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Abstract

We have developed pH-responsive, multifunctional nanoparticles based on encapsulation of an 

antioxidant, tannic acid (TA), using Flash NanoPrecipitation, a polymer directed self-assembly 

method. Formation of insoluble coordination complexes of tannic acid and iron during mixing 

drives nanoparticle assembly. Tuning the core material to polymer ratio, the size of the 

nanoparticles can be readily tuned between 50 and 265 nm. The resulting nanoparticle is pH-

responsive, i.e. stable at pH 7.4 and soluble under acidic conditions due to the nature of the 

coordination complex. Further, the coordination complex can be coprecipitated with other 

hydrophobic materials such as therapeutics or imaging agents. For example, coprecipitation with a 

hydrophobic fluorescent dye creates fluorescent nanoparticles. In vitro, the nanoparticles have low 

cytotoxicity show antioxidant activity. Therefore, these particles may facilitate intracellular 

delivery of antioxidants.

1. Introduction

Multifunctional nanoparticles are promising for biomedical applications such as multimodal 

imaging, theragnostics and image-guided therapies.1-6 Multifunctional polymeric 

nanoparticles are especially promising for delivery platforms because they are stable in vivo 

and in vitro, can encapsulate a variety of drugs, and provide release over prolonged 
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periods.6-8 Coating the nanoparticles with a hydrophilic polymer brush, e.g. polyethylene 

glycol (PEG) prolongs circulation time and avoids clearance by the mononuclear phagocytic 

system.4, 6-7, 9 The surface of the nanoparticles can be further modified with targeting 

ligand(s).6, 9

Preparation of polymer nanoparticles via bottom-up, precipitation methods allows for high 

core loadings and the inclusion of multiple components in the nanoparticle core.10-11 Flash 

NanoPrecipitation (FNP) is a rapid and scalable nanoparticle (50-500 nm) production 

method that leverages the advantages of bottom-up precipitation methods with uniformity 

dictated by micellization of self-assembled block copolymers to encapsulate desired 

cargo.9, 12 In FNP, an amphiphilic block copolymer is dissolved in organic solvent with a 

desired core material, such as therapeutic and/or imaging agent, and is rapidly mixed against 

a miscible anti-solvent to induce rapid precipitation of the core materials and the 

hydrophobic block of the block copolymer.13-14 The self-assembly of the amphiphilic block 

copolymer directs nanoparticle assembly with relatively narrow size distributions. 

Precipitation of the core material is arrested by adsorption of the hydrophobic block of the 

block copolymer while the hydrophilic block sterically stabilizes the nanoparticle. 

Therefore, given sufficient affinity between the hydrophobic block of the amphiphilic block 

copolymer and the core material, production of uniform particles requires the rate of 

amphiphilic block copolymer self-assembly be matched with the rate of nucleation and 

growth of the precipitating core materials15. Once assembled, the nanoparticles are 

kinetically frozen and there is no dynamic exchange of the individual block copolymer 

chains.16 Further, FNP is a convenient platform to tailor the surface chemistry of 

nanoparticles as PEG-based functionalized block copolymers can be incorporated during the 

mixing process. These functionalized block copolymers facilitate conjugation to a range of 

ligands to enable targeted delivery of the nanoparticle.17-19

There are several examples of using FNP to encapsulate hydrophobic functional materials 

including therapeutics and/or imaging agents. For example, Gindy et al. produced 

multicomponent nanoparticles containing hydrophobic colloidal gold (~5 nm modified with 

dodecanethiol) as an illustrative imaging agent and β-carotene as a model therapeutic using 

PEG-b-polycaprolactone for stabilization.19 In another example, Shan et al. used FNP to co-

localize upconverting nanophosphors with meso-tetraphenyl porphine, a photosensitizer, 

within a 100 nm particle stabilized by PEG-b-polylactic acid for photodynamic therapy.20 

However, the technique has thus far been limited to the encapsulation of hydrophobic 

materials; an n-octanol/water partition coefficient (logP) greater than 6 is preferred to 

achieve sufficient supersaturation and ensure stable nanoparticles.21-22

Extending FNP to water soluble species would enable applications in the delivery of 

peptides, antioxidants and other molecules that have tremendous therapeutic potential. In 

this work, we focus on the encapsulation of antioxidants, natural scavengers of reactive 

oxygen species, for potential treatment of many diseases including cardiovascular diseases 

such as atherosclerosis, and neurological disorders including Alzheimer’s.23-26 Formulating 

the antioxidants into nanoparticles using FNP may be advantageous as high loadings of 

therapeutics and targeted delivery are possible.
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Tannic acid is a high molecular weight, polyphenolic compound with demonstrated 

antioxidant activity.27-30 While its intrinsic water solubility is too high to enable direct 

precipitation into nanoparticles using FNP, we have previously demonstrated that ion-

pairing can reduce the solubility of compounds to enable encapsulation by FNP.31 Caruso 

and co-workers have recently demonstrated that coordination complexes of iron and tannic 

acid can form insoluble thin films and capsules.32 Combinations of metal and polyphenols 

have also been used to synthesize hydrogels and coatings.33-34 TA based coatings were 

found to have antibacterial properties, be resistant to fouling by bacterial and mammalian 

cells, and able to scavenge radical and non-radical reactive oxygen species.34 Using these 

concepts, we encapsulated tannic acid using FNP by forming coordination complexes with 

iron during the mixing and assembly process. Our goal is to maximize the delivery of the 

antioxidant so formation of a dense core of TA:Fe complex is desired rather than surface 

films, capsules, or hydrogels that have been accomplished previously.32-34 A priori with was 

not clear that the coordination complexation would be rapid enough to enable encapsulation 

of the water soluble TA. The effects of formulation parameters such as relative 

concentrations of tannic acid and iron ([TA:Fe]) as well as of block copolymer to tannic 

acid-iron complex [PS-b-PEG:TA-Fe] on nanoparticle assembly are explored. We further 

coprecipitated the tannic-acid iron complex with a hydrophobic fluorescent dye to 

demonstrate the ability to produce multifunctional nanoparticles with therapeutic and 

imaging functionalities. The antioxidant activity of the nanoparticles in vitro is evaluated.

2. Experimental Section

2.1 Materials

ACS grade tannic acid and iron (III) chloride hexahydrate were purchased from Sigma 

Aldrich. HPLC grade solvents: acetone, tertrahydrofuran (THF) and dimethyl sulfoxide 

(DMSO) were obtained from Fisher Scientific. Phosphate buffered saline without Ca2+ and 

Mg2+ was obtained from Lonza. Water (MQ) was purified by 0.2 μm filtration and four 

stage deionization to a resistivity of 17 MΩ or greater (NANOpure Diamond, Barnstead 

International, Dubuque, IA). Block copolymer, polystyrene 1.6 kDa -b- polyethylene oxide 

5kDa (PS-b-PEG), was from Polymer Source (Dorval, QC, CAN). All materials were used 

as received. EtTP-5 was synthesized as previously described.35

2.2 Nanoparticle Assembly

FNP was performed using a hand operated confined impinging jet mixer with dilution as 

previously described.36 Mixing was performed manually with a confined impinging jet 

mixer and 1 mL syringes (National Scientific) as previously described achieving mixing 

Reynolds number of Re ~ 1300.14, 17 Typically, the block copolymer and tannic acid were 

dissolved in a water miscible organic solvent (i.e. THF, acetone, or DMSO) at 10 mg/mL 

and 4 mg/mL, respectively. The components in the organic solvent (0.5 mL) were rapidly 

mixed against 0.5 mL of an aqueous stream of FeCl3 (1 mg/mL) dissolved in water or buffer 

and collected in a 4 mL bath of PBS to quench nanoparticle rearrangement. The final 

organic solvent concentration was 10% by volume. To remove the organic solvent, the 

resulting nanoparticle dispersions were placed in regenerated cellulose tubing with a 

molecular weight cutoff of 6-8 kDa (Spectra/Por, Spectrum Laboratories, USA) and 
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dialyzed against a 100-fold volume of water or buffer bath for 24 hours with 4 changes of 

the bath.

2.3 Nanoparticle Characterization

Nanoparticle size distributions were measured after mixing and after dialysis by dynamic 

light scattering using a Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK) with a 

backscatter detection angle of 173°. Distributions are reported using the normal resolution 

mode intensity weighted distribution (average of 4 measurements). DLS was used to 

determine if the resulting nanoparticles were uniform which we define as a nanoparticle size 

distribution with a single Gaussian peak. For samples with a nanoparticle size distribution 

with a single Gaussian peak, the reported size is the Peak 1 Mean Intensity. The PDI is a 

measure of the breadth of the particle distribution defined from the moments of the cumulant 

fit of the autocorrelation function calculated by the instrument software which is appropriate 

for samples with PDI < 0.3.37 Samples for TEM were prepared by placing 5 μL of the 

nanoparticle dispersion on an Ultrathin Carbon Film on a Holey Carbon Support film on 400 

mesh copper grid (Ted Pella, Inc., Redding, CA) and drying under ambient conditions. The 

samples were imaged using a Philips CM100 TEM (Eindhoven, The Netherlands) operated 

at an accelerating voltage of 100 kV. UV absorbance spectra of the nanoparticle dispersions 

were collected at room temperature with an Evolution 300 UV-visible spectrophotometer 

(Thermo Electron Corporation, Madison, WI, USA). Absorbance at wavelengths between 

450 and 800 nm were recorded. Nanoparticle dispersions were diluted to below 1 μg/mL of 

total dye in suspension in order to minimize light scattering effects on fluorescence in 

intensity measurements after mixing and after dialysis as previously described.38 Emission 

spectra (500 to 800 nm) of the nanoparticle dispersions were measured with an excitation 

wavelength of 460 nm excitation and emission slit widths of 5 nm, PMT voltage at 400 V, 

and 90° angle arrangement of incident and detector using a Hitachi F-7000 Fluorescence 

Spectrophotometer, Hitachi High Technologies, Tokyo, Japan). The solvent of the 

nanoparticle dispersions was switched from water to D2O for NMR analysis with Amicon 

Ultra-2 Centrifugal devices with a 50 kDa molecular weight cutoff (Millipore, Billerica, 

MA) according to the manufacturer’s specifications. 1H nuclear magnetic resonance (1H 

NMR) spectra were recorded in D2O with 4,4-dimethyl-4-silapentane-1-sulfonic acid DSS 

as an internal standard (Cambridge Isotopes, Tewksbury, MA) using a Bruker Avance-III 

500 MHz (Bruker Biosciences, Inc. Billerica, MA). Nanoparticle stability was assessed by 

monitoring the nanoparticle size distributions by Dynamic Light Scattering as well as the 

optical properties by UV spectroscopy as a function of time after mixing.

2.4 In vitro Analysis

Confluent NIH 3T3 fibroblasts (ATCC, Manassas, VA) were treated with sterile-filtered TA 

NPs (d = 79 ± 2 nm, 1.5 wt% iron) for 24 hours, after which cell viability was measured 

using a 3-hour neutral red uptake assay.39 Antioxidant activity was measured with a 

dichlorofluorescein assay.40 Briefly, 40,000 cells/well were plated on a 96-well plate, grown 

for 24 hours, and treated with 2′, 7′-dichlorofluorescein diacetate (DCFH-DA, Sigma-

Aldrich, St. Louis, MO) for 1 hour. After the DCFH-DA was removed, 600 μM 2, 2′-azo-

bisamidinopropane (ABAP, Sigma-Aldrich) and 50 μg/mL TA NPs (d = 79 ± 2 nm, 1.5 wt% 

iron) were added. The fluorescence due to the intracellular oxidization of the non-
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fluorescent probe to fluorescent dichlorofluorescein (λex = 485 nm and λem = 500 nm) as a 

result of the oxidative stress was monitored for 90 minutes using a Molecular Devices 

Gemini EM Fluorescence/Chemiluminescence Plate Reader (Keck Biophysics, 

Northwestern University). Both the neutral red uptake and DCF assays were performed in 

triplicate. Nanoparticle uptake was monitored by confocal microscopy. Cells were seeded, 

grown for 24 hours, and treated with 100 ug/mL TA NPs (d = 73.5 ± 1.5 nm, 1.5 wt% iron, 

2.3 wt% EtTP-5) for 24 hours. The treated cells were then rinsed and stained with 

LysoTracker Green® DND-26 and Hoechst 33258 (Life Technologies, Grand Island, NY) to 

visualize the lysosome and nucleus, respectively. Imaging was performed using an Inverted 

Zeiss Axio Observer Z1 confocal microscope (QBIC, Northwestern University) and 

colocalization of lysosomes and nanoparticles was quantified with the Manders overlap 

coefficient computed using the Zen 2009 image processing program (Zeiss).41-42 Further 

details are included in the Supporting Information.

3. Results and Discussion

3.1 Nanoparticle Assembly and Characterization

Formulation of Tannic Acid—FNP was performed with TA and a PEG-based 

amphiphilic block copolymer (polystyrene (1.6 kDa)-b-polyethylene glycol (5 kDa), PS-b-

PEG) dissolved in acetone and mixed against an aqueous stream. Nanoparticles could be 

formed initially at a range of pHs (from pH 2 to pH 7.4) (Supporting Information Figure S.

1). However, using PBS at pH 7.4 resulted in unstable particles when dialyzed against PBS 

with a pH of 7.4 or against DI water. The nanoparticles made at pH 2 and in water were 

initially 84 ± 3 nm. While stable in the mixed solvent, the particle size swelled upon dialysis 

against water to 129 ± 3 nm. Macroscopic precipitates formed within 24 hours of storage at 

4°C or at room temperature. Precipitates likely arise from the process of solubilization of TA 

from the core and complexation of TA and PEG43 (the water soluble portion of the block 

copolymer). Therefore, the TA alone is not sufficiently hydrophobic for encapsulation by 

FNP.

Formulation of Tannic Acid/Iron Complexes—In order to encapsulate the TA within 

the core of the nanoparticles using FNP, we explored encapsulating coordination complexes 

of tannic acid and metal salts. Since TA is known to form insoluble complexes with ferric 

iron and the complexes have been well characterized,32, 44-45 we aimed to complex and 

encapsulate the TA and ferric iron coordination complex during mixing. This approach 

requires that (1) the TA/iron complex occurs sufficiently fast to enable encapsulation during 

mixing and (2) the complex is sufficiently hydrophobic to form a stable nanoparticle.

The nature and solubility of the TA/iron complex has been studied previously.32, 44-45 The 

Fe(III) complexes with the gallate ligand of tannic acid and the number of coordinating 

ligands varies with pH. At acidic pH, the mono-complex is formed and is soluble whereas at 

basic pH, the tris-complex is formed and is insoluble. We performed FNP by mixing TA and 

PS-b-PEG dissolved in acetone in one stream and iron (III) chloride dissolved in PBS at pH 

7.4 in a second stream. The mixture was quenched with a bath of PBS, pH 7.4, conditions 

under which the complex is expected to be insoluble. The initial concentrations of iron 

Tang et al. Page 5

Langmuir. Author manuscript; available in PMC 2016 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relative to tannic acid (excess iron) were based on previous reports of assembly of TA/iron 

coordination complexes and included in the Supporting Information (Table S.1).32 Upon 

mixing, we observed instantaneous formation of macroscopic, dark purple precipitates. This 

dark precipitate is consistent with insoluble, amorphous iron tannates that form due to 

colloidal associations of TA with ferric hydroxide.46 This result indicates the rate of 

complex formation is sufficiently fast for encapsulation using FNP. However, the rate of 

precipitation was fast relative to self-assembly of the amphiphilic block copolymer and large 

(macroscopic) precipitates formed.

In order to successfully encapsulate the TA/iron complexes within the core of nanoparticles, 

the rate of self-assembly must be balanced with the rate of complexation and subsequent 

precipitation. Using a 2 to 1 weight ratio of block copolymer to total tannic acid and iron 

[PS-b-PEG:TA-Fe] and an excess of iron (1.6 molar equivalents of TA molecules), we were 

able to produce homogeneous dispersions of TA/iron complexes (Figure 1). The dispersions 

appeared red which is consistent with the tris-complex of TA and iron expected at pH 

7.4.32, 45 The nanoparticle size is 52 ± 1 nm with a PDI of 0.20 as measured by DLS 

(reported intensity average) (Figure 2) and is consistent with TEM analysis (Figure 1). 

Evidence of a soluble PEG coating on the nanoparticles is evident by 1H-NMR analysis of 

the nanoparticles dispersed in D2O (Supporting Information Figure S.2). If FNP is 

performed without the block copolymer, macroscopic aggregation of the TA/iron complex is 

observed within minutes (Figure 1). Combined, these results indicate that the TA/iron core is 

stabilized by the amphiphilic block copolymer.

The nanoparticle assembly kinetics and resulting size distribution are affected by the iron 

concentration relative to tannic acid. Uniform particles 52 ± 1 nm in diameter were obtained 

using 1.6 molar equivalents of iron to tannic acid (Figure 2). At lower iron concentrations, 

the nanoparticle dispersions appear red (tris-complex of TA and iron), but the intensity 

weighted distribution shows evidence of two size populations of diameter ~30 nm or ~400 

nm (Figure 2). This result suggests that at lower iron concentrations the rate of complexation 

is slow relative to micellization of the block copolymer. This mismatch in time scales results 

in the block copolymer rapidly forming micelles47 and on a longer time scale stabilizing the 

TA-Fe complex. The increase in nanoparticle size (400 nm compared to 50 nm) occurs 

because the steric stabilizing polymer was depleted by the formation of empty micelles and 

results in the bimodal distribution seen in Figure 2. As the relative iron concentration is 

increased to 3.1 molar equivalents of iron relative to TA, the color of the nanoparticle 

dispersion changes to a dark purple (TA/iron precipitates46, 48-49). The ferric tannate 

precipitates have aggregated into nanoparticles stabilized by the block copolymer (~200 nm 

by DLS). Again, there is a micelle peak in the intensity weighted size distribution (peak at 

~30 nm15) (Figure 2) due to empty polymer micelles in addition to the desired TA-Fe 

nanoparticles. However, we believe the mechanism is different. At the higher iron 

concentration (3.1 molar equivalents of iron), the presence of micelles is likely due to 

limited affinity between the polystyrene (the hydrophobic portion of the amphiphilic block 

copolymer) and the more polar, non-stoichiometric TA/Fe precipitate with excess cationic 

charge.46, 48-49 When there is little affinity between the hydrophobic block and the core 

material, larger nanoparticles and empty micelles are produced.50-51
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3.1.1 Tuning Nanoparticle Size

Effect of Solute Concentration: Since formulation of uniform nanoparticles encapsulating 

the tris-complex of TA and iron using FNP was possible using 1.6 molar equivalents of iron, 

we examined tuning the size of the resulting nanoparticles. Increasing the total solids 

concentration from 1.5 mg/mL to 3 mg/mL led to an increase in particle size from 52 ± 1 nm 

(PDI 0.20) to 79 ± 2 nm (PDI 0.23) (Figure 3a). However, using acetone as the organic 

solvent, the total solids concentration that could be used while still producing a unimodal 

nanoparticle size was 3 mg/mL (in the final nanoparticle dispersion). With acetone, 

concentrations above 3 mg/mL resulted in a micelle population (Supporting Information 

Figure S.3). To further increase the nanoparticle size, the total solids concentration was 

increased to 6 mg/mL (in the final nanoparticle dispersion) using DMSO as the organic 

solvent and a nanoparticle size of 114 ± 3 nm (PDI 0.25) was achieved. Supersaturation of 

tannic acid and polystyrene block which dictates the nucleation rate and self-assembly rate, 

respectively, are more appropriately matched at high concentrations using DMSO to 

produce nanoparticles with a narrow size distribution.

Effect of Stabilizing Block Copolymer to Core Ratio: Since nanoparticle assembly of 

hydrophobic compounds is governed by the relative rates of self-assembly of the 

amphiphilic block copolymer and precipitation of the core materials, nanoparticle size can 

also be tuned by manipulating the relative concentration of block copolymer to core 

material. Using acetone, there was a small window of PS-b-PEG to [TA:Fe] ratios 

appropriate for making uniform particles; ratios below 1.5:1 resulted in macroscopic 

precipitates. The macroscopic precipitation at reduced PS-b-PEG concentrations occurs 

because there is a mismatch in the rate of complexation and precipitation and micellization 

and the amount of PS-b-PEG that adsorbs to the growing insoluble complex is not sufficient 

for stabilization. Changing the organic solvent to THF in which both polystyrene and PEG 

are soluble, the ratio of PS-b-PEG to [TA-Fe] from 2:1 to 1:1 produced uniform particle size 

distributions (Figure 3b). The rates of PS-b-PEG self-assembly and complexation of TA:Fe 

from THF are better matched than in acetone at the range of block copolymer ratios to core 

material ratios tested. The size of the particle increased from 86 ± 2 nm to 266 ± 20 nm by 

decreasing the ratio of PS-b-PEG to [TA-Fe] from 2:1 to 1:1 by weight. The decrease in PS-

b-PEG concentration relative to [TA-Fe] decreases the rate of polymer self-assembly (i.e. 

the rate of steric stabilization) relative to the rate of particle growth; therefore, the resulting 

nanoparticles are larger.

Given an appropriate choice of the organic solvent to match the relative solubilities of the 

polystyrene block of the amphiphilic block copolymer and TA-iron complex, the 

nanoparticle size could be tuned between ~ 50 and 265 nm. A table summarizing the 

formulations is provided in the Supporting Information (Table S.1).

3.1.2 Nanoparticle Stability—Another important consideration in formulating the 

antioxidant-loaded nanoparticles is stability of the nanoparticle over time. Processes such as 

Ostwald ripening,22 recrystallization,31 or particle aggregation51 may occur if the TA-iron 

coordination complex is too labile. During dialysis against PBS to remove the residual 

organic solvent, the particle size was stable (Supporting Information Figure S.4). The 
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particle sizes were constant for at least one month when the particles were stored in PBS at 

room temperature (Figure 4a). Further, after a month of storage the nanoparticle dispersions 

appear red with the maximum UV absorbance at 496 nm (Figure 4b) which is consistent 

with the tris-complex of tannic acid32, 45 and iron initially encapsulated. Reduction of ferric 

(Fe3+) to ferrous (Fe2+) iron upon binding with the gallate ligand is possible.52 However, 

under the conditions used i.e. presence of phosphate buffer at basic pH and excess iron, the 

reduction of Fe3+ is inhibited and autooxidation of Fe2+ is expected, both favoring the ferric 

iron oxidation state.52-53 Additionally, polyphenols such as TA strongly stabilize Fe3+
, a 

hard Lewis acid, over Fe2+, only a marginal Lewis acid, due to hard metal ion interactions 

with the deprotonated polyphenol ligands that behave as hard Lewis bases.52 Therefore, the 

FNP process stabilizes nanoparticles encapsulating octahedral tris TA-Fe3+ complexes.

3.1.3 Effect of pH on Nanoparticle—Because the TA/iron complex is affected by pH, 

we compared the properties of the nanoparticle dispersions at pH 7.4 (as made) and when 

dialyzed against water resulting in a nanoparticle dispersion at pH 5. At basic pH the 

octahedral tris(tannic acid) complex appears red in color32, 45. When the pH is shifted to 5, 

dynamic light scattering shows a relatively small change in the size distribution; a shoulder 

at smaller sizes is seen in Figure 5 at pH 5 that is not evident at pH 7.4. The pH decrease 

from 7 to 5 causes the dispersion to change from red to purple (maximum absorbance at 561 

nm) as shown in Figure 5, which is consistent with the bis-complex of tannic acid and iron 

expected at pHs between 3 and 6.32, 45 At pH 5, iron is bound by two gallate ligands 

producing a blue-purple Fe3+ complex due to their ligand-to-metal charge transfer 

bands.32, 52 This color change is reversible (Figure S.5).

TEM shows a change in nanoparticle structure upon changing the pH. At pH 7.4, the 

nanoparticles have a homogenous solid spherical core containing iron encapsulated within a 

block copolymer shell (Figure 5). However at pH 5, the core of the particles have swollen 

and appear porous under TEM due to solubilization of a portion of the TA-iron complex. 

Further, in the TEM micrograph a portion of the block copolymer appears drawn away from 

the surface of the nanoparticle as long filaments. The stability constant of TA-iron bis-

complex at pH 5 is ~109 compared to ~1017 for the tris-complex45 possibly leading to some 

degree of nanoparticle disassembly and rearrangement.

3.2 Multifunctional Nanoparticles

The calculated hydrophobicity of TA is logP 6.2 (Molinspiration54) roughly the same 

hydrophobicity (logP) of 1-tetradecanol. Therefore, it is reasonable to expect that 

hydrophobic organic species could be coprecipitated with the TA/iron coordination 

complex. For example, we have previously encapsulated a hydrophobic fluorescent dye, 

EtTP-5 for confocal imaging.17, 38 Performing FNP of 2:1 PS-b-PEG to [TA-Fe] by weight 

and 1.6 molar equivalents of iron to tannic acid with the addition of EtTP-5 in the organic 

stream (THF), nanoparticles with a narrow size distribution of 72 ± 1 nm and PDI of 0.23 

were obtained (Figure 6a). After dialysis and passing through a 0.45 micron nylon syringe 

filter, the resulting size was 73 ± 2 nm (PDI 0.21). The size of the nanoparticles containing 

EtTP-5 was comparable to particles made under the same conditions without EtTP-5 (80 nm

± 2 nm, PDI 0.20 i.e. within 10% and within experimental error). Since the EtTP-5 loading 
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was 1 wt.% of the nanoparticle core, the size of the nanoparticle was not expected to be 

significantly affected by the addition of the EtTP-5. Measurements of UV absorbance of the 

nanoparticle dispersion show peaks associated with the TA/iron complex as well as the 

EtTP-5 (Figure 6b). The nanoparticles are fluorescent (EtTP-5 excitation at 460 nm and 

emission at 635 nm and 695 nm). The ratio of the intensity of the peak at 635 nm to the peak 

at 695 nm (Figure 6c) is consistent with the dye dispersed in the hydrophobic core of the 

nanoparticle as has been observed the case of EtTP-5 dispersed in the core of a polystyrene 

nanoparticle.38 Based on this result and previous results with EtTP-5 dispersed in the 

hydrophobic nanoparticle core, EtTP-5 does not partition out of the nanoparticle core and 

can be used to track nanoparticles using confocal microscopy.17, 38 This result serves as an 

example of how the coordination complexes of TA and iron can be coprecipitated with other 

functional hydrophobic compounds or therapeutics to achieve multifunctional nanoparticles. 

Here, we have produced a fluorescent, pH-responsive, antioxidant containing nanoparticle.

3.3 In Vitro Antioxidant Activity and Uptake

We explored the intracellular antioxidant activity of the TA-loaded nanoparticles using 3T3 

fibroblasts. When cells were treated with increasing concentrations of TA-loaded 

nanoparticles for 24 hours, cell viability was over 70% for concentrations up to 100 μg/mL 

(Supporting Information Figure S.6) demonstrating the low cytotoxicity of the nanoparticles.

Antioxidant activity was monitored using a dichlorofluorescein (DCF) assay40 in which 

non-fluorescent dichlorofluorescein diacetate probe (DCFH-DA) is deacetylated by 

intracellular esterases and subsequently oxidized to fluorescent dichlorofluorescein (DCF) in 

the presence of peroxyl radicals generated by 2, 2′-azo-bis-amidinopropane (ABAP) (Figure 

7a). In the presence of the 50 μg/mL TA-loaded nanoparticles, the ABAP induced 

production of DCF was reduced by approximately 3-fold compared to untreated cells after 

90 minutes (Figure 7b). At TA-loaded nanoparticle concentrations greater than 20 μg/mL, 

antioxidant activity was comparable to tannic acid and ascorbic acid (vitamin C) at the same 

concentration (Supporting Information Figure S.8). This result demonstrates the antioxidant 

activity of the TA-loaded nanoparticles. Cells were incubated with 1000 μg/mL of 

nanoparticles containing TA and EtTP-5 (red) for 24 hours. To assess whether TA NPs 

entered acidic lysosomes, these cells were counterstained with LysoTracker Green®. 

Confocal microscopy suggests that the TA NPs were internalized and co-localized with 

lysosomes (Figure 7c). This observation was quantitatively verified by a Manders overlap 

coefficient of 0.76 between the EtTP-5 and LysoTracker Green® channels computed using 

the Zen 2009 image processing program (Zeiss) and a Manders coefficient above 0.6 

indicates colocalization.41-42 TA NP internalization was further confirmed via z-stack 

imaging, as shown in Supporting Information Figure S.6. Given the slightly acidic pH 

(4.5-5) of the lysosome55 and the transition from the stable tris-complex of TA and Fe3+ to 

less stable bis-complex below pH 6,32 these particles may release TA in the lysosome, 

potentially providing a valuable platform for intracellular delivery of antioxidants with 

potential applications in preventing cellular injury and death due to excess reactive oxygen 

species implicated in cardiac diseases.25 This is the focus of ongoing studies. The fact that 

TA nanoparticles are equally effective as free, unencapsulated TA demonstrates the promise 

of this approach. We have selected PS-b-PEG as a model system to examine the self-
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assembly of the precipitating coordination complexes in the presence of an amphiphilic 

block copolymer. In future work, the use of biodegradable hydrophobic blocks such as PLA-

b-PEG will be explored as has been explored in previous studies.56

4. Conclusions

Multifunctional, pH responsive nanoparticles that encapsulate antioxidant-metal 

coordination complexes can be produced using FNP, a polymer-directed self-assembly 

method. We encapsulated the tannic acid antioxidant by forming insoluble coordination 

complexes with Fe3+ during the mixing and assembly process. The tris-complex of tannic 

acid and iron forms sufficiently rapidly to be encapsulated within the core of the 

nanoparticle and effectively stabilizes the nanoparticle. Once formed the TA-Fe 

nanoparticles are stable for at least a month. The size of the nanoparticles can be tuned 

between 50 and 265 nm and can be coprecipitated with other hydrophobic moieties of 

interest e.g. therapeutics, dyes, etc. In vitro the nanoparticles show low cytotoxicity, are 

internalized in the lysosome of 3T3 fibroblasts and show antioxidant activity. Based on the 

pH of the lysosome and pH responsive nature of the TA/iron complex, these particles may 

be valuable platform for intracellular delivery of antioxidants with potential applications in 

preventing cellular injury and death due to excess reactive oxygen species implicated in 

cardiac diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Tannic acid and iron after rapid mixing without (left) and with (center) a stabilizing 

amphiphilic block copolymer. Without the block copolymer macroscopic precipitation is 

observed. A TEM micrograph of the stabilized nanoparticle dispersion is shown on the right 

with a 50 nm scale bar.
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Figure 2. 
Effect of iron concentration relative to tannic acid concentration on nanoparticle assembly. 

In a large excess of iron (3.1 mol excess relative to tannic acid) the dispersion appears 

purple indicating precipitates of iron and tannic acid and a micelle population is evident in 

the particle size distribution measured by dynamic light scattering. At lower iron 

concentrations, the dispersions appear red indicative of a tannic acid iron complex. Particle 

size decreases with increasing iron concentration.
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Figure 3. 
Tuning nanoparticle size: (a) nanoparticle size increases with increasing total solids 

concentration and (b) particle size increases with decreasing block copolymer to core 

material ratio. The ratio of block copolymer to core material ratio is reported in terms of 

mass (wt.: wt.) and the molar ratio of iron to tannic acid ratio was 1.6:1 mol:mol.
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Figure 4. 
Particle stability as indicated by (a) no significant change in nanoparticle size or size 

distribution measured by dynamic light scattering and (b) the initial red color associated 

with the tris complex of tannic acid and iron is retained over 1 month as indicated by the UV 

absorbance spectrum (UV maximum absorbance 496 nm). No significant change in the 

absorbance spectra was observed after 1 month.
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Figure 5. 
Particle rearrangement with pH shift. At pH 7.4, dispersions appear red (UV maximum 

absorbance 496 nm) with a uniform nanoparticle size distribution. TEM indicates single 

spherical iron containing core. At pH 5, the dispersions appear purple (UV maximum 

absorbance 561 nm) consistent with the bis-complex of tannic acid and iron. By dynamic 

light scattering, there is evidence of a shoulder at smaller sizes. The TEM at pH 5 shows 

evidence of swelling of the cores. Scale bar 50 nm.
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Figure 6. 
Characterization of fluorescent tannic acid/iron particles produced by coprecipitating the 

tannic acid/iron complex with a hydrophobic fluorescent dye, EtTP-5. (a) Coprecipitation 

with dye does not significantly affect particle size or size distribution measured by dynamic 

light scattering (b) UV absorbance shows absorbance peaks due to the presence of the 

EtTP-5 and (c) fluorescence spectra show emission peaks at 635 nm and 695 nm when 

excited at 460 nm due to presence of EtTP-5.
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Figure 7. 
Intracellular antioxidant activity in 3T3 fibroblasts in vitro (a) intracellularly deacetylated 

DCFH-DA (DCFH) is converted by reactive oxygen species (ROS) into fluorescent 

dichlorofluorescein (DCF), the fluorescence of which is measured in the presence of an 

applied oxidative stress (free radical generator, ABAP), (b) normalized fluorescence of 

untreated cells with applied oxidative stress compared to cells treated with 50 μg/mL TA, 

vitamin C or TA NPs, and (c) uptake of EtTP-5 loaded nanoparticles (red) at 1000 μg TA 

NPs/mL (d = 73.5 ± 1.5 nm) colocalized with the lysosomes stained green (LysoTracker® 

Green). Antioxidant-loaded nanoparticles prevent oxidative stress induced production of 

DCF.
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