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Abstract

Design of carriers for effective delivery and targeting of drugs to cellular and sub-cellular

compartments is an unmet need in medicine. Here, we report pure drug nanoparticles comprising

camptothecin (CPT), trastuzumab (TTZ) and doxorubicin (DOX) to enable cell-specific

interactions, subcellular accumulation and growth inhibition of breast cancer cells. CPT is

formulated in the form of nanorods which are coated with TTZ. DOX is encapsulated in the TTZ

corona around the CPT nanoparticle. Our results show that TTZ/DOX-coated CPT nanorods

exhibit cell-specific internalization in BT-474 breast cancer cells, after which TTZ is recycled to

the plasma membrane leaving CPT nanorods in the perinuclear region and delivering DOX into

the nucleus of the cells. The effects of CPT-TTZ-DOX nanoparticles on growth inhibition are

synergistic (combination index = 0.17±0.03) showing 10-10,000 fold lower inhibitory

concentrations (IC50) compared to those of individual drugs. The design of antibody-targeted pure

drug nanoparticles offers a promising design strategy to facilitate intracellular delivery and

therapeutic efficiency of anticancer drugs.
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Formulating drugs to bind to desired cellular and sub-cellular targets is a necessary step in

the design of anti-cancer therapies. Towards this goal, nanocarriers of polymers,1 gold,2

iron,3 carbon nanotubes,4 quantum dots,5 micelles,6 and liposomes,7 among others, have

been developed and have been targeted to various cells using antibodies,1,2,8,9 aptamers10–13

and peptides.7,14,15 Interactions of drug nanocarriers with the cell membrane and their

intracellular localization depend on the nanocarrier’s size, shape and surface chemistry. The

size of nanocarriers has been shown to impact the extent and the mechanism of cellular

internalization.16 Particle shape has been shown to impact the extent as well as specificity of

internalization.17–20 Following internalization, drug nanocarriers are transported

progressively to the endosomes, recycling endosomes, acidic lysosomes, mitochondria or

nucleus, depending on the drug’s physico-chemical properties.16,19,21,22 During the
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intracellular transport, it is often desirable to protect drugs from the degradation in the acidic

lysosomes. Drug nanocarriers with folate,23,24 transferrin2 or other monoclonal antibodies9

have been shown to release drugs in early endosomes, thereby minimizing potential drug

loss due to acidification. These targeted drug nanocarriers have been shown to be more

effective than free drugs both in vitro and in vivo.24–26

In this study, we explore sub-cellular distribution and therapeutic efficiencies of pure drug

nanorods prepared using a combination of a hydrophobic anti-cancer drug camptothecin

(CPT), a monoclonal antibody, trastuzumab (TTZ), and a water-soluble anti-cancer drug,

doxorubicin (DOX). CPT is a topoisomerase I (topoI) enzyme inhibitor that targets the

cleavable DNA-topoI complex (topoIcc).27–29 CPT stacks between the DNA and topoIcc,

prevents their dissociation, and induces replication/transcription-mediated DNA

damage.27,28 It selectively sensitizes cancer cells compared to normal cells by exhibiting S-

phase cytotoxicity and G2-M cell cycle arrest. However, the major limitations of CPT in

clinical applications include its chemical instability in the lactone ring form, which gets

converted to toxic carboxylate form at physiological pH, inability to penetrate cell

membrane and drug efflux by p-glycoproteins. TTZ is an FDA-approved humanized

monoclonal therapeutic antibody for the treatment of breast, colon and gastric cancers.30–34

However, its individual treatment shows a low response of 12–34%.31,33,35 Combination of

TTZ with other anticancer drugs such as capecitabine, docetaxel, DOX, gemcitabine,

paclitaxel, platines, vinorelbine, and other therapeutic antibodies, e.g., pertuzumab has

shown improved therapeutic effects.35–39 DOX interferes with nucleic acid synthesis by

intercalating between DNA base pairs in fast growing cancer cells and the DNA

topoisomerase II (topoII) enzyme by inhibiting the relaxation of super-coiled DNA during

transcription.40 DOX is a first-line chemotherapeutic agent against many types of cancers

including breast, lung, ovarian and uterine cancers.41 However, its severe cardiotoxicity and

other side effects have limited its use with a maximum tolerated dose of 550 mg/m2.42 We

sought to address limitations of CPT, TTZ and DOX by using their combinations in a

synergistic manner.

RESULTS

Synthesis and characterization of CPT-TTZ-DOX nanoparticles

Rod-shaped CPT nanoparticles were prepared using solvent-diffusion method and the

surfaces of the nanoparticles were coated with TTZ by physical adsorption. DOX was

incorporated into CPT-TTZ nanoparticles by co-incubation. The SEM images of CPT

nanorods, CPT-TTZ nanorods, and CPT-TTZ-DOX nanorods are shown in Fig. 1. The

dimensions of these rods are 509.5±202.6 × 52.7±18nm, 511±156.9 × 56.7±14.7nm and

634.5±146.9 × 100.8±14.8nm, respectively. The w/w ratio of CPT:TTZ and CPT:DOX are 6

± 0.1 and 0.38 ± 0.07, respectively (SI Table I). CPT-TTZ and CPT-TTZ-DOX particles

possessed slightly negative surface zeta potentials (SI Table I). CPT nanorods themselves do

not aggregate in PBS or even in medium, consistent with their strong negative zeta potential

(SI Table I). The SEM images show appearance of aggregation due to drying of samples on

the SEM stub.
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Incubation of CPT nanorods in PBS for 72 h at physiological or low pH did not cause an

appreciate change in size or shape (SI Fig. 1). This is consistent with low solubility of CPT

in water (negligible in water and ~3µg/ml in 0.1M acetate buffer at pH 543,44). Both TTZ

and DOX were released from the CPT surface. Desorption of TTZ from CPT particles has

been previously characterized;20 only 12% TTZ desorbed after 2 and 22% in 24 h, when the

particles were incubated with 10% fetal bovine serum (FBS) containing PBS buffer (pH 7.4)

at 37°C. The amount of DOX release from CPT-TTZ-DOX nanoparticles was investigated

in the same media (SI Fig. 2). About 25%, 45% and 55% of the loaded DOX were released

after 30 min, 1 h and 2 h, respectively. This profile agrees with those reported previously.45

Intracellular uptake of CPT-TTZ

We first investigated intracellular delivery of Alexa 594-conjugated CPT-TTZ in BT-474

cells using confocal microscopy. CPT, because of its inherent fluorescence property, was

highly fluorescent in the blue region upon excitation using a 405 nm UV laser (for details

see SI Text 1). After 2 h incubation, CPT-TTZ accumulated in the cytoplasm showing high

colocalization between Alexa 594-TTZ (red) and CPT nanorods (blue) inside the cells (Fig.

2a and SI Fig. 3). CPT nanorods without TTZ did not penetrate the cell membrane to a

detectable extent (SI Fig. 4 (a)). To confirm that CPT-TTZ uptake occurs via specific

interactions, cells were pre-incubated with excess of TTZ before exposure to CPT-TTZ.

Indeed, no intracellular Alexa 594-TTZ or CPT signals were detected after blocking the

receptor binding sites for TTZ (SI Fig. 4(b)).

Upon internalization, Alexa 594-TTZ and CPT co-localized up until 2 h (R=0.73, Pearson’s

correlation coefficient, Rr = 0.7) (Table I and SI Text 2). The extent of co-localization

decreased over 24 h, indicating dissociation of TTZ from CPT over prolonged periods (Fig.

2b, Table I). It is likely that CPT-TTZ nanorod-containing early endosomes fuse to form

sorting endosomes, where TTZ dissociates from CPT nanorods followed by recycling back

to the plasma membrane. Indeed, experiments performed using Alexa 488-conjugated

transferrin, a known endosomal recycling marker, indicated strong association of CPT-TTZ

with sorting endosomes (Fig. 3, Table II and SI Text 3).

TTZ recycling is also evident from red fluorescence of Alexa 594 at the plasma membrane

(Fig. 2b). A continuous, high concentration of red signals was detected along the cell

membrane of BT-474 cells indicating the predominant localization of TTZ at the cell

surface. In contrast, free TTZ (stained with Alexa 594) itself was not recycled back to the

plasma membrane even after 24 h when the cells were co-incubated with CPT-DMSO and

TTZ solution in PBS, simultaneously (SI Fig. 4c). Free TTZ was internalized by the cells

and remained inside the cells indicating no comparable recycling. CPT-DMSO precipitated

outside the cells due to insolubility in water, and could not be internalized by the cells (SI

Fig. 4c). Taken together, these data suggest that the overall properties of CPT-TTZ,

including size and shape, play a key role in determining the intracellular distribution of the

drugs.

The average fluorescence intensity of Alexa 594-TTZ per cell in BT-474 cells did not

change between 2 and 24 h (SI Fig. 5), suggesting that only a small fraction of internalized

TTZ is degraded and a majority is recycled back to the plasma membrane. To eliminate the
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possibility that Alexa 594 dye dissociated from TTZ conjugation and retained at the cell

surface, we incubated BT-474 cells with the equal concentration of Alexa 594 conjugated

anti-human IgG coated CPT nanorods and imaged cellular distribution of Alexa 594-IgG.

Intracellular distribution of IgG was different than that observed for TTZ (SI Fig. 6). IgG

was localized in clusters inside the cell rather spreading in the cytoplasm and plasma

membrane. In addition, the total fluorescence intensity of Alexa 594-IgG was 8.7 times

lower than that measured for Alexa 594-TTZ. Overall, these results demonstrate that TTZ

enhances CPT uptake and TTZ itself recycles back to the plasma membrane with no

significant amount of degradation.

Sub-cellular localization of CPT nanorods

As an inhibitor of one of the nuclear enzymes, topoI, CPT is thought to localize inside the

nucleus.28,46 While that may be the case for soluble forms of CPT, nanorods of CPT were

found to accumulate in the perinuclear region (Fig. 4a and 4b). These observations were

further validated with transmission electron microscopy. CPT was found in endosomes

distributed from the plasma membrane close to the nucleus (Fig. 4c and SI Fig.s 7a and 7b).

No such particles were found in the cells treated with PBS (SI Fig. 7c). Nuclear entry of

CPT could not be seen in the TEM images. It is possible that small amounts of CPT dissolve

with the cells and diffuse across the nuclear membrane into the nucleus.

DOX that was once associated with CPT-TTZ nanorods, on the other hand, readily entered

the nuclei of the cells, while leaving CPT nanorods outside the nucleus (Fig. 5). The precise

time at which DOX dissociated from the nanorods is not clear. It is possible that DOX

dissociated from the particles prior to their cellular entry and then diffused in the molecular

form into the nucleus. Another possibility is that dissociation of DOX from nanorods

occurred within the endosomes, followed by its diffusion into the nucleus. Free DOX, when

incubated with a drug cocktail of CPT-DMSO and TTZ solution simultaneously, was also

detected in the nuclei of the cells (SI Fig. 4c). However, quantitative analysis showed that

the average fluorescence intensity of DOX per cell (42.9 ± 5.1) in CPT-TTZ-DOX is almost

1.7 times higher than that of free DOX (25.1 ± 10) per cell indicating higher accumulation

of DOX inside the nucleus using CPT-TTZ-DOX. These results verify that the combination

of CPT-TTZ-DOX nanoparticles complement sub-cellular distribution to attribute to better

efficacy than free drugs.

In vitro cell growth inhibition by CPT-TTZ-DOX

The effect of CPT-TTZ-DOX on in vitro grown inhibition of BT-474 cells was assessed.

TTZ alone has an IC50 of about 1000µg/ml, above which the cell growth inhibition does not

exhibit much dependence on concentration (SI Fig. 8a). The IC50 values for CPT and DOX

are 1 and 4µg/ml, respectively (SI Fig 8b and c). Theoretical potency ( Dm ) of CPT, TTZ

and DOX and the shape (m) of the dose effect curve of each drug are described in SI Text 4

and shown in SI Fig. 8d–8f. The combination CPT-TTZ-DOX yielded 45.5 ± 5.2% cell

growth inhibition at concentrations of TTZ, CPT and DOX of 0.02, 0.1 and 0.27µg/ml,

respectively (Fig. 6), which are 10–50,000 times lower than those required to accomplish

similar inhibition with individual drug treatments (SI Fig. 8). Individual drug concentration

at the same value as that used in CPT-TTZ-DOX nanorods induced less than 20% growth
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inhibition (Fig. 6); CPT-BSA-DOX particles induced only 16 ± 2.7% % inhibition

confirming the role of TTZ in the activity of CPT-TTZ-DOX. Simultaneous delivery of

CPT-BSA nanoparticles, TTZ-coated polystyrene nanoparticles (SI Fig. 9a and SI Text 5 for

the preparation) and free DOX also showed lower growth suppression (20.2 ± 5.3%) than

CPT-TTZ-DOX formulation suggesting the CPT-TTZ nanorod assisted combination

therapies. However, CPT-TTZ without DOX induced only 26.5 ± 8.9% inhibition

demonstrating that the addition of DOX to CPT-TTZ enhanced efficacy. The combination

using the same concentrations of soluble CPT in DMSO or a water soluble form of CPT

(topotecan), TTZ solution and free DOX inhibited cell growth by 26.3–30% (Fig. 6), which

is significantly less than that induced by CPT-TTZ-DOX single formulation. The synergy

for CPT-TTZ-DOX is also specific for Her2 overexpressing cancer cells and is not seen in

MDA-MB-231 cell line expressing lower or no Her2 (SI Fig. 9b). The combination index

(CI) based on the Chou-Talalay equation was calculated to be 0.17 ± 0.03 using, indicating

highly synergistic actions of three drugs.

Effect on cell cycle

Mechanistically, TTZ, CPT and DOX have been reported to arrest cells in the G0/G1

(resting phase), S (DNA synthesis) and G2/M (prior to cell division) phases,

respectively. 46,48–50 Cell populations in each phase after exposure to CPT-TTZ-DOX were

determined (Fig. 7 and SI Fig. 10). A high concentration (10mg/ml) of TTZ solution was

used as a positive control that arrested 85.6% cells in the G0/G1 phase (grey bars) compared

to 41% in the absence of any drug (open bars). TTZ, adsorbed on polystyrene nanorods, was

used as particulate form of the antibody20. The physical properties of polystyrene nanorods

were comparable to CPT nanorods (comparable to CPT nanorods SI Fig. 9a). TTZ nanorods,

either polystyrene (hatched), CPT (two-way crossed) or CPT-DOX (black bars), arrested

55–60% cells in the G0/G1 phase indicating that TTZ retains its function after adsorption to

nanoparticle surfaces (Fig. 7 and SI Fig. 10). BSA coated polystyrene rods (star-crossed) did

not exhibit elevated population in the G0/G1 phase compared to untreated control

confirming that neither polystyrene or BSA affect cell cycle. CPT-TTZ nanorods arrested

24% cells in the S phase compared to < 10% for controls, thus confirming preservation of

CPT activity in the antibody-coated nanorod form. CPT-TTZ-DOX reduced the population

in the S phase, but increased the population in the G2/M phase compared to TTZ-

polystyrene rods and CPT-TTZ indicating the effect elicited by DOX. However, the

percentage of cells in the G2/M phase due to CPT-TTZ-DOX is lower than that of the

untreated cells. Combined together, the effect of TTZ appears to be dominant in CPT-TTZ-

DOX combination followed by DOX and CPT in that order.

DISCUSSION

Understanding the mechanisms of drug penetration into the cell and subcellular

compartments has both pharmacodynamic and clinical applications. To elicit a therapeutic

response, drug molecules must penetrate the cell surface and initiate their actions in cellular

Barua and Mitragotri Page 5

ACS Nano. Author manuscript; available in PMC 2014 November 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



organelles. In this study, we show efficient intracellular delivery of a hydrophobic drug,

CPT, and nuclear delivery of DOX using a pure drug nanoparticle construct, CPT-TTZ-

DOX. TTZ induces the endocytosis of CPT. The results are consistent with the constitutive

internalization and rapid recycling rate of TTZ-Her2 receptor protein complex to the plasma

membrane.22 The endocytic sorting of TTZ-Her2 complexes in early and recycling

endosomes (tubulovesicular compartment) have been reported at 16.6% and 70.5%,

respectively after 3 h incubation in SK-Br-3 cells.22 TTZ-coated gold nanorods (60 × 13

nm) have been found to reside mostly in the early endosomes and then in lysosomes of SK-

Br-3 cells after 6 h.51 However, our results show CPT localization close to the nucleus after

24 h, but majority of TTZ recycles back to the plasma membrane in the following

mechanisms. The early endosomes carrying Tf and CPT-TTZ individually fuse and form a

dynamic tubulovesicular endosomal compartment in which Tf, CPT and TTZ are sorted out

with the help of sorting nexin-4 (SNX4) protein.22,52 The apo-Tf (Tf after releasing its iron

content), TTZ and their respective receptors are sorted out in the tubular compartments of

the tubulovesicular endosome, pinched off from the vesicular compartment, and recycled

back to the plasma membrane. CPT nanorods remain in the vesicular compartments of the

endosome, are transported deeper in the cytoplasm, and matured to late endosomes.

Free TTZ was not recycled but instead retained in endosomes demonstrating the significance

of endosomal sorting in presence of CPT nanorods. The precise reason of TTZ recycling to

the plasma membrane in case of CPT-TTZ, but not for free TTZ, is unknown; however, two

reasons are possible. TTZ, when delivered in the soluble form, is likely released from Her2

receptors in the endosomes, thus preventing its recycling. On the other hand, it is possible

that TTZ attached to CPT cannot be released from Her2 due to conformational changes in

TTZ by hydrophobic interactions between CPT and TTZ, thus allowing its recycling.

Another possibility is that free TTZ and CPT-TTZ arrest cell cycles in different stages, thus

impacting the extent of TTZ recycling. Free TTZ arrests cells in the G0/G1 which is a rather

quiescent phase where endosome recycling to the cell surface may be inhibited or slowed. In

contrast, CPT-TTZ arrests cells in S phase where cells are more active. In addition to the

TTZ-mediated endocytosis and cellular localization, the shape of CPT nanorods may also

contribute to the enhanced uptake and intracellular sorting. Multivalent interactions between

the rod-shaped CPT-TTZ nanoparticles and Her2 receptor proteins likely increase the

binding affinity of the particles to the cell surface and eventually enhance intracellular

delivery.8,20,53 Theoretical models as well as in vivo biodistriubtion studies have suggested

the benefits of using elongated particles for enhanced targeting ability and receptor-mediated

cellular uptake.18,54–56

Previous studies in the literature have reported that size and shape impact intracellular

uptake18,57–59 and distribution of particles.56,60 Intracellular trafficking of non-spherical

particles conjugated with targeting ligands have different trafficking pathway compared to

that of spherical particles.56,58 Rod-shaped nanoparticles are reported to target the nucleus,

while hexagonal sheet-like nanoparticles retain in the cytoplasm.61 This shape-dependent

intracellular transport behavior is important to deliver drugs to the cytoplasm for protecting

them from lysosomal degradation. In a separate study, Kolhar et al showed that cytoplasmic

transport and accumulation of particles at the perinuclear region depends on their size and
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shape.60 While the present study did not explore the effects of size and shape, it is possible

that similar intracellular distribution of CPT, TTZ and DOX may be observed using other

nanoparticle size and shapes.

The solution form of CPT is expected to enter the nucleus and exhibit its activity as a

nuclear topoI enzyme inhibitor.28 In the nanorod form, however, a majority of CPT was

found to reside outside the nucleus, most likely within the late endosomes. Two water

soluble CPT analogs, topotecan and gimatecan are reported to localize in the mitochondria

and endoplasmic reticulum, and lysosomes, respectively instead of the nucleus in HT-29

colon cancer cells.62 Localization of CPT in the acidic lysosomes can be beneficial for

enhancing the stability of the lactone ring of CPT in acidic pH46 and the intracellular release

of the drug within the cell. Some CPT could have entered the nucleus but not detected

within the detection limit of the confocal microscopy and TEM.

DOX entered the nucleus most possibly via the passive diffusion through the nuclear pore

complexes of the nuclear membrane.63 Several different approaches have been taken to

promote nuclear delivery of DOX using nuclear localization signal (NLS)-conjugated poly

(d,l-lactide-co-glycolide)(PLGA) nanoparticles,64 NLS-conjugated glycol chitosan,65

PEGylated liposomes,7 micelles,66 and polymers.67 However, many of these approaches

suffer from DOX protonation in the acidic pH.68 CPT-TTZ-DOX nanoparticles led to a

substantial accumulation of DOX inside the nucleus without significant detectable amounts

of DOX in the cytoplasm, suggesting negligible DOX protonation. In addition, DOX

binding to DNA has been reported to quench its fluorescence intensity, while DOX

fluorescence intensity is enhanced when resides in the cytoplasm.69 In our study, we found

most of the DOX entered the nucleus of the cells which might cause lower DOX

fluorescence intensity upon binding to DNA. Although the half-life of DOX release from the

particles is ~ 2 h under physiological conditions, this time is significantly longer than the

blood circulation half-life (5–10 min) of free DOX.70 Upon in vivo administration, CPT-

TTZ-DOX are expected to reach the tumor site within 30 min after administration still

carrying with sufficient levels of DOX and release the drug at the tumor site. Detailed

pharmacokinetics and biodistribution studies are necessary to further assess this possibility.

The cell growth inhibition using CPT-TTZ-DOX was attributed to the cell cycle arrest

showing a higher proportion of cells in the G0/G1, S and G2/M phases than the respective

controls. TTZ is known to induce cell cycle arrest in the G1 phase with a reduction of cell

proliferation and induction of apoptosis.48 CPT is an S phase specific DNA-topoI complex

intercalator49 and DOX tends to arrest cells in the G2/M cell cycle.50,71 The cell cycle data

reported here show that individual components of CPT-TTZ-DOX nanoparticles retain their

activity in the nanoparticulate form. In vivo investigations are necessary to confirm

therapeutic benefits of this combination.

CPT itself has not been used for cancer therapy due to its insolubility in aqueous phase.

Hydrophobic CPT also shows limited interactions with cell membrane and diffusion inside

the cytoplasm (SI Fig. 4c). However, rod-shaped CPT nanorods, when coated by TTZ,

exhibit significant intracellular uptake (Fig. 2vs. SI Fig. 4c). In vitro tests in BT-474 cells

showed that CPT-TTZ-DOX can act synergistically at respective doses of 0.1, 0.02 and 0.27
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µg/ml (or same numbers in mg/kg assuming the same concentration is to be achieved in

vivo). CPT concentrations between 0.5 to 4.0 mg/kg have been reported to increase the life

time of mice beating L1210 leukemia tumors.72 TTZ doses up to 20 mg/kg have been used

to disrupt Her2-Her3 association in BT-474-M1 tumor xenografts in mice.73 Free DOX

doses of 9 and 16 mg/kg have been used to study pharmacokinetics of the drug in mammary

carcinoma (4T1) implanted mice.74 The doses used in this in vitro study are significantly

lower than those reported in the literature for in vivo studies.

The size of CPT nanorods can be further reduced to facilitate its in vivo use. Specifically, the

length of CPT nanorods was reduced from 509.5±202.6 × 52.7±18 nm to ~290±88 ×

47.4±19.1 nm by modifying the synthesis procedure (SI Fig. 11 and SI Text 6). These newer

generation CPT nanorods can be functionalized with TTZ using the same method as those

used for longer nanorods. Nanoparticle with dimensions of 300 nm have been used for in

vivo studies without causing any toxicity and aggregation problems.75–77 This size is within

the cut-off size of permeation across the vascular wall. Literature studies have shown that

doxorubicin-loaded polymeric spheres (diameter: 300 nm) exhibit high accumulation at

tumor site after 1–3 days of intravenous injection.77 Liposomes between 100–400 nm have

also been reported to penetrate tumors in mice xenografts.78 We have recently showed that

rod-shaped nanoparticles of ~500nm bind to lung and brain endothelial cells of mice better

than spheres when coated with antibodies.79 Therefore, it can be anticipated that the CPT-

TTZ-DOX holds significant promise for in vivo efficacy although we agree that direct in

vivo tests are necessary to confirm the efficacy.

CONCLUSION

In summary, we have formulated rod-shaped drug nanoparticles using three anti-cancer

drugs to combine active targeting of cancer cells with improved therapeutic activity. The

distinctive intracellular distribution of the drugs makes them suitable for multiple

cytoplasmic targeting as well as synergistic efficacy even at very low drug concentrations.

The in vitro tests offer detailed insights into the mechanisms of synergy. We expect that

such in vitro studies will contribute to bridging the gap between in vitro design/

characterization, and in vivo therapeutic evaluations.

METHODS

Preparation of camptothecin (CPT)-trastuzumab (TTZ)-doxorubicin (DOX) nanoparticles

First, we prepared CPT nanorods using solvent diffusion method, and adsorbed TTZ and

DOX on the surfaces of CPT nanorods. Briefly, 1ml of 1mg/ml CPT (Sigma-Aldrich)

DMSO solution was injected into 50ml of 1% polyvinyl alcohol (PVA; 13–23k; Sigma)

water mixture using a syringe pump (kd Scientific Inc.). The mixture was stirred under

300rpm at room temperature (22°C). CPT nanorods formed at the boundary where DMSO

diffused slowly into water. The nanorods were washed using miliQ water and centrifuged

three times at 11,000 rcf for 1 h. The concentrations of CPT nanorods were measured by

reading absorbance at 366nm using a spectrophotometer (Tecan Saffire) and a CPT

calibration curve.
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TTZ (Gennentech), was conjugated with Alexa Fluor 594 dye using a protein labeling kit

(Invitrogen). The moles of Alexa 594 dye per mole of TTZ protein was calculated 4.7 ±

0.09, which is in the acceptable range (2–6 moles) according to the vendor’s protocol

(Invitrogen). A 100µl labeled or unlabeled TTZ solution (1mg/ml) was added to 1ml of

1mg/ml CPT nanorods and incubated overnight at 4°C. TTZ adsorbed CPT nanorods were

purified by a threefold centrifugation, and re-dispersion in phosphate buffer saline (PBS)

buffer containing 0.1% BSA and 0.01% sodium azide. The supernatants collected during the

centrifugation were analyzed using micro-BCA assay kit (Pierce) to measure the unbound

TTZ. TTZ adsorption efficiency was calculated as the difference between the initial amount

and the unbound antibody per milligram of CPT nanorods. Bovine serum albumin (Sigma)

and Alexa 594 conjugated anti-human IgG (Molecular Probes) were adsorbed on CPT

nanorods as controls.

Finally, DOX (1000µg; Sigma) solution was added to 500µg CPT containing CPT-TTZ

nanorods and incubated overnight at 4°C in a rotator. The mixture was centrifuged three

times at 1000rcf for 10 min where the supernatants were collected to measure the unbound

DOX and CPT. A DOX standard calibration curve was plotted using standard concentrations

of DOX dissolved in water. Fluorescence intensity of the DOX standards and supernatants

were measured using an excitation/emission of 471±9nm /556±25nm. The amount of

encapsulated DOX was calculated by subtracting the amount of DOX in the supernatants

from the initial amount of DOX used.

Morphology of CPT nanorods, CPT-TTZ and CPT-TTZ-DOX was visualized using a

scanning electron microscope (SEM). The surface charges of the nanoparticles suspended in

PBS were measured as zeta potential using a Nanoseries Zetasizer (Malvern).

DOX release from CPT-TTZ-DOX nanoparticles

Freshly prepared nanoparticles were resuspended in 1ml of 10% fetal bovine serum (FBS)

containing phosphate buffer saline (PBS) at pH 7.4 and incubated at 37°C. Nanoparticles

were centrifuged to collect the supernatants, re-suspended in 10%FBS-PBS and further

incubated. The release of DOX was measured at 0, 0.5, 1, 2 and 24 h by fluorescence

spectrophotometry (ex/em = 471±9nm/556±25nm). The percentage of DOX release was

calculated as , where Ft, Fi and Ftotal are the fluorescence intensities at any

time t, initial DOX and total DOX solution.

Intracellular localization of CPT-TTZ and CPT-TTZ-DOX

Intracellular uptake of CPT-TTZ was studied in BT-474 breast cancer cells (ATCC) by

confocal microscope analysis. Her2 overexpressing BT-474 cells were cultured in ATCC

Hybricare medium supplemented with 10% FBS at 37°C and 5% CO2 in a humidified

incubator. Cells were seeded in an 8-well chambered coverglass (Lab-Tek II) at a density of

10,000 cells in 200µl medium. After overnight growth, cells were incubated with CPT-Alexa

594 conjugated TTZ, CPT-BSA, CPT-Alexa 594 IgG and CPT nanorods alone where CPT,

TTZ, BSA and IgG concentrations were 300, 50, 36 and 50 µg/ml, respectively. In case of

CPT-TTZ-DOX nanoparticles incubation, the concentrations were 100, 16.7 and 260 µg/ml,
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respectively. To exclude the possibility of non-specific cellular interactions by TTZ-coated

nanoparticles, cells were pre-incubated with 100 µg/ml TTZ for 30 min and then treated with

Alexa 594 CPT-TTZ particles. To verify the dependence of intracellular distribution of three

drugs on nanoparticle geometry, cells were incubated with a drug cocktail of soluble CPT

(solubilized in DMSO), TTZ and DOX solution. Soluble CPT and Alexa 594 TTZ were

used to interpret the localization of free TTZ. The drugs were added at the same

concentrations as they were in the nanoparticles with every 15 min intervals by incubating

the cells at 37°C. After 2 h of total incubation at 37°C, cells were washed three times using

PBS. For recycling endosome staining, cells were incubated further for 1 h with 10µg/ml

Alexa 488 conjugated transferrin (Molecular Probes) and washed prior to imaging.

Transferrin was added later to avoid its potential association with CPT-TTZ nanorods

outside the cells (in the medium) which could confound the interpretation. To image the

intracellular localization of CPT-TTZ and CPT-TTZ-DOX after 24 h, cells were washed

after 2 h of particle exposure and re-incubated in fresh medium. To stain the cell nuclei,

cells were incubated with 1µM green fluorescent nuclear stain, SYTO13 (Molecular Probes)

for 1 h before washing. Imaging was performed within 1µm inner sections of cells by

sequential scanning using an Olympus confocal microscope (Fluoview 1000) equipped with

a 60x silicone oil immersion objective. Fast sequential line scanning was carried out using

acousto-optic tunable filters (AOTF) to avoid any crosstalk between image channels. AOTF

rapidly turns on and off different laser lines in a few milliseconds that excites only one

fluorophore at a time eliminating any crosstalk between image channels. In addition, control

images were taken individually at the very beginning of the experiments to set up the

excitation/emission settings. CPT, Alexa 488, SYTO 13, DOX, and Alexa 594 were excited

with 405 diode, 488 Argon, 488 Argon, 488 Argon and 559 diode line lasers, respectively

and the emissions were collected at 461 ± 20, 520 ± 25, 510 ± 10, 575 ± 25 and 618 ± 50 nm

wavelengths, respectively. The z-stacks of fluorescence images were merged and analyzed

using Imaris (Bitplane) software. Fluorescence intensities of Alexa 594 and DOX per cell

were analyzed for at least 10 cells.

Quantitative colocalization analysis

Colocalization analysis was done using Imaris, ImageJ 1.37a software (National Institute of

Health; http://rsb.info.nih.gov/ij/) and its plugin, intensity correlation analysis. The RGB

color images were converted into 8-bit colors using ImageJ. The 8-bit red and green

channels for three independent samples were used to calculate the Pearson’s correlation

coefficient (Rr), overlap coefficient (R), and colocalization coefficients, m for each channel.

Rr measures if there is any correlation between two signal intensity in the range between −1

to 1, where −1, 0 and 1 indicate inverse, none and positive correlations between channels. R

indicates the percent overlap of selected channels. Coefficient m describes the contribution

of each pixel during colocalization. The percent of colocalizaton were calculated from these

three coefficients.

Transmission Electron Microscopy (TEM)

BT474 cells were incubated with 300µg/ml CPT-TTZ-DOX nanoparticles for 2 h followed

by fresh cell culture medium for 24 h. Cells were post-fixed using 2% glutaraldehyde

solution in 0.1M cacodylate buffer, stained using 1% osmium tetraoxide, dehydrated in
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graded ethanol series, infiltrated with propylene oxide/Spurr resin mixture and embedded in

Spurr resin. The embedded cells were cut into 90 nm ultra-thin sections using an

ultramicrotome and a glass knife. Three to four sections were mounted on 200 mesh copper

grids, stained with uranyl acetate and lead citrate, and imaged in a JEOL 123 transmission

electron moicroscope operated at 80kV.

In vitro cytotoxicity of CPT-TTZ-DOX

In vitro activity of CPT-TTZ-DOX in BT-474 cells and Her2-negative MDA-MB-231 cells

was analyzed using calcein AM of the live-dead assay kit (Invitrogen). BT-474 and MDA-

MB-231 cells were seeded in 96-well plates at a density of 10,000 cells in 200µl Hybricare

medium (ATCC) and DMEM (ATCC), respectively in 96-well plates, allowed to attach

overnight and treated with CPT-TTZ-DOX particles for 2 h with final doses of CPT, TTZ

and DOX as 0.1, 0.02 and 0.27µg/ml, respectively. The following controls were used in

BT-474 cells: PBS, TTZ (0.02 µg/ml) alone, DOX (0.27 µg/ml) alone, CPT-TTZ particles

(0.1 and 0.02 µg/ml of CPT and TTZ, respectively) and CPT-BSA-DOX particles (0.1,

0.012 and 0.27µg/ml of CPT, BSA and DOX, respectively). To test if nanoparticle geometry

influence the drug activity, BT-474 cells were incubated with the following controls by

adding the drugs simultaneously at 15 min intervals: (i) soluble CPT in DMSO, TTZ

solution and free DOX; (ii) a soluble form of CPT (topotecan), TTZ solution and free DOX;

and (iii) CPT-BSA, TTZ coated PS nanorods and free DOX. Cells were incubated for the

indicated time interval before adding each drug. After 2 h total incubation, medium was

replaced with fresh medium, and the cells were further incubated for 72 h. Live cells were

then measured using the live-dead assay kit (Invitrogen) and analyzed using a plate reader

(Tecan Saffire). For quantification of the number of live cells, the medium was removed,

and calcein AM (1µM) in PBS was added to the cells and incubated at room temperature for

30 min. Fluorescence intensities of calcein AM (ex/em 495/530±25nm) was measured using

the plate reader. Fluorescence backgrounds of PBS were subtracted from each well. Assays

were performed at least in triplicates in three independent experiments. The results are

expressed as percentage inhibition in cell growth relative to growth of PBS treated control

cells. Similarly, individual dose response curves of TTZ, CPT and DOX were also

performed to determine inhibitory drug concentrations (IC50) to stop 50% cell growth. From

the resulting curves of individual drug treatment and CPT-TTZ-DOX effects, the

combination index (CI) for CPT-TTZ-DOX was calculated using the Chou-Talalay

method47

(1)

In this analysis, synergy is defined when CI <1. Two-tailed, type 3 (samples with different

variances) statistical testes were used to determine if the effect due to CPT-TTZ-DOX were

significantly different from other data sets (e.g. CPT-TTZ, CPT-BSA-DOX etc.).

Barua and Mitragotri Page 11

ACS Nano. Author manuscript; available in PMC 2014 November 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Cell cycle analysis

To determine the growth arrest induced by CPT-TTZ-DOX particles, we performed the

DNA counts in BT-474 cells after exposure to polystyrene nanorods-TTZ, CPT-TTZ and

CPT-TTZ-DOX. Subconfluent monolayers of BT-474 cells (100,000) were grown in T-25

flasks in 5ml medium. Cells were incubated with TTZ-coated polystyrene rods (100 µg/ml),

CPT nanorods (10µg/ml), CPT(10µg/ml)-DOX (2.7µg/ml) particles, PBS and a high

concentration (10mg/ml) of TTZ solution (a positive control) for 2 h. TTZ concentrations on

polystyrene particles and CPT were 12.5 and 0.2µg/ml, respectively. BSA-coated

polystyrene rod was used as the negative control. The cells were then incubated in fresh

medium for 72 h, trypsinized and resuspended in 500 µl Hanks’ Balanced Salt Solution

(HBSS). A DNA binding fluorescent dye and cell-permeant stain, Vybrant DyeCycle Violet

was added to the cell suspension at a concentration of 1µM and incubated at 37°C for 30 min

by wrapping aluminum foils around the sample tubes. The cells were then analyzed on a BD

FACSAria flow cytometer (BD Biosciences) using a UV light source. A minimum of 50,000

cells was analyzed for each sample in duplicates in two independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Scanning electron microscopy (SEM) showing the morphology and size of CPT, CPT-TTZ

and CPT-TTZ-DOX nanorods. Scale bar = 500nm

Barua and Mitragotri Page 18

ACS Nano. Author manuscript; available in PMC 2014 November 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Intracellular localization of CPT (blue) and Alexa 594 conjugated TTZ (red) in BT-474 live

cells after (a) 2 h and (b) 24 h incubation. BT-474 cells were treated with CPT-TTZ

nanoparticles for 2 h, then (a) subsequently prepared for live cell imaging, or (b) incubated

in fresh medium for 24 h at 37°C and imaged in live cells. The blue, red and DIC images are

overlaid using Imaris. Magenta areas correspond to colocalization between CPT and TTZ.
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Figure 3.
Intracellular colocalization of surface-bound Alexa 594 TTZ (red) with the recycling

endosome marker, transferrin (green). CPT- Alexa 594 TTZ nanoparticles were incubated

with BT-474 cells for 2 h at 37°C and removed. Transferrin was added to the cells in fresh

medium and incubated for an hour at 37°C. Cells were washed using PBS and reincubated in

fresh medium for confocal microscopy. Z stacks at every 1µm cell section are shown.

Greater colocalization (yellow) occurs in the middle sections of the cells than the top or

bottom sections.
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Figure 4.
(a) and (b) Subcellular localization of CPT (blue) in live BT-474 breast cancer cells after 2

h CPT- Alexa 594 TTZ nanoparticle exposure followed by 24 h incubation in cell culture

medium at 37°C. The cell nuclei were stained with green SYTO13 (Molecular Probes). (a)
Projections of 1µm z-stacks showing the appearance of CPT nanoparticles close to the

nucleus in the deeper sections of the cells. No CPT was found at the top or bottom cell

sections. (b) The convergence of the z stacks and DIC image. (c) TEM image of BT-474 cell
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section incubated for 24 h with an initial exposure to CPT-TTZ-DOX nanoparticles for 2 h.

Arrows are showing localization of rod-shaped nanoparticles close to the nucleus.
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Figure 5.
(a) Nuclear localization of red fluorescent DOX in BT-474 cells after 2 h incubation with

CPT-TTZ-DOX particles. Cells were re-incubated in cell culture medium at 37°C for 24 h

before confocal imaging. The blue signals show accumulation of CPT in the cytoplasm. (b)
Overlay of the fluorescence images with DIC.
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Figure 6.
Effect of CPT-TTZ-DOX particles on cell growth inhibition of BT-474 cells. Data are

shown as a percent inhibition of cell growth compared to PBS-treated control cells. The

number of live cells was determined using calcein-AM (Molecular Probes). BT-474 cells

were treated with 0.02µg/ml TTZ solution, 0.27µg/ml DOX solution, CPT-BSA-DOX, CPT-

TTZ and CPT-TTZ-DOX nanoparticles for 2 h followed by 72 h incubation in medium.

Cells were also treated with the same concentrations of triple drug cocktails of CPT-BSA,

TTZ-coated polystyrene and free DOX; soluble CPT in DMSO, TTZ solution and free
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DOX; and a soluble form of CPT (topotecan), TTZ solution and free DOX. Columns

represent mean values of three replicates. CPT-TTZ-DOX treatment is statistically

significant (p≤0.05) compared with other treatments (SI Table II) as indicated by the

asterisk.
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Figure 7.
Effect on cell cycle in BT-474 cells. Cells were grown overnight in T25 flasks, and

incubated with PBS (open bars), BSA coated polystyrene rod shape nanoparticles (crossed),

TTZ-coated polystyrene nanorods (horizontal), TTZ-coated CPT nanorods (hatched), CPT-

TTZ-DOX (black bars) and TTZ solution (10mg/ml) (grey). After 2h incubation, cells were

incubated in fresh medium for 72 h, trypsinized, resuspended in HBSS, and stained with

Vybrant DyeCycle Violet stain. At least 50,000 cells were analyzed by flow cytometry. The

quantitative data of cell cycle distribution represents mean ± standard deviation.
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Table I

Quantitative colocalization analysis of the confocal microscopic images of Alexa 594 conjugated TTZ (red)

and CPT (blue). The coloclization coefficients were calculated using ImageJ’s intensity correlation analysis

plugin and Imaris software. The Pearson’s correlation coefficient, Rr represents a correlation (positive,

negative or zero) between red (TTZ) and blue (CPT) signals. The overlap coefficient, R demonstrates

percentage colocalization between TTZ and CPT. m1 and m2 are colocalization coefficients of TTZ and CPT,

respectively.

Incubation time
(h)

Pearson’s correlation
coefficient, Rr

Overlap coefficient
R

Colocalization coefficients
m1 and m2

2 0.7 ± 0.15 0.73 ± 0.03 0.63 ± 0.18
0.99 ± 0.02

24 0.2 ± 0.02 0.44 ± 0.15 0.58 ± 0.04
0.62 ±0.15
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Table II

Colocalization coefficients were calculated to estimate the colocaliztaion between TTZ (red) with recycling

endosomal marker, transferrin (green), and CPT (blue) with transferrin (green).

Channels Pearson’s correlation coefficient
Rr

Overlap coefficient
R

Colocalization coefficients
m1 and m2

Red : Green
(TTZ : transferrin) 0.44 ± 0.17 0.77 ± 0.13 0.72 ± 0.04

0.84 ± 0.08

Green : Blue
Transferrin: CPT) 0.13 ± 0.03 0.24 ± 0.11 0.52 ± 0.04

0.3 ± 0.06
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