2352 Biomacromolecules, Vol. 7, No. 8, 2006 Callahan and Kopetek

100 to the coefficient for PNAs, which has been determined to be
. between 1x 1072 and 2x 107244
80 TPP-HPMA,-BODIPY® FL . . .
% 3.3. Fluorescence Quenching Analyses with Isolated Mi-
60| tochondria. Quenching studies using free mitochondria were
2 performed with MitoTracker CM-ETMRos and TPP-BODIPY
5401 FL as positive controls for the assay. Shown in Figure 5 are
:f typical examples of the timeline profiles obtained using PP
% o0 BODIPY FL control probe (Figure 5A) and the copolymer
TPP-HPMA-BODIPY FL (Figure 5B). In these examples,
0 ‘ ‘ ‘ ‘ , ‘ specific uptake/adsorption of the fluorescently labeled com-
4000 5000 6000 7000 8000 9000 10000 pounds is indicated by the quenching of fluorsecence following
Mass (m/z) the addition of succinate (S) and reactivation of mitochondrial
Figure 4. Typical MALDI-TOF mass spectrum of semitelechelic membrane potential. Reversal of membrane potential and

TPP—HPMA/MA-GG-BODIPY FL copolymer. fluorophore uptake occurred after the addition of the inhibitor

group. Polymers were produced with narrow molecular weight FCCP (F)..'I.'he Iineay decreasg of the fluqrescent intensity before
distributions, which were predictably determined by the con- of thg addition of m'ltochondrla and th.e increase seen after the
centration of chain-transfer agent in the polymerization reaction. addition of the succinate solution are likely due to photobleach-
Overall, the TPP-HPMA copolymers produced for experimen- N9 of th_e fluorophore_s. For all probes and Iabeled cop_o_lymers,
tation were synthesized within two molecular weight distribu- duénching occurred immediately after succinate addition and
tions: a lower molecular weight range of-2 kDa, and a higher deflection of the fluprescence |_o_rof|Ie reac_heo_l (_aqumbnum within
molecular weight range of-816 kDa. When semitelechelic 60 s. F_or eqch profile, th(_a addition o_f the inhibitor was fo_I!ovyed
copolymers were produced using methacryloylated fluorescein _by a mirror image deflection the proflle_ that reached eqU|_I|br|um
monomer (MA-FITC), the average molecular weight of the in the same time frame as quenching. After correcting for
polymer was found to be similar to that predicted from the curve @ppropriate dilution effects from the added activator and
for semitelechelic TPPHPMA, based on the concentration of ~ inhibitor solutions (3%-4%), the magnitude of de-quenching
chain-transfer agent. Before fractionation, the polydispersity of Was calculated to be approximately the same magnitude as
the FITC-labeled polymers was significantly higher than those guenching in each profile as a percentage of total fluorescent
determined for other semitelechelic polymens= 1.4—1.8). intensity. Profiles from the low molecular weight MitoTracker
The molecular weights of copolymers using the BODIPY FL and TPP-BODIPY FL probes all showed smooth exponential
monomer MA_GG_BOD”:)Y FL were S|gn|f|cant|y |ower than tI’aI’ISItIO_nS to equ”lb”um f|u0rescence after eaCh Step add|t|0n
yields of TPP-HPMA were 25%, TPPHPMA-FITC 10%, and Using polymer solutions, however, these transitions were
TPP-HPMA-BODIPY FL only 1%. sometimes characterized by large fluctuations in intensity before
3.2. Partition Coefficients. The relative hydrophobicities of ~ reaching equilibrium. The profile for TPRHPMA-BODIPY
native polyHPMA and semitelechelic TRPIPMAs were found ~ FL-3kDa (Figure 5B) displays one example.
to be similar to that of PNA. The octanol:water partition Using the control TPPBODIPY FL probe, the average
coefficients determined for FITC-labeled and BODIPY FL- percentage of quenching/dequenching was found to be about
labeled TPP-HPMA copolymers were found to be not signifi-  +4% (Figure 5A). Of the copolymers samples, only the profile
cantly different from each other based on fluorophore type or of TPP-HPMA-BODIPY FL-3 kDa possessed significant
molecular weight. The coefficients for TPIPIPMA copolymers deflections from mitochondrial activation and inhibition, which
all ranged from 3x 1073 to 1.5 x 1072 The coefficients for were £2% (Figure 5B). The profile of the higher molecular
nonsemitelechelic control HPMA-FITC polymers all were found weight copolymer TPPHPMA-BODIPY FL-12 kDa appeared
to be approximately 5 1072. These results can be compared to also have a quenching/de-quenching deflection; however, it
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Figure 5. Timeline profiles of fluorescence quenching by mitochondria. Solution of TPP—BODIPY FL control probe (A). Solution of semitelechelic
copolymer TPP—HPMA-BODIPY FL-3 kDa (B). cDV
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Figure 6. Confocal laser scanning fluorescent microscopy (40x mag.) of MDAH2774 ovarian carcinoma cells after incubation with fluorescently
labeled polymers. The red channel is Mitotracker Orange and the green channel is either FITC or BODIPY FL. (A) Control polymer HPMA-FITC
after 24 h incubation. (B—E) Semitelechelic TPP—HPMAs after 6 h incubations; (B) TPP—HPMA-FITC-4 kDa; (C) TPP—HPMA-FITC-12 kDa;
(D) TPP—HPMA-BODIPY FL —3 kDa; E: TPP—HPMA-BODIPY FL-12 kDa;

was not significant € 1%). The profile of control HPMA-FITC-

12 kDa possessing only decreases in fluorescent intensity
consistent with dilution effects. None of the FITC-labeled
semitelechelic TPP copolymers had deflections significantly
different than that of control HPMA-FITC. The presence of
unlabeled polyHPMA-10 kDa in the assay had no significant
effect on the profile of the TPPBODIPY FL probe (data not
shown).

3.4. Cell Uptake and Localization StudiesTypical results
from incubating cultured cells with fluorescently labeled
polymers are shown in Figure 6. MDAH2774 cells incubated
with TPP—-HPMA copolymers in media showed only punctuate
fluorescent staining for all types of polymers, regardless of time
of incubation, cell type, or polymer concentration, fluorophore
or molecular weight. No significant colocalization of polymer
(green channel) with MitoTracker (red channel) was observed
for any of the polymer samples. In general, the semitelechelic
TPP-HPMA copolymers showed a much more rapid degree
of internalization compared to nonsemitelechelic HPMA-FITC
control polymers. After 1 h, the amount of TPRAPMA-
BODIPY FL internalized was roughly equivalent to that seen
after 24 h using nontelechelic FITC-labeled control polymer.
After 1 h, the amount of internalized TPPIPMA-FITC was

TPP-HPMA-FITC-4 kDa TPP-HPMA-BODIPY" FL-3 kDa

significantly lower than that of TPPHPMA-BODIPY FL. No HPMA-FITC-10 kDa HPMA-FITC-170 kDa
differences in the results occurred whether polymer or Mi- (control polymer) (contrel polymer)
toTracker was applied first to the cells. Figure 7. Confocal laser scanning fluorescent microscopy of

MDAH2774 ovarian carcinoma cells microinjected with MDAH2774 cells after microinjection with fluorescently labeled
TPP-HPMA copolymer showed only diffuse fluorescent stain- polymers. The red channel is Mitotracker Orange and the green
ing throughout the cytosol and nucleus for all sample types channel is either FITC or BODIPY FL. (A) Injection with TPP—HPMA-

Figure 7, panels A and B). This was true for all types of F/TC-4 kDaand 24 h incubation at 37 °C. (B) Injection with TPP~—
(Fig P ) yp HPMA-BODIPY FL-3 kDa and 24 h incubation. (C) Injection with

polymer, rega}rdless of time ,Of,mC,Ubatlon' ﬂgorophore used, or HPMA-FITC-10 kDa control and 20 min incubation. (D) Injection with
molecular weight. In control injections, the diffusion of 10 kDa nppma-EITC-170 kDa control and 6 h incubation.

HPMA-FITC (Figure 7C) was observed to not be significantly

different than that seen using TPAPMA-FITC or TPP- label between the cytosol or nucleus was noticeable after
HPMA-BODIPY FL, and all appeared to enter the nuclei of approximately 30 min. When injecting 170 kDa HPMA-FITC,
the cells rapidly €15 min). No differences in the amount of the polymer was largely excluded from the nucleus for up E?SV
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h after injection (Figure 7D). No differences in the results the lipid bilayer. Since PNA is a neutral molecule and relatively
occurred whether polymer or MitoTracker was applied first to hydrophobic, the energy barrier required to move the rest of
the cells. the molecule through the membrane would be low enough to

be driven by the electrostatic interaction created by the cation.

. . Here, we have tested this hypothesis with synthetic copolymers
4. Discussion of HPMA.

4.1. Polymer Synthesis and Characterizationln character- The scenario for this hypothesized transmembrane transport
izing the semitelechelic polymers in this study, there are several Mechanism suggested that the mitochondrotropic cation should
points and caveats that should be made. In general, all of thebe flxed to one terminus of a linear macromolecqle. This was
MALDI-TOF MS analyses of the polymers indicated that a large 2chieved for HPMA copolymers by the use of a triphenylphos-
majority of the polymerization products were semitelechelic and Phonium alkanethiol as a chain transfer agent. Radical chain
possessed exactly one TPP moiety per chain. In polymerizationspc"ymer'zat'on W|t_h TBTP re;ulted in sem|_telechellc polymers
using comonomers possessing a fluorophore, the productthat possessed single terminal TPP moiety on _the polymer
typically indicated that most common species incorporated no Packbone. The other presumed physical requirements for
fluorophore while species possessing one fluorophore were amltqchondrlal targeting with I|p0ph|l|p cations qualified that the
minority product. In evaluating the distribution of molecular conjugate possess a molecular weight less than 4 kDa and be
weights, it should be noted that MALDI spectra have several otherwise electrically neutral and relatively nonpolar.
biases due to the varying efficiencies of ionization of the  In this study, batches of TPRHPMA copolymers were
different molecules that alter the resufit$6First, polymers are  synthesized above and below 4 kDa by altering the concentration
polydisperse and the sensitivity of MALDI signals attenuates 0f CTA used in the polymerization. The requirement for
rapidly with increased molecular weight. For this reason, the conjugate neutrality was investigated by the use of two different
molecular weight distribution of polymers derived from MALDI  fluorophores in comonomers: fluorescein, which possesses a
is heavily biased toward polymers with lower degrees of negative charge at physiological pH, and the lipophilic dye
polymerization. This is especially true of polymers whose MWs BODIPY FL, which is uncharged. Using these probes, ionization
range below 1 kDa as the ionizability of polymers grows State was investigated as a requirement for membrane trans-
exponentially higher as the degree of polymerization went below duction. The uptake studies using free isolated mitochondria
n = 10. Conversely, it is difficult to collect MALDI signals for  indicated that TPP-modified HPMA polymers could be traf-
synthetic polymers with molecular weights greater than 15 kDa. ficked to mitochondria in solution, but also showed that this
In general, “reasonable” molecular weight distributions from partitioning was sensitive to the physical properties of the
MALDI analyses were only possible when the total ranges were conjugate. In this qualitative analysis, only semitelechelic PP
between approximately 2 and 12 kDa. HPMA-BODIPY FL with an average molecular weight below

It is also possible that MALDI analysis overestimated the 5 kDa showed significant localization to mitochondria after the
percentage of semitelechelic polymers compared to nontelechelicactivation of membrane potential. Higher molecular weight
polyHPMA. The addition of a single TPP moiety to the polymer BODIPY FL copolymers above 10 kDa showed little if any
greatly increases its efficiency of ionization compared to native localization and none of the FITC-labeled polymer yielded
polyHPMA. If there was an order of magnitude difference in Significant localization. Apparently, the TPP cation is only able
ionizability, it is possible that the assumed yield of semitelech- to direct the movement of electrically neutral and very low
elic polymer has been greatly overestimated in some of the molecular weight conjugates.
calculationst® 46 The fluorescence quenching results are not definitive, how-

These caveats aside, the MALDI-TOF MS spectra for FPP  ever, as they represent only a qualitative analysis of mitochon-
HPMA were shown to be significantly more uniformly semi- drial uptake. Fluorophore quenching can only indicate local
telechelic in contrast to previously synthesized semitelechelic concentration and does not yield information as to whether the
polymers using thiol CTA$2 Previous analyses indicated that probe is uptaken into the membranes of mitochondria or only
a significant portion of the polymers were terminated with AIBN absorbed to their surface. The significance of the degree of
adducts. This increased efficiency may be the result of using quenching of fluorophores conjugated to polymers is also
lower concentrations of AIBN initiator and higher concentrations questionable since the structure of the polymer around the
of CTA in the polymerizations described hére. fluorophore can have unpredictable effects on quenching/

The drawback of the concentration ratios used to produce dequenching. This issue may be responsible for the complex
this series of polymers, however, was low polymer yield. Typical fluctuations of fluorescent intensity seen in the quenching
yields of TPP-HPMA were 25%, TPPHPMA-FITC 10%, and profiles for the copolymers. Because of these uncertainties,
TPP-HPMA-BODIPY FL only 1%. The very low yield of localization studies using live cells should be considered more
BODIPY copolymers, however, can be largely attributed to the definitive on the effects of TPP conjugate.
radical scavenger activity of BODIP¥ .Fortunately, very little The results of the cell incubation studies clearly showed that
material was required to complete the studies described here TPP-HPMA copolymers were not uptaken by the cells in the

4.2. Biological Activity. The use of lipophilic cations to target same manner as TPPNA. All internalization occurred by
mitochondria is based on its physical properties. Trafficking to endocytosis and no evidence of endosomal release was noted
the mitochondria is a function of the attraction of the delocalized after 24 h. Interestingly, different relative rates of internalization
positive charge to the large electronegative transmembranewere noted for the different classes of copolymers. Compared
potential of the mitochondria. Membrane transduction can occur to the nontelechelic HPMAFITC polymer control, the TPP
since the lipophilic cation disrupts the membrane structure semitelechelic polymers appeared to internalize significantly
allowing the molecule to diffuse through the barrier, drawn by more quickly. This may simply be a function of their positive
the transmembrane potential. In the case of the macromoleculecharge producing higher binding affinity to the plasma mem-
PNA, it can be assumed that membrane destabilization is brane. It is possible that the TPP moiety enhanced the amount
sufficient to drive the insertion of the linear conjugate through of adsorption of the polymers and, thereby, greatly incre:tqu/
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the rate of adsorptive endocytosis. Also, the BODIPY FL-labeled electrostatic force between the mitochondria and the TPP
polymers were internalized more rapidly than the FITC poly- copolymers. This suggests that driving force created by the
mers. It can be hypothesized that the lack of negative chargeslipophilic cation may be easily overwhelmed by other forces

on the BODIPY FL polymers was the source of this difference. acting upon the polymeric carriers.

The lack of plasma membrane penetration may simply be a
consequence of some unknown physical requirement that is
possessed by PNA but is lacking in the HPMA copolymers.

Membrane transduction may require some parameters of chemi-
cal makeup or molecular shape that have yet to be described.

Another possibility is that TPP does not actually act to affect

Abbreviations

AIBN = 2,2-azobis-isobutyronitrile

BB = 4-bromo-1-butene

BBTA = 4-bromobutylthiolacetate

BODIPY FL = 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-

direct plasma membrane transduction by PNA but rather s-indacene

enhances the uptake mechanism that occurs for unmodified

BODIPY FL EDA = 4,4-difluoro-5,7-dimethyl-4-bora-3a,-

PNA. Recent work describing the uptake of naked PNA has 4a-diaza-s-indacene-3-propionyl ethylenediamine, hydrochloride

suggested that internalization occurs mainly by fluid-phase
endocytosis followed by endosomal/lysosomal release to the
cytosol!® The role of TPP on the mechanism of cellular uptake

of TPP-PNA may, therefore, be analogous to that proposed
more recently for cell penetrating peptides, such as TAT, in

high molecular weight conjugaté%.It is possible that TPP

BSA = bovine serum albumin

CTA = chain-transfer agent (see TBTP)

DIPEA = N,N-diisopropylethylamine

DMSO = dimethyl sulfoxide

EDTA = ethylenediaminetetraacetic acid

EGTA = ethylene glycol big§-aminoethyl ether)-N,N

increases the rate by instead enhancing the rate of adsorptivéetraacetic acid

endocytosis by increasing plasma membrane binding. TPP may ESI MS= electrospray ionization mass spectrometry
also greatly increase the rate of endosomal release by disrupting FCCP= carbonyl cyanide p-trifluoromethoxyphenylhydra-
vesicle structure after endocytosis. A combination of these Z0ne

effects is also possible.

More surprising were the results after polymer microinjection
into the cytosol. None of the TPP polymers exhibited colocal-
ization with mitochondria. Regardless of molecular weight
distributions or fluorophore type, all types of semitelechelic
polymer were found to diffuse evenly throughout the cytosol
and nuclei of the cells and to remain in that state after 24 h.
These results are consistent, with respect to polymer distribution
and time scale, with previous work where HPMA copolymers
were microinjected into Hep G2 celt8 Similar to the results
described here, FITC-labeled HPMA copolymers with molecular
weights of 23-25 kDa were found to enter the nuclei within
15 min of microinjection. However, in this study, it was found
that the copolymers partitioned largely into the nuclear compart-
ment after 60 min. Here, the amount of LMW 20 kDa) control
HPMA—FITC and TPP-HPMA copolymers of weights in the
cytosol and nucleus remained roughly equivalent for up to 24
h. Meanwhile, the high molecular weight (170 kDa) HPMA

FITC = fluorescein isothiocyanate

FPLC = fast protein liquid chromatography

HEPES= 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPMA = N-(2-hydroxypropyl)methacrylamide

MA-FITC = N-methacrylolyaminopropyl fluorescein thiourea
MA-GG-BODIPY FL = N-methacryloylglycylglycyl-4,4-

difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene

MA-GG-ONp = N-methacryloylglycylglycylp-nitrophenyl

ester

MALDI-TOF MS = matrix-assisted laser desorption/ioniza-

tion time-of-flight mass spectrometry

MWCO = molecular weight cutoff

NMR = nuclear magnetic resonance

PNA = peptide nucleic acid

SEC = size-exclusion chromatography

TBTP = thiobutyltriphenylphosphonium (bromide)

TLC = thin-layer chromatography

TPP = triphenylphosphine, triphenylphosphium
TPP-BODIPY FL = conjugate of TBTP and BODIPY FL

FITC control copolymer remained completely excluded from N-(2-aminoethyl)malemide

the nuclei. The similar results for semitelechelic and nontelech-

TPP-HPMA-BODIPY FL = semitelechelic (CTATBTP)

elic polymers demonstrated that the presence of the cationiccopolymer of HPMA and MA-GG-BODIPY FL

TPP moiety had no significant effect on nuclear entry or nuclear
accumulation of the copolymers.

One possibility for the absence of mitochondrial localization
is that the movement restriction of HPMA polymers is much
lower than that of PNA in cytoplasm. In the former case, the
energetics of the electrostatic attraction of the TPP cation to

TPP-HPMA-FITC = semitelechelic (CTATBTP) copoly-

mer of HPMA and MA-FITC
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the mitochondrial transmembrane potential may be insufficient References and Notes

to affect the free diffusion of the synthetic polymer in cytoplasm.
Since PNA is a nucleic acid analogue, its diffusion in cytoplasm
may be restricted and guided by interactions with other nucleic
acids and various proteins that are present in the cytosol. The
formation of hybrid RNA:PNA duplexes, for example, may
influence the intracellular fate of PNA in a manner not available
to synthetic polymers in the cytos¥llt may be significant that
the localization of TPPHPMA copolymers was dependent on
the type of fluorophore used. TPIFIPMA copolymers labeled
with BODIPY FL adsorbed readily to isolated mitochondria in
vitro whereas FITC-labeled copolymers showed insignificant

adsorption. It is possible that the presence of the single negative

charge on FITC was enough to significantly counteract the
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