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Abstract

To develop nanoparticle drug carriers that interact with cells specifically in the mildly acidic tumor 

microenvironment, we produced polymeric nanoparticles modified with amidated TAT peptide via 

a simple surface modification method. Two types of core poly(lactic-co-glycolic acid) 

nanoparticles (NL and NP) were prepared with a phospholipid shell as an optional feature and 

covered with polydopamine that enabled the conjugation of TAT peptide on the surface. 

Subsequent treatment with acid anhydrides such as cis-aconitic anhydride (CA) and succinic 

anhydride (SA) converted amines of lysine residues in TAT peptide to β-carboxylic amides, 

introducing carboxylic groups that undergo pH-dependent protonation and deprotonation. The 

nanoparticles modified with amidated TAT peptide (NLpT-CA and NPpT-CA) avoided interactions 

with LS174T colon cancer cells and J774A.1 macrophages at pH 7.4 but restored the ability to 

interact with LS174T cells at pH 6.5, delivering paclitaxel efficiently to the cells following a brief 

contact time. In LS174T tumor-bearing nude mice, NPpT-CA showed less accumulation in the 

lung than NPpT, reflecting the shielding effect of amidation, but tumor accumulation of NPpT and 

NPpT-CA was equally minimal. Comparison of particle stability and protein corona formation in 

media containing sera from different species suggests that NPpT-CA have been activated and 

opsonized in mouse blood to a greater extent than those in bovine serum-containing medium, thus 

losing the benefits of pH-sensitivity expected from in-vitro experiments.
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1. Introduction

Chemotherapy plays an essential role in cancer treatment, but the lack of target specificity 

leads to severe side effects and suboptimal therapeutic efficacy. Various types of 

nanocarriers such as liposomes, polymeric micelles, polymeric or inorganic nanoparticles 

have been developed to achieve tumor-targeted drug delivery. The premise of nanoparticle-

based chemotherapy is that nanoparticles have preferential access to tumors via the leaky 

vasculature,1 and therefore bring anti-cancer drugs to tumors more selectively than free 

drugs. To achieve selective tumor accumulation via the leaky vasculature, the surface of 

nanoparticles is typically modified with hydrophilic polymers such as polyethylene glycol 

(PEG). However, the presence of PEG can interfere with the particle-cell interactions and the 

cellular uptake of the particles in the target tissues.2, 3

To overcome this challenge, we propose to decorate the nanoparticle surface with TAT 

peptide, which can help bring the nanoparticles into cells. TAT is a cell-penetrating peptide 

and has been conjugated to proteins, genes, and nanoparticles to facilitate their cellular 

uptake and/or intracellular trafficking.4–9 TAT peptide establishes electrostatic interactions 

with negatively charged proteoglycans of the cell membrane via basic amino acids, activate 

permeabilization of the cell membrane through a receptor-independent pathway, and 

facilitate the endocytosis of the conjugated cargo.10 For example, TAT was conjugated to 

mesoporous silica nanoparticles to facilitate their intra-nuclear localization and drug delivery 

to the nuclei.11 This system allowed the drug to bypass P-gp drug efflux pump and 

overcome multidrug resistance of cancer cells and released the loaded drug (doxorubicin) 

directly in the nucleoplasm. TAT peptide has also been incorporated in micellar assemblies 

of amphiphilic peptides12 or block-co-polymers13 and helped them to deliver gene 

therapeutics into cells. Despite the benefits of TAT peptide, its interactions with cells are 

non-specific and remain a concern in the delivery of toxic chemotherapeutic agents.8 

Therefore, we intend to shield the peptide during circulation and deploy the peptide only at 

the tumor site. Tumor microenvironment is known to be different from normal tissues in the 

pH,14, 15 oxygen content,16 and enzyme level,17 which may be exploited as a way of 

triggering tumor-specific activation of the nanoparticle surface. In particular, pH-sensitive 

triggering has gained significant interest, since most xenografts and human tumors are 

characterized by slightly acidic microenvironment with pH values around 6.5–7.2, which 

stems from excessive production of lactic acid by tumor cells and high rate of metabolism.18

Several studies report strategies to induce pH-triggered deshielding of TAT conjugated to 

nanoparticles and accomplish tumor-specific drug delivery. For example, a pH-sensitive 

block copolymer polysulfonamide- block-polyethyleneglycol (PSD-b-PEG), which is 

negatively charged at pH 7.4 and forms electrostatic complexes with the positively charged 

TAT, was used to shield the TAT on the micelle surface and prevent the TAT-micelles from 

interacting with normal cells.19 In the acidity of tumors, PSD-b-PEG became neutral and 
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detached from TAT, deshielding TAT and allowing the TAT-micelles to enter tumor cells. In 

other study, TAT was conjugated to nanoparticles via poly(L-histidine), which was non-

ionized at neutral pH and bound to the hydrophobic nanoparticle surface consisting of 

poly(L-lactic acid) and poly(L-histidine). Such interactions between poly(L-histidine) and 

the nanoparticle core pulled TAT close to the nanoparticle surface hiding it under the PEG 

corona. At mild acidic pH, both poly(L-histidine linker) and nanoparticle core were 

positively charged, their interactions lost, and TAT was allowed to pop out beyond the PEG 

shell and interact with cells.20 Another study uses acid-cleavable hydrazone bond to link 

PEG to nanoparticle surface to shield and deshield TAT conjugated to liposomes according 

to the pH change.21 These approaches demonstrated a proof of concept in cell and animal 

models; however, the complexity of these approaches and the need for new polymers or 

phospholipids limit the broad applicability to different types of nanoparticle systems.

In this study, we employ an easy and versatile method to conjugate TAT peptide on 

nanoparticles and shield the peptide in a pH-sensitive manner. Polymeric nanoparticles with 

different surface properties are decorated with TAT via polydopamine (pD) layer that mimics 

adhesive mussel foot proteins.22, 23 TAT is then shielded by simple treatment with organic 

acid anhydrides, which preferentially react with primary amine groups of lysine residues in 

TAT to form β-carboxylic amide bonds.24 We expect that the added carboxylates will 

neutralize TAT at pH 7.4 but allow the peptide to restore the cell-interactive properties upon 

protonation in slightly acidic tumor microenvironment and facilitate the cellular uptake of 

nanoparticles. Here, we screen different acid anhydrides and amidation conditions for 

optimal shielding and deshielding of two types of nanoparticles and demonstrate their pH-

dependent cellular uptake and drug delivery profiles. We investigate how the pH-sensitivity 

of nanoparticles translates to their biodistribution in tumor-bearing mice and discuss the 

challenges and future directions.

2. Experimental section

2.1 Materials

Poly(lactic-co-glycolic) acid (PLGA LA:GA = 85:15, 30 kDa, ester end capped) and 

Rhodamine-labeled PLGA (LA:GA = 50:50, 30 kDa, Rhodamine B end caped) were 

purchased from Akina, Inc. (West Lafayette, IN). DPPC and DSPE-PEG2000 were obtained 

from Avanti polar lipids, Inc. (Alabaster, Alabama). Dopamine-HCl was purchased from 

Alfa Aesar (Ward Hill, MA). Paclitaxel (PTX) was a gift from Samyang Genex Corp (Seoul, 

Korea). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and Hoechst 

33342 were purchased from Invitrogen (Eugene, OR). TAT peptide 

(CKYGRRRQRRKKRG) was synthesized by GenScript USA (Piscataway, NJ). All other 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. 

Deionized (DI) water was obtained from an ultrafiltration system (Milli-Q, Millipore). 

Human serum and Balb/C mouse serum were obtained from Innovative research (Novi, MI).

2.2 Preparation of nanoparticles (Fig. 1)

2.2.1 Core nanoparticles—Two types of core nanoparticles were prepared. First, PLGA 

nanoparticles were prepared by the single emulsion method with polyvinyl alcohol (PVA) as 
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an emulsifier and referred to as NP. Twenty milligrams of PLGA (LA:GA = 85:15, MW 

30k) was dissolved in 1 mL of dichloromethane (DCM) and added to 4 mL of 4% PVA 

solution, followed by probe sonication (Sonics Vibracell, Newtown, CT) for 2 min with a 4s-

on and 2s-off pulse setting at an amplitude of 40W. Lipid-shelled nanoparticles (referred to 

as NL) were prepared by dissolving 20 mg PLGA, 2 mg DPPC and 2 mg DSPE-PEG2000 in 

0.6 mL DCM, mixing with 8 mL DI water, and sonicating for 2 min with a 4s-on and 2s-off 

pulse setting. For both nanoparticles, the formed emulsion was evaporated by a rotary 

evaporator to remove the DCM and solidify the particles. The particles were then collected 

via centrifugation at 33,900 ×g at 4 °C and washed with DI water two times. In preparing 

fluorescently labeled particles for flow cytometry or confocal microscopy, 12 mg of PLGA 

was replaced with Rhodamine-labeled PLGA. When paclitaxel (PTX) or DiR were loaded, 

they were dissolved in the organic phase together with PLGA at a theoretical PTX content of 

5 wt% and DiR content of 0.5 wt%, respectively.

2.2.2 TAT conjugation on nanoparticle surface via polydopamine—To create the 

pD-coated particles (NPp and NLp), 2 mg of NP and NL were re-dispersed in 1 mL of 10 

mM Tris buffer (pH 8.5) containing 0.5 mg/mL dopamine HCl and stirred for 2h at room 

temperature (RT). The obtained NPp and NLp were washed with DI water two times to 

remove excess dopamine. For TAT-conjugation (NPpT and NLpT), 2 mg of NPp or NLp 

were re-suspended in 0.6 mL of Tris buffer containing 3 mg/mL of TAT peptide and 

incubated for 2h (NPp) or 30 min (NLp) at RT with constant rotation. The particles was 

collected by centrifugation and washed with Tris buffer and 10 mM phosphate buffer (pH 

7.4) two times to remove excess TAT.

2.2.3 TAT shielding via acid anhydrides—For shielding TAT peptide on the particle 

surface, the NPpT and NLpT particles were dispersed in sodium carbonate buffer (0.1 M, pH 

9), to which fresh acid anhydrides (10 mM for NPpT and 15 mM for NLpT) were added and 

incubated for 0.5–1h. After anhydride treatment, the particles were centrifuged and washed 

with phosphate buffer (pH 7.4) twice. The anhydride-treated particles were called NPpT-CA 

(cis-aconitic anhydride-treated NPpT), NPpT-SA (succinic anhydride-treated NPpT), and 

NPpT-DA (2,3-dimethylmaleic anhydride-treated NPpT), NLpT-CA (cis-aconitic anhydride-

treated NLpT), NLpT-SA (succinic anhydride-treated NLpT), and NLpT-DA (2,3-

dimethylmaleic anhydride-treated NLpT), according to the type of particles and acid 

anhydride.

2.3 Particle characterization

Particle size was determined with particles dispersed in DI water, and zeta potential were 

measured with particles in phosphate buffer (5 mM) with pH 7.4 or 6.5, using a Malvern 

Zetasizer Nano ZS90 (Worcestershire, UK). The morphology of particles was observed by 

transmission electron microscopy (TEM) using Tecnai F20 (FEI, Hillsboro, OR). Samples 

were negatively stained by 2% uranyl acetate prior to imaging.

2.4 Quantification of TAT conjugation and amidation

TAT peptides present on the surface of nanoparticles (NPpT, NLpT, NPpT-CA, and NLpT-

CA) were quantified by the ninhydrin assay, based on the reaction between ninhydrin and 
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primary amines that produces a chromophore called Ruhemann’s purple.26 A known mass 

(1.6 – 1.7 mg) of particles were dispersed in 0.5 mL of water and mixed with 0.5 mL of 

freshly prepared ninhydrin reagent. The mixture was incubated at 100 °C for 20 min and 

cooled down in ice for 2 min. The sample was mixed with 0.5 mL of ethanol and centrifuged 

for 20 min at 16,000 ×g. The absorbance of supernatant was detected at 570 nm. NPp or 

NLp were used as background controls to account for the interference of pD. The TAT 

contents in particles were calculated based on the absorbance difference between NPp (or 

NLp) and TAT-modified NPp (or TAT-modified NLp) and a calibration curve prepared with 

standard TAT peptide solutions. For easy comparison, the TAT content was expressed as the 

number of TAT peptides per 100 nm2 of particle surface. The extent of amidation was 

calculated based on the reduction of the absorbance, under an assumption that only lysine 

residues can react with ninhydrin to generate Ruhemann’s purple.

2.5 In vitro drug release

Particles equivalent to 3.5 μg PTX were dispersed in 1 mL of phosphate buffered saline 

containing 0.2% Tween 80 (PBST). The samples were kept at 37°C with consistent rotation. 

At predetermined time points, samples were centrifuged at 33,900 ×g, and 0.8 mL of 

supernatant was withdrawn and replaced with fresh PBST. The particles were redispersed by 

sonication and returned to the rotation at 37 °C. The sampled supernatant was filtered 

through a 0.22 μm syringe filter to measure the released PTX by HPLC. The amount of 

released PTX was analyzed using an Agilent 1100 HPLC system (Palo Alto, CA) equipped 

with Ascentis C18 column (25 cm × 4.6 mm, particle size 5 mm). The mobile phase was 

composed of water and acetonitrile (50:50) running at a flow rate of 1 mL/min. PTX was 

detected by a UV detector at wavelength of 227 nm.

2.6 Cell culture

LS174T human colon cancer cells and J774A.1 murine macrophages (ATCC, Manassas, 

VA) were respectively grown in MEM and DMEM medium containing 10% fetal bovine 

serum (FBS), 100 U/mL of penicillin and 100 mg/mL of streptomycin at 37 °C and 5% CO2. 

All cell experiments were performed in complete media.

2.7 In vitro cell-nanoparticle interaction

2.7.1 Flow cytometry—LS174T cells or J774A.1 macrophages were seeded in 24-well 

plates and incubated overnight. The culture medium was replaced with 0.3 mg/mL of 

Rhodamine-labeled particles in culture medium with different pH values (pH 7.5 and pH 

6.5). After 2h incubation, the particles were removed, and cells were washed with fresh 

medium with corresponding pHs twice. Finally, the cells were trypsinized and collected, the 

fluorescence intensity of the cells was quantified using an Accuri C6 flow cytometer (BD 

Biosciences, San Jose, CA) equipped with an FL-2 detector (λex/λem = 585/625 nm).

2.7.2 Confocal microscopy—To visualize the cellular uptake of particles at pH 7.4 and 

6.5, LS174T cells were seeded in a 35 mm glass-bottomed Petri dish (MatTek Corp., 

Ashland, MA). After treatment with the Rhodamine-labeled particles for 2h, the cells were 

washed with fresh medium and PBS and fixed with 4% paraformaldehyde. After staining the 
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nuclei with Hoechst 33342 (2 μg/mL) for 15 min, images were taken with a Nikon-A1R 

confocal microscope (Nikon America Inc., Melville, NY).

2.8 Cell viability

LS174T cells were seeded in 96 well plates with a density of 10,000 cells per well and 

incubated overnight. PTX-loaded particles were added to each well to make the final PTX 

concentration of 1-10000 nM. After incubation with cells for 2h at pH 7.4 and 6.5, particles 

were removed and replaced with 100 μL of fresh culture medium. The cells were allowed to 

grow for 24h, and 15 μL of MTT solution (5mg/mL) was subsequently added to each well 

and incubated at 37 °C for 4h. Finally, 150 μL of stop/solubilization solution was added to 

each well. The plate was agitated at 37 °C overnight and the absorbance was measured at 

562 nm with a SpectraMax M3 microplate reader (Molecular Devices, Sunnyvale, CA).

2.9 Nanoparticle distribution in tumor-bearing mice

All animal procedures were approved by Purdue Animal Care and Use Committee, in 

conformity with the NIH guidelines for the care and use of laboratory animals. A xenograft 

model was established by subcutaneous injection of 5×106 LS174T cells on the upper flank 

of right thigh of 7–8 week old female athymic nude mice. When the average tumor volume 

reached 400–600 mm3, animals were injected with different particles containing DiR 

through tail vein. Each animal received 0.4 mg of particles (equivalent to 0.5 μg DiR) 

suspended in 0.2 mL of PBS (pH 7.4). NIR fluorescence images were taken under 3% 

isoflurane anesthesia at different time intervals using SPECTRAL Ami Imaging Systems 

(Spectral Instruments Imaging, LLC, Tucson, AZ) with an excitation and emission 

wavelength of 745 nm and 790 nm, respectively.

2.10 Particle stability in serum

To compare the stability of modified surface in sera of different species, 2 mg of 

Rhodamine-labeled NPpT-CA was incubated in 50% FBS, 50% human serum (HS) or 50% 

mouse serum (MS) at 37 °C for 2h. Afterwards, the particles were collected by 

centrifugation and washed once with 0.5 mL of PBS. The particles were diluted with 

complete culture medium to 0.3 mg/mL and incubated with J774A.1 macrophages seeded in 

a 24 well plate for 2h. After the removal of particles, the cells were collected and re-

dispersed in 0.5 mL of serum-free medium. The extent of macrophage uptake of particles 

was quantified by flow cytometry.

2.11 Protein absorption to particle surfaces

To compare protein binding to particles after incubation in sera of different species, 2 mg 

NPpT-CA were incubated in 2 mL of 50% FBS, 50% HS and 50% MS for 2h. The particles 

were collected by centrifugation and washed with PBS (pH 7.4) once. Samples were 

prepared by mixing 75 μL of 5 mg/mL particle suspension with 25 μL of Laemmli sample 

buffer and heating at 95 °C for 5 min. The samples were analyzed with sodium dodecyl 

sulfate (SDS)-polyacrylamide (PAGE) gel electrophoresis and stained with Coomassie Blue.
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2.12 Statistical analysis

All statistical analysis was performed with GraphPad Prism 6. All in vitro data were 

analyzed with one-way or two-way ANOVA test to determine the difference of means 

among groups, followed by Dunnett’s or Sidak’s multiple comparisons test. A value of p < 

0.05 was considered statistically significant.

3. Results and discussion

3.1 Characterization of NL and NP

As seen in the TEM image (Fig. 2), NL and NP were spherical particles with an average 

diameter of 120 nm and 100 nm, respectively. Polydispersity index (PDI) of these particles 

was close to 0.1, which indicates reasonably homogeneous particle size distribution (Table 

1). The particle sizes of NL and NP measured by dynamic light scattering were substantially 

larger than those estimated by TEM. This difference may not be explained by the hydration 

layer surrounding the particles dispersed in water, which is typically no more than a few 

nanometers. The large particle size measured in DLS rather reflects the extent of 

nanoparticle aggregation, which occurs with repeated washing and centrifugation. NL 

showed negative charges at both pH 7.4 and 6.5 due to the phosphate group located at the 

outer region of the lipid head,27 whereas NP with bare surface of ester-capped PLGA and 

some residual PVA were close to neutral.

3.2 Characterization of surface-modified NL and NP

After dopamine treatment, both particles showed dark gray color, indicating the presence of 

polymerized dopamine layer, which was identified as a wrinkled layer on the particle surface 

in TEM images. There were no additional differences in TEM images with subsequent 

conjugation of TAT and anhydride treatment, consistent with our previous observation of 

other ligand conjugation.30 After pD coating, the zeta potential of NP, which was initially 

near neutral, became more negative due to the catechol hydroxyl groups of the surface pD 

(Fig. 3). On the other hand, the zeta potential of NL increased slightly after pD coating, 

indicating partial coverage of the negatively charged phosphate groups of the lipid by less 

negatively charged pD layer.

The amount of TAT peptide conjugated to the nanoparticle surface was determined by the 

ninhydrin assay (Supporting Fig. 1). The average numbers of TAT peptides present on NPpT 

and NLpT were 9.0 ± 2.8 per 100 nm2 (0.85 ± 0.27 wt%) and 22.7 ± 3.5 per 100 nm2 (1.54 

± 0.23 wt%), respectively. The relatively high TAT conjugation to NLp may be due to the 

greater negative charge of NLp, which can attract TAT peptide via electrostatic interactions 

as well as the reactivity of pD. The numbers of TAT peptides present on NPpT-CA and 

NLpT-CA were calculated to be 4.2 ± 2.7 per 100 nm2 (0.40 ± 0.26 wt%) and 12.4 ± 1.5 per 

100 nm2 (0.84 ± 0.10 wt%), which correspond to 46% of NPpT and 55% of NLpT, 

respectively. Assuming that only lysine residues produce the Ruhemann’s purple in the 

ninhydrin reaction (i.e., absorbance at 570 nm due to arginine residues is negligible),26 we 

estimate that 54% of TAT on NPpT and 45% of TAT on NLpT were amidated by CA 

treatment. TAT conjugation to NLp was also confirmed by H-NMR. Both NLpT and NLpT-

CA, but not NLp, showed TAT signals at 3.15 and 4.12 ppm. CA amidation could not be 
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identified due to the interference of PLGA, pD, and lipids. We suspect the signal might be 

overlapping with others at ~3.5 ppm (Supporting Fig. 2).

Surface charges of TAT and anhydride-treated nanoparticles were consistent with the 

modification of the nanoparticle surface (Fig. 3). After TAT modification, surface charges of 

particles increased from negative values (NLp and NPp) to near neutral values (NLpT and 

NPpT), irrespective of the pH, due to the lysine and arginine residues of TAT. On the other 

hand, NLpT and NPpT treated with anhydrides (NLpT-DA, NLpT-SA, NLpT-CA, and 

NPpT-CA) showed much more negative charges than NLpT and NPpT at pH 7.4. At pH 6.5, 

these particles showed less negative charges. The particle size measured by DLS increased 

after each surface modification step (Table 1). Given no visible changes in the particle 

morphology and the increase of PDI, the particle size increase is attributed to the repeated 

washing and aggregation. NL series showed greater size increase than NP series, most likely 

due to the lack of residual emulsifier (PVA). NLpT with neutral charge was particularly 

prone to aggregation. NPpT was relatively resistant to aggregation despite the neutral 

charge, likely due to the residual PVA.

3.3 Mechanism of pH-sensitivity of anhydride-treated particles

In order to understand how anhydride-treated particles showed pH-sensitive charge profiles, 

the zeta potential of the particles was measured in alternating pHs. According to the 

literature, β-carboxylic amide is cleaved in mildly acidic condition to regenerate 

corresponding amine.24 Therefore, we expected that the amidated TAT would remain 

shielded at neutral pH but convert to the original TAT after the incubation in acidic buffer 

due to the cleavage of β-carboxylic amide bond. To test this, NLpT-anhydrides were 

incubated in buffers with pH 6.5 and pH 5 for 2h, washed and re-dispersed in 10 mM 

phosphate buffer (pH 7.4). After this treatment, NLpT-DA showed the same surface charge 

as NLpT as expected (Supporting Fig. 3). However, NLpT-CA and NLpT-SA treated in the 

same way did not display the surface charge of NLpT but showed the same value as fresh 

NLpT-CA and NLpT-SA. This result indicates that β-carboxylic amide bonds in the 

amidated TAT of NLpT-CA and NLpT-SA were not hydrolyzed in acidic pH in 2h. Instead, 

the carboxylic groups remained in the peptide and underwent pH-dependent deprotonation. 

This difference is largely due to the structure of anhydride used to modify TAT. In general, 

double bond or alkyl substituents to the α,β-position of anhydride give rise to more sensitive 

β-carboxylic amide.31 DA has a double bond and two methyl groups at α and β positions, 

thus generating hydrolyzable β-carboxylic amide bond quickly, whereas the amide from SA 

is relatively stable even at very low pH values.31 With a double bond and single alkyl 

substitution, CA appears to produce an amide bond with intermediate stability.

3.4 In vitro cellular uptake

LS174T colon cancer cells incubated with NL, NP, NLp, and NPp showed low fluorescence 

intensity corresponding to little cellular interaction, irrespective of the pH (Fig. 4). After 

TAT modification, the cell-particle interaction significantly increased due to the cell 

penetrating capability of TAT. DA, SA, and CA showed different efficiency of shielding and 

deshielding of TAT, consistent with the stability of β-carboxylic amides discussed in the 

previous section. DA proved to be the least effective in shielding TAT at pH 7.4, showing 
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little decrease of cellular interaction (NLpT-DA, NPpT-DA). Both SA and CA-treated 

particles showed significantly reduced interaction with LS174T cells at pH 7.4, indicating 

successful shielding of TAT. At pH 6.5, both SA and CA-treated particles showed increased 

cellular uptake, which suggests that, in the absence of the cleavage of β-carboxylic amide 

bonds, the protonation of the added carboxylic groups was sufficient to restore the peptide’s 

ability to interact with cells. Between SA and CA, the latter showed more consistent 

shielding and deshielding effects in both types of particles, likely due to the additional 

carboxylic group; therefore, CA was used for the rest of the study. In addition to the type of 

anhydride, the treatment conditions also played a role in determining efficient shielding and 

deshielding of TAT. NLpT-CA and NPpT-CA were produced varying the amount of added 

CA (Supporting Fig. 4). During the amidation reaction, CA also undergoes hydrolysis. 

Efficient amidation requires supplementation of fresh CA. Insufficient or excessive CA 

results in incomplete shielding of TAT or inefficient restoration of the peptide’s ability to 

interact with cells, respectively.

Confocal images showed a consistent trend as flow cytometry (Fig. 5). LS174T cells treated 

with NL and NP showed little fluorescence signal of the particles at either pH, indicating 

minimal cell-particle interactions. With TAT-modified particles (NLpT and NPpT), strong 

red fluorescence signals were seen at the periphery of cell clusters irrespective of the pH 

conditions. For the cells treated with NLpT-CA and NPpT-CA, there were virtually no 

fluorescence signals at pH 7.4, indicating the lack of interactions between the particles and 

the cells. At pH 6.5, fluorescence signals at the periphery of the cell clusters were clearly 

seen, similar to those treated with NLpT and NPpT. This result is consistent with flow 

cytometry data (Fig. 4) and confirms that CA-treated TAT was effectively shielded at neutral 

pH and restored the ability to interact with cells at mildly acidic pH. NLpT-SA showed a 

similar trend as NLpT-CA (Supporting Fig. 5). The flow cytometry and confocal microscopy 

results, taken together, suggest that NLpT-CA or NPpT-CA shall preferentially interact with 

tumor cells in acidic microenvironment, sparing cells in normal pH. The nature of cell-

nanoparticle interaction is likely to be electrostatic interaction, given that there was a strong 

correlation (r2 = 0.9006) between the surface charge of particles and fluorescence intensity 

of LS174T cells representing the particles associated with the cells (Supporting Fig. 6).

Since the prerequisite of nanoparticle delivery to tumors is to avoid the phagocytic clearance 

of nanoparticles in circulation, we tested whether the shielding effect extended to the 

prevention of macrophage uptake of the nanoparticles (Supporting Fig. 7). Consistent with 

the interactions with LS174T cells, NP and NPp showed little interaction with macrophages, 

whereas macrophages treated with NPpT had much greater fluorescence intensity. With the 

CA treatment, NPpT-CA showed substantially reduced the interactions with macrophage as 

expected.

3.5 In vitro drug release

The particles slowly released PTX in PBST over 48h (Supporting Fig. 8). NP showed 

slightly higher burst release than NL in the initial 10h. However, after surface modification 

with TAT and anhydride, NPpT-CA showed lower initial burst release. NL and NLpT-CA 

showed similar release kinetics irrespective of TAT/anhydride modification. This result 
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suggests that NP had surface-bound PTX, which was washed out during the subsequent 

surface modification to NPpT-CA. On the other hand, the lipid layer of NL served as a 

protective coating to prevent the loss of PTX during the surface modification.

3.6 Cytotoxicity of PTX loaded particles

To test whether the pH-sensitive cell-nanoparticle interaction translates to pH dependent 

PTX delivery and cell killing, PTX-loaded particles were given to LS174T cells at pH 7.4 or 

6.5 and incubated for 2h. This time frame was chosen because 2h is sufficient for 

establishing interactions with cells (Figs. 4 and 5) and PTX release by 2h was <30% of total 

dose (Supporting Fig. 8). After 2h incubation, the cells were removed of the particles and 

allowed to grow for another 24h prior to the viability measurement. As shown in Fig. 6, all 

particles showed dose-dependent cytotoxic effects. Notably, PTX-loaded NLpT-CA and 

PTX-loaded NPpT-CA showed greater cytotoxicity at pH 6.5 than at pH 7.4. PTX-loaded 

NL or PTX-loaded NP (bare particles) showed similar level of toxicity to those of NLpT-CA 

or NPpT-CA counterparts at pH 7.4, irrespective of the pH. This result indicates that NLpT-

CA and NPpT-CA were able to establish better cell-particle interactions in acidic 

environment during the 2h incubation than those at pH 7.4 or bare particles in either 

condition, consistent with flow cytometry and confocal microscopy results.

3.7 Nanoparticle distribution in tumor-bearing mice

The in vitro results collectively suggest that NL(P)pT-CA will be retained in LS174T 

tumors, which are mildly acidic, better than NL(P)pT, due to the pH-sensitive interactions 

and ‘dis’interactions. To observe particle distribution via optical whole body imaging, the 

particles were loaded with DiR, a hydrophobic near infrared (NIR) fluorescence dye. Unlike 

a commonly used NIR dye indocynine green (ICG), which is hydrophilic and has high 

affinity for serum proteins,32 DiR is stably retained in the PLGA particles in medium 

containing 50% FBS, a condition mimicking the protein content in blood (Supporting Fig. 

9), and thus serves as a reasonable tracer of nanoparticles in circulation. We confirmed that 

DiR-loaded NP mainly accumulated in the liver and spleen, common destinations of 

intravenously administered nanoparticles. In contrast, ICG released rapidly from ICG-loaded 

NP in 50% FBS. In mice receiving ICG-loaded NP, the fluorescence signal appeared in the 

gastrointestinal tract, following the typical distribution of free ICG.33 Therefore, we chose 

DiR as a fluorescence label of particles for in vivo imaging. We compared NPpT and NPpT-

CA to evaluate the effect of surface modification on tumor accumulation of the particles, 

because they showed consistently smaller particle sizes than NL counterparts (Table 1) and 

the size difference – another significant factor that can affect biodistribution – was much 

smaller (177.0 nm vs. 179.5 nm) than that of NLpT and NLpT-CA (411.3 nm vs. 270.3 nm).

NIR fluorescence images show that both NPpT and NPpT-CA appeared in the liver and 

spleen in 30 min after intravenous injection. The fluorescence signal intensity gradually 

decreased with time, showing no detectable signals at tumor sites in both cases (Fig. 7a, 

Supporting Fig. 10). The ex vivo images obtained at 48h post injection (Fig. 7b) verified the 

intense fluorescence signals in the liver and spleen. No signals were seen in tumors. A 

notable difference between the two groups is that NPpT showed signals in the lung but 

NPpT-CA did not. We confirmed that the particle sizes of the two types of particles 
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remained the same in PBS prior to the injection; therefore, the lung signal difference is 

attributable to the surface properties. While NPpT were non-specifically captured in the lung 

capillary due to the cationic amino acid residues of TAT, NPpT-CA with the shielded TAT 

avoided such interactions.

3.8 Potential factors to interfere with in-vitro-in-vivo correlation

LS174T xenograft is a well vascularized tumor and known to develop leaky 

vasculature.34, 35 Therefore, we found it curious that the two types of particles did not show 

differential signals in tumors as they did in the lung. We first speculated that NPpT-CA was 

not sufficiently stable in circulation and prematurely activated. Although all the in vitro cell 

studies were performed in serum containing medium and indicated favorable cell-particle 

interaction profiles, the concentration (10%) and the origin (bovine) are different than those 

of mouse blood and may not necessarily reflect risk factors that would have affected the 

stability of NPpT-CA. To test if NPpT-CA has different sensitivity in sera from different 

species and/or different concentrations, we treated the Rhodamine-labeled NPpT-CA in 50% 

FBS, 50% human serum (HS), and 50% mouse serum (MS) for 2h prior to the incubation 

with macrophages. The NPpT-CA pre-treated with 50% FBS did not show any difference 

from PBS-treated NPpT-CA in the extent of macrophage interactions (Supporting Fig. 11). 

On the other hand, those pre-treated with 50% HS and MS showed increased macrophage 

interaction compared to PBS-treated NPpT-CA. This result indicates that NPpT-CA has 

greater sensitivity to MS but not necessarily to the high serum concentration. Secondly, we 

wondered if NPpT-CA developed protein corona prone to phagocytic clearance. Circulating 

nanoparticles, even with a protective surface layer, obtain protein corona that can interfere 

with intended interactions between the particles and target cells.36, 37 Although NPpT-CA 

avoided macrophage interactions in the in-vitro test performed in FBS-containing medium, it 

is possible that they may contract with opsonins to a greater extent in sera from other species 

than in FBS. To test this, we analyzed proteins bound to NPpT-CA after incubation in 50% 

FBS, HS, or MS by gel electrophoresis (Supporting Fig.12). Compared to the NPpT-CA 

incubated in FBS, which had a dominant albumin band, those incubated in HS and MS 

showed more complex corona profiles in addition to albumin, reflecting the composition of 

each serum.

These results suggest that NPpT-CA have undergone premature activation and opsonization 

while circulating in mice, which were not properly predicted in the in-vitro studies 

performed in FBS-containing medium. On the other hand, given that NPpT-CA did show 

different lung distribution than NPpT despite the unfavorable changes, we envision that 

additional barrier may prevent tumor distribution of the particles. For example, the 

interstitial fluid pressure of tumors has long been recognized as a substantial obstacle to the 

transcapillary and intratumoral transport of drugs and nanoparticles.38

At present there is no ideal in-vitro method that can predict in-vivo performance of 

nanoparticle systems. Our study underscores the need for implementing routine in-vitro 

methods to better predict their in-vivo outcomes. First, it will be worthwhile to test the 

stability of nanoparticles in medium containing serum of matching species in a 

physiologically relevant concentration as performed in this study. In addition, an established 
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in-vitro protocol may be followed to examine protein corona formation and identify the 

particles that can maintain the chemical identity in concentrated serum.39 In addition, in-

silico model of cancer patients will make an invaluable tool to predict the biodistribution of 

nanoparticles. The kinetics and extents of drug release, protein corona formation, and 

particle size change in blood constitute critical information in in-silico modeling of drug and 

nanoparticle distribution and, thus, need to be defined as part of routine in-vitro 

characterization practices.

4. Conclusions

Dopamine polymerization method allowed easy and versatile surface modification of 

nanoparticles with TAT peptide. Additional anhydride treatment of the surface-bound TAT 

allowed pH-sensitive cell-nanoparticle interactions by converting lysine residue amines in 

TAT to β-carboxylic amides. At pH 7.4, the TAT-conjugated, cis-aconitic anhydride-treated 

particles (NLpT-CA and NPpT-CA) had minimal interactions with LS174T colon cancer 

cells and J774A.1 macrophages. At pH 6.5 representing weakly acidic tumor 

microenvironment, the CA-treated TAT layer underwent protonation and restored the ability 

to interact with cells, delivering PTX efficiently to the cells following a short contact time. 

Consistent with the shielding effect of CA treatment seen in vitro, NPpT-CA showed less 

accumulation in the lung than NPpT in LS174T tumor-bearing animals; however, tumor 

accumulation of NPpT and NPpT-CA was equally minimal. Potential reasons for this 

discrepancy include premature activation and opsonization of NPpT-CA circulating in 

mouse blood, which were not predicted in the in vitro experiments performed in bovine 

serum-containing medium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Schematic description of nanoparticle preparation and their pH-sensitivity. NL: Bare 

lipid-shelled PLGA nanoparticles; NP: Bare PLGA nanoparticles; NLp: polydopamine (pD)-

coated NL; NPp: pD-coated NP; NLpT: TAT-conjugated NLp; NPpT: TAT-conjugated NPp; 

NLpT-CA: cis-aconitic anhydride (CA)-treated NLpT; NPpT-CA: CA-treated NPpT. (b) 

Chemical structure of polydopamine (pD). Dopamine molecules are first oxidized and 

covalently linked to each other to form pD chains.25 (c) TAT peptide conjugation to pD layer 

via a reaction between amine groups of TAT and quinone of pD. Adapted from ref.23 (d) 

Chemical structures of amidated TAT at pH 7.4 and pH 6.5. Acid anhydrides preferentially 

react with the amine group of lysine residue to form β-carboxylic amide bond. The cationic 

guanidinyl group of arginine residue is not easily amidated.24
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Fig. 2. 
Transmission electron microscopic images of nanoparticles. NL: Bare lipid-shelled PLGA 

nanoparticles; NLp: pD-coated NL; NLpT: TAT-conjugated NLp; NLpT-CA: CA-treated 

NLpT; NP: Bare PLGA nanoparticles; NPp: pD-coated NP; NPpT: TAT-conjugated NPp; 

NPpT-CA: CA-treated NPpT. Particles were negatively stained with 1% uranyl acetate. 

Scale bars = 100 nm.
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Fig. 3. 
Zeta potential of nanoparticles at pH 7.4 and pH 6.5. NL: Bare lipid-shelled PLGA 

nanoparticles; NLp: pD-coated NL; NLpT: TAT-conjugated NLp; NLpT-DA: 2,3-

dimethylmaleic anhydride (DA)-treated NLpT; NLpT-SA: Succinic anhydride (SA)-treated 

NLpT; NLpT-CA: CA-treated NLpT; NP: Bare PLGA nanoparticles; NPp: pD-coated NP; 

NPpT: TAT-conjugated NPp; NPpT-DA:DA-treated NPpT; NPpT-SA: SA-treated NPpT; 

NPpT-CA: CA-treated NPpT. n = 3 measurements of representative samples.
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Fig. 4. 
Cellular interactions of Rhodamine-labeled particles with LS174T cells in 2h incubation at 

pH 7.4 and pH 6.5, measured by flow cytometry. n = 2 or 3 identical and independent 

treatments. *: p<0.01 by Sidak’s multiple comparisons test.
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Fig. 5. 
Confocal microscopic images of LS174T cells after treatment with Rhodamine-labeled 

particles for 2h. Red: Rhodamine-labeled particles; blue: Hoechst 33342-stained cell nuclei. 

Scale bars = 20 μm.
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Fig. 6. 
Cytotoxicity of PTX-loaded particles on LS174T cells at pH 7.4 and pH 6.5. n = 4 identical 

and independent treatments. *: p<0.05, **: p<0.01 by Sidak’s multiple comparisons test.
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Fig. 7. 
(a) Whole body imaging of a representative LS174T xenografted mouse that received DiR-

loaded NPpT and NPpT-CA by intravenous injection. See Supporting Fig. 10 for all 4 

animals per treatment. (b) Ex vivo imaging of major organs at 48 h post-injection. From the 

top: heart, lung, liver, spleen, kidneys, tumor, and gastrointestinal tract (n = 4 per treatment).
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Table 1

Particle sizes measured by DLS

Nanoparticles Description Size (nm) PDI1

NL Bare lipid-shelled PLGA nanoparticles 230.1±4.57 0.106

NLp pD-coated NL 258.6±6.37 0.139

NLpT TAT-conjugated NLp 411.3±5.23 0.138

NLpT-CA CA-treated NLpT 270.3±2.73 0.100

NLpT-SA SA-treated NLpT 328.5±2.28 0.125

NLpT-DA DA-treated NLpT 499.23±47.3 0.210

NP Bare PLGA nanoparticles 163.1±1.70 0.073

NPp pD-coated NP 165.9±3.82 0.115

NPpT TAT-conjugated NPp 177.0±3.25 0.050

NPpT-CA CA-treated NPpT 179.5±3.89 0.012

NPpT-SA SA-treated NPpT 235.4±1.56 0.131

NPpT-DA DA-treated NPpT 198.8±3.75 0.083

1
Polydispersity index (PDI), an estimate of the width of the particle size distribution, obtained from the cumulant analysis as described in the 

International Standard on DLS ISO 13321:1996 and ISO 22412:2008 (Malvern DLS technical note MRK1764-01). PDI < 0.1 is considered 

monodisperse, and > 0.7 very broad.28, 29
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