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Abstract

Combining diagnosis and treatment approaches in one entity is the goal of theranostics for 

cancer therapy. Magnetic nanoparticles have been extensively used as contrast agents for 

nuclear magnetic resonance imaging as well as drug carriers and remote actuation agents. Poly(2-

oxazoline)-based polymeric micelles which have been shown to efficiently solubilize hydrophobic 

drugs and drug combinations, have high loading capacity (above 40% w/w) for paclitaxel. In 

this study, we report the development of novel theranostic system, NanoFerrogels, which is 

designed to capitalize on the magnetic nanoparticle properties as imaging agents and the poly(2-

oxazoline)-based micelles as drug loading compartment. We developed six formulations with 

magnetic nanoparticle content of 0.3~12 % (w/w), with the z-average sizes of 85–130 nm and 

ξ-potential of 2.7–28.3 mV. The release profiles of paclitaxel from NanoFerrogels were notably 

dependent on the degree of dopamine grafting on poly(2-oxazoline)-based micelles. Paclitaxel 

loaded NanoFerrogels showed efficacy against three breast cancer lines which was comparable 

to free paclitaxel. They also showed improved tumor and lymph node accumulation and signal 
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reduction in vivo (2.7% in tumor; 8.5% in lymph node) compared to clinically approved imaging 

agent ferumoxytol (FERAHEME®) 24 hours after administration. NanoFerrogels responded to 

super-low frequency alternating current magnetic field (50 kA m−1, 50 Hz) which accelerated drug 

release from paclitaxel-loaded NanoFerrogels or caused death of cells loaded with NanoFerrogels. 

These proof-of-concept experiments demonstrate that NanoFerrogels have potential as remotely 

actuated theranostic platform for cancer diagnosis and treatment.

Graphical Abstract

Novel Paclitaxel-loaded NanoFerrogels (PTX-NFGs) were developed with enhanced drug and 

magnetic nanoparticle loading capacity for drug delivery and imaging. Upon low frequency AC 

magnetic field exposure, PTX-NFGs triggered paclitaxel release and significant cytotoxic effect in 
vitro.
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1. Introduction

Most current applications of nanotechnology in cancer focus on development of separate 

systems for diagnosis and treatment of cancer, and it is necessary to shift the paradigm to 

combination of diagnosis and treatment in one single platform. Magnetic resonance imaging 

(MRI) has become one of the most used tools for non-invasive cancer diagnosis due to the 

high soft tissue contrast and spatial resolution [1,2]. Multifunctional all-in-one nanoparticle 

system can integrate diagnostic imaging component, and treatment [3,4]. Superparamagnetic 

iron oxide nanoparticles (MNPs) have different polymorphic forms, including magnetite 

(Fe3O4) and maghemite (γ-Fe2O3), and these two have shown promise as MRI contrast 

agents due to their good biocompatibility and feasibility of surface modification. Over the 

past decades, various MNPs were either clinically approved (i.e. Resovist®, GastroMARK®) 

or under clinical trials for cancer imaging [5]. Additional applications of MNPs, such as 

magnet targeted drug delivery, magnetic field-triggered drug release and gene expression 
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control, MNP-based hyperthermia [6,7] as well as magneto-mechanical actuation of MNPs 

[8] were reported. Contrary to magnetic hyperthermia, which utilizes a high frequency 

magnetic field to produce temperature increase in surrounding tissues, magneto-mechanical 

actuation induces mechanical motion of the MNPs and adjacent materials following 

exposure to super-low frequency AC magnetic field, without temperature increases [8]. In 

many theranostic studies active pharmaceutical ingredients (APIs) are chemically conjugated 

to polymer coated MNPs [9,10] which limits the API selection, the drug loading and 

the colloidal stability of nanoparticles [11,12]. Therefore, novel MNP-based formulations 

that can incorporate different APIs are needed for concurrent imaging, drug delivery and 

magneto-mechanical actuation.

Paclitaxel (PTX) is one of the most effective broad-spectrum anti-cancer agents approved 

for treatment variety of cancers, such as breast, non-small cell lung, ovarian and head and 

neck. Previously, we reported on poly(2-oxazoline) (POx) based polymeric micelles with 

very high drug loading capacity (LC) for PTX. POx-PTX micelles can be prepared with 

drug loading of up to 45 % w/w, which is 40 times higher than that of the clinically 

approved PTX (TAXOL®) [13]. The POx-PTX formulation has favorable in vivo safety 

profile, higher maximum tolerated dose (MTD) and greater in vivo efficacy compared to 

PTX [14]. Notably, POx micelle platform is versatile and can deliver many APIs with 

different chemical structures and pharmacological activities [15].

Here we describe a multimodal theranostic nanoparticle platform, NanoFerrogels (NFGs), 

based on magnetite MNPs and POx block copolymers for drug delivery, noninvasive 

imaging and remote magneto-mechanical actuation of drug release. These novel materials 

contain two distinct structural domains - magnetite MNPs and POx-based polymeric 

micelles connected with each other and assembled in a stable nanoscale aggregate. The 

magnetite MNPs domains serve both as “beacons” for magnet and receptors for magneto-

mechanical actuation, while the POx micelle domains serve for high-capacity loading of the 

drug (PTX).

2. Experimental Section

2.1. Materials

Benzyl alcohol and iron (III) acetylacetonate for MNPs synthesis, extra dry acetonitirle, 

methyl trifluoromethanesulfonate, valerontrile, ethanolamine, cadmium acetate dihydrate, 

2-methyl-2-oxazoline, 1-Boc-piperazine for POx synthesis, nitric acid (TraceSELECT) 

and inductively coupled plasma mass spectrometry (ICP-MS) grade standards for iron 

(Fluka) for ICP-MS, 3,4-dihydroxyphenethylamine (dopamine), 3-[4,5-dimethylthiazol-2-

yl]-2,5-diphenyl-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich Inc. (St. 

Louis, MO, USA). PTX was purchased from LC Laboratories (Woburn, MA, USA). 

Dissuccinimidyl suberate (DSS), acetonitrile (ACN, HPLC grade), anhydrous methanol 

(MeOH), anhydrous n,n-dimethyl-formamide (DMF), dimethyl sulfoxide (DMSO), 

phosphate-buffered saline (PBS) and all other HPLC grade solvents were purchased 

from Fisher Scientific Inc. (Fairlawn, NJ, USA). Lysotracker® Red-DND 99, Hoechst 

33342, Oregon Green® 488-conjugated PTX (OG488-PTX), and Alexa Fluor®-647-N-

hydroxysuccinimide (AF647-NHS) were purchased from Thermofisher Scientific (Waltham, 
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MA, USA). All cell culture-related materials were purchased from Gibco (Gaithersburg, 

MD, USA).

Breast cancer cell lines, MCF-7, MDA-MB-231 and BT474 were supplied from American 

Type Culture Collection (ATCC, Manassas, VA, USA). MDA435/LCC6 (LCC-6-WT), 

MDA/LCC6mdr1 (LCC-6-MDR) cells were kindly donated by Dr. R. Clarke, Georgetown 

University Medical school [16]. The origin of the parent of these cells was questioned 

in literature [17], but they are commonly characterized as breast cancer [18]. All cells 

except BT474 were cultured in Dulbecco’s modified eagle medium (DMEM) with 10 % 

fetal bovine serum (FBS) and 1 % Penicillin/streptomycin at 37 °C in a 5 % CO2. BT474 

cells were cultured in Roswell Park Memorial Institute medium (RPMI) 1640 with 2 mM 

L-glutamine, 1.5 g L−1 sodium bicarbonate, 4.5 g L−1 glucose, 10 mM (HEPES), 1.0 mM 

sodium pyruvate, and 0.01 mg mL−1 insulin with 10 % FBS and 1 % Penicillin/streptomycin 

at 37°C in a 5 % CO2 incubator.

2.2. Methods

2.2.1. Synthesis of PTX-NFGs—The amphiphilic triblock copolymer P[MeOx37-b-

BuOx20-b-MeOx41] (P2) was synthesized by living cationic ring opening polymerization as 

described previously [13]. All substances, such as monomers 2-methyl-2-oxazoline (MeOx), 

2-n-butyl-2-oxazoline (BuOx)), initiators, were dried by reflux with calcium hydride CaH2, 

and distilled under inert argon immediately before the polymerization. The molecular 

weight and block length of the P2 were confirmed by 1H NMR spectroscopy (Mn = 9.3 

kg/mol, PMeOx37-b-PBuOx20-b-PMeOx41), and GPC (Mn = 7.8 kg/mol, PDI = 1.18). The 

procedure of dopamine terminal conjugation to P2 was modified from Tong et al [19]. 

Briefly, piperazine-terminated P2 (100 mg) was dissolved in anhydrous MeOH and mixed 

with excess amount of (10-fold molar excess) of DSS in anhydrous DMF (1 mL). Sodium 

borate buffer (0.1 M, pH 8.0) was added to the solution, and it was incubated for 1 hr at 

room temperature (RT) under constant magnetic stirring at 400 rpm. Unreacted DSS was 

removed by gel filtration (Sephadex LH-20) with anhydrous MeOH as eluent. Activated 

POx-DSS was collected, and the solvent was evaporated in vacuo. Twenty-fold molar excess 

of dopamine was dissolved in anhydrous MeOH (2 mL) and added to activated P2-DSS (in 

2 mL anhydrous MeOH). The solution was stirred overnight at 4°C. Excess of dopamine and 

other impurities were removed by dialysis (MWCO 3.5 kDa).

MNPs were synthesized by thermal decomposition of iron (III) Acetylacetonate (Fe(acac)3) 

in anhydrous benzyl alcohol as described by Pinna et al [20], with minor modifications 

[21]. Briefly, 6.2 μmols of Fe(acac)3 was mixed in three-necked flask with 45 mL of 

anhydrous benzyl alcohol. The reaction mixture was heated up to 110°C and incubated 

for 1 hr to remove moisture. Once the moisture was completely removed, temperature was 

gradually increased to 205°C at a rate of approximately 2°C min−1, and the mixture was 

incubated at 205°C for 40 hr. The formed MNPs were precipitated and washed by acetone 

under magnet decantation, and residual organic solvent was completely evaporated by rotary 

evaporator. The MNPs were characterized by transmission electron microscopy (TEM), and 

superconducting quantum interference device (SQUID) to determine their size distribution, 

and saturation magnetization, respectively. Iron content in the PTX-NFGs was analyzed by 
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Inductively Coupled Plasma Mass Spectroscopy (ICP-MS; NexION 300D, Perkin Elmer, 

Waltham, MA). Briefly, 1 mg/mL of PTX-NFG solution was digested in 70% nitric acid, 

and incubated at 70°C for at least 12 hr. Following digestion, sample solution was further 

diluted in deionized (DI) water. Final concentration of nitric acid was adjusted to 2% and the 

samples were analyzed by ICP-MS.

PTX-loaded polymeric micelles were prepared by film hydration method [13]. Briefly, 

pre-determined amount of polymer (POx and/or POx-Dopamine) and PTX were dissolved 

in ethanol, the organic solvent was evaporated by airflow under mild heating (45°C). To 

remove residual ethanol, sample was kept in vacuo overnight. To form the micelles, DI 

water was added, and the mixture was incubated at 60°C for 20 min. Once formed, the 

micelle solution was cooled down to RT, and centrifuged at 10,000 rpm for 3 min to remove 

unloaded PTX. MNPs (0.5 mg mL−1) were dispersed in DI water, sonicated using probe 

sonicator (500 V, 2 kHz, 20 % power, 10 seconds on, 5 seconds off) for 30 min, and added 

dropwise to dopamine-modified polymeric micelles. The mixture was stirred at 400 rpm for 

24 hr. PTX-NFGs were purified by gel filtration (Sephadex G-25, DI water as eluent), and 

samples were lyophilized till future use.

2.2.2. PTX analysis—The PTX content in the formulations was quantified by high 

performance liquid chromatography (HPLC, Agilent Technologies 1200 Series, 250mm × 

4.6 mm Phenomex C18- 5 μm column). The mobile phase was ACN:H2O (55:45 v/v), flow 

rate was 1.0 mL min−1, column temperature was 40°C. and the detection wavelength was 

227 nm. Retention time for PTX was 6 min. To extract the PTX, the samples (70 μL) were 

mixed with acetonitrile (140 μL), sonicated and incubated for 30 min. The NFGs were 

separated by centrifugation at 12,000 rpm for 60 min, and supernatant was collected under 

magnet decantation. Twenty microliters of the supernatant were injected into HPLC.

2.2.3. Size and zeta potential measurements—The particle size of PTX-NFGs, 

was determined by nanoparticle tracking analysis (NTA) (Nanosight NS500, Wiltshire, 

United Kingdom, NTA 2.0 analytical software). Samples were prepared at concentration 

of 50 μg mL−1 with approximate particle concentration of 108 particles mL−1. A 60 sec 

video was recorded and analyzed by NTA software. Zeta-potential of formulation was 

measured using a Malvern Zetasizer (Malvern Instruments, Malvern, UK). The samples 

were diluted to 1.0 mg mL−1 in DI water, and inserted disposable zeta cells were used for 

the measurements. Particle size of dopamine conjugated POx micelles (1 mg mL−1) was 

determined by dynamic light scattering (Malvern Instrument, Malvern, UK).

2.2.4. Transmission electron microscopy (TEM)—TEM images of the uncoated 

MNPs, and PTX-NFGs were taken by JEOL 2010F-FasTEM (Peabody, MA, USA). The 

samples were diluted to approximately 0.25 mg mL−1 in DI water. A drop of diluted sample 

was put onto a carbon-coated copper grid (TedPella Inc., Redding, CA, USA) and dried in 

air. A drop of 5 % uranyl acetate was added on the TEM grid for negative staining. The 

particle size and size distribution of uncoated MNPs were calculated by ImageJ software 

(NIH, Bethesda, MD, USA).
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2.2.5. Saturation magnetization measurements—The saturation magnetization 

was measured using superconducting quantum interference device-vibrating sample 

magnetometer (SQUID-VSM; Quantum Design Co.). Pre-weighted samples were placed 

in sample holder and mounted in a transparent straw and the magnetization was determined 

at 300°K.

2.2.6. In vitro PTX release—The in vitro release rate of PTX from the formulation was 

evaluated by the membrane dialysis method [22]. Each formulation was diluted with 40 g 

L−1 bovine serum albumin (BSA) solution in PBS to a final sample concentration of 50 μg 

mL−1 PTX. 100 μL of diluted samples were placed in dialysis tubes (Slide-A-Lyzer, 20 kDa 

MWCO, Thermo Scientific, Rockford, IL, USA) and dialyzed against 20 mL of 40 g L−1 

BSA solution in PBS. All samples were kept at 37°C and shaken. At predetermined time 

point, samples were removed, and PTX concentration in the dialysis tube was measured by 

HPLC as described in section 2.2.2.

2.2.7. Intracellular distributions of PTX-NFGs—The AF647-labelled POx was 

synthesized by reacting POx in anhydrous methanol (10 mg mL−1) with AF647-NHS (5 

molar excess) in DMSO. The mixture was stirred for 2 hr at RT. Free AF647, was removed 

by gel filtration (Sephadex LH-20, MeOH as eluent). Fluorescent labeled PTX-NFGs were 

prepared as described in section 2.2.1. The ratio of AF647-POx to POx was 1:20 and the 

ratio between OG488-PTX and PTX was 1:10. MCF-7 cells were seeded in 8 well Lab-Tek 

II chamber slides at 1 × 105 cells well−1, and allowed to grow for 48 hr. Cells were treated 

with fluorescent labelled PTX-NFG (200 μg mL−1) for 4 or 24 hr. Following the treatment, 

the media containing PTX-NFG were removed, and the cells were washed 3 times with 

PBS. Next, the cells were treated with 100 nM of Lysotracker® Red DND-99 for 1hr, 

washed with PBS, treated with Hoechst 33342 nuclei staining for 15 min and washed with 

PBS. The cells were fixed with 4 % paraformaldehyde (PFA) for 15 min and washed with 

DI water. Intracellular distribution was assessed by confocal microscopy using Carl Zeiss 

700 confocal laser scanning microscope with 40x/1.4 oil plan apo lens and the degree of 

colocalization was quantified by coloc2 plugin from ImageJ software [23,24].

2.2.8. Cytotoxicity of PTX-NFGs—In vitro cytotoxicity of PTX-NFGs was assessed 

by MTT assay [25]. Cells were seeded at 5,000 cells well−1 in a 96-wells plate, and allowed 

to grow for 24 hr. Cells were incubated with the PTX-NFGs for 24 hr. After treatment, 

medium was removed, and cells were incubated with fresh medium for 72 hr. MTT reagent 

(1 mg mL−1) was added and the cells were incubated for 4 hr. The medium was removed, 

the formazan salt was solubilized in DMSO, and the absorbance was read at 562 nm using a 

plate reader (SpectraMax M5, Molecular Devices Co., USA). Cell survival % was calculated 

as Atreat given by Acontrol × 100. IC50 was determined using GraphPad Prism software 

(GraphPad Software INC., San Diego, CA, USA).

2.2.9. In vitro Relaxivity Measurements—The transverse relaxivities of the PTX-

NFGs were measured on the 3T Siemens Magnetom Prisma (Siemens Medical Solutions, 

Malvern, PA, USA). PTX-NFGs were dissolved in DI water, and serially diluted (0, 0.018, 

045, 0.09, 0.18, 0.27 and 0.36 mM Fe). The sequence for T2 mapping was modified 
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from Vishwasaro et al [21]. Briefly, Carr-Purcell-Meiboom-Gill phase cycled single slice 

multi-echo sequence was used. Thickness of coronal image was 2 mm with 320 × 320 

mm2 acquisition matrix, and 220 mm field of view. Total 32 echos from 10 ms to 320 ms 

were collected (10 ms echo spacing). Relaxation time (T2) was measured and converted to 

relaxation rates (R2 = 1 × T2
−1). Transverse molar relaxivity values (r2) were calculated as 

the slope of the plots of the R2 as function of Fe concentration.

2.2.10. In vivo MRI imaging—Animal use followed the policies of the University 

of North Carolina at Chapel Hill Institutional Animal Use and Care Committee. All 

animals acclimated in the animal facilities before experiments. Animals were exposed to 

a 12 hr light/dark cycle and received food and water ad libitum throughout the studies. 

Female athymic nude mice (6–8 weeks of age) were inoculated with 5×106 human 

LCC-6-WT cancer cells, resuspended in 50 % growth medium and 50 % Matrigel (BD 

Biosciences) by orthotopic implantation. When tumor volume reached ca. 500 mm3, 6 

animals were randomized into 2 groups of mice (n=3) with similar mean tumor volumes 

in each group and then treated with following formulations: (1) NFG/E (23 mg kg−1 Fe), 

and (2) FERAHEME® (Ferumoxytol injection 23 mg kg−1 Fe). The formulations were 

administered i.v via tail vein. Saline was chosen as a frame reference. T2-weighted imaging 

was performed on a 9.4-T scanner (Bruker Scientific Instruments, Billerica, MA) with 

35 mm quad-transceiver volume coil using a Turbo-RARE sequence (TR/TE, 3858.12 ms/

10.85 ms; slice thickness, 0.5 mm). Images were acquired before and 1, 5, and 24 hours 

after intravenous (IV) administration. To calculate Signal intensity (SI) operator-dependent 

regions of interest (ROIs) were used in the T2-weighted, TE (10.85 ms) images of tumor and 

lymph nodes obtained before and 24 post MNP injection. Saline was chosen as a frame of 

reference.

2.2.11. Remote actuation by super-low frequency magnetic field—For these 

studies we used a custom designed super low frequency alternating current (AC) magnetic 

field generator with variable power (up to 1.5 kW), frequency (30 to 3000 Hz) and magnetic 

field amplitude (10 to 100 mT) (Nanomaterials Ltd; Tambow, Russia). The temperature 

controlled holder accommodates either drug release dialysis device or strip plate for 

cytotoxicity studies. The temperature was maintained at 37 °C for all experiments.

For the PTX release studies PTX-NFG/B formulation was diluted with 40 g L−1 BSA in 

PBS to a final concentration of 0.5 mg mL−1. One hundred μL of sample was placed in 

dialysis tube and exposed to AC magnetic field (50 kA m−1, 50 Hz) for 30 min continuously. 

After exposure to AC magnetic field, dialysis tubes were placed in 20 mL 40 g L−1 BSA in 

PBS at 37°C under shaking (50 rpm). Non-treated samples were directly immersed in 20 mL 

release media at 37°C under shaker (50 rpm). At predetermined time point, samples were 

removed, and PTX concentration in the dialysis tube was measured by HPLC as described in 

section 2.2.2.

Cell viability: LCC-6-WT cells were seeded at 5,000 cells per well in 2×8 MICROLON 

96 well high binding plate strips (Greiner Bio INC., USA) and were allowed to adhere for 

72 hrs. Cells were treated with NFG-E at various concentration (MNP concentration range 

10–150 μg mL−1) for 24 hrs at 37 °C, washed with acidic saline (pH 3.0), filled with fresh 
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media, and exposed to 50 Hz AC magnetic fields of 50 kA m−1 for 30 min. In the pulsed 

exposure mode, the cells were exposed to the field with a 10 min on, 5 min off pattern for 

total on field exposure of 30 min. Cell viability was measured 4 hr after exposure using CCK 

study (Dojindo, Japan).

2.2.12. Statistical Analyses—All statistical analyses was performed using Graphpad 

Prism. All data represented as mean ± S.D. Comparison between two groups was done by 

two-tailed Student’s t-test, and comparison between more than two groups were assessed by 

one-way ANOVA with Dunnect’s post-hoc test. For in vivo MRI imaging study, comparison 

between more than three groups were assessed by two-way ANOVA with Ryan-Einot-

Gabriel-Welsc’s post-hoc test (*p<0.05, **p<0.01, ***p<0.001).

3. Results

3.1. Synthesis of PTX-NFGs

The size and size distribution of MNPs can be fine-tuned during the MNPs synthesis by 

optimizing the heating schedule [21]. In this study, we produced uniform superparamagnetic 

MNPs with 5.5±1.1 nm diameter and saturation magnetization of 80 emu g−1 

(supplementary Fig. S1A–C) and used them in all experiments described here. The NFGs 

were manufactured by reacting the MNPs with PTX loaded dopamine decorated POx 

micelles in aqueous media. Dopamine, a member of the catecholamine family, has high 

binding affinity to iron oxide and was conjugated to piperazine-terminated POx copolymer 

P[MeOx37-b-BuOx20-b-MeOx41] (P2) to anchor the micelles to the surface the MNPs [26]. 

Dopamine was conjugated to POx using DSS, selective non-cleavable amine to amine 

linker (supplementary Fig. S2A). 1H-NMR showed that ~100 % of polymer chains were 

successfully modified with dopamine (supplementary Fig. S2B,C). Notably, dopamine 

conjugation did not affect the ability of POx to form micelles and load PTX. No significant 

differences in particle size, PDI, and loading capacity of PTX were observed compared to 

dopamine free POx-PTX micelles (supplementary Fig. S3).

To prepare the PTX-NFGs while avoiding hydrolysis of PTX ester groups in alkaline 

pH [27] and the oxidation of dopamine to dopaquinone [28,29] we slightly modified the 

procedure of PTX-NFGs synthesis. The MNPs were dispersed in DI water at neutral pH 

(pH~7.0), sonicated for 30 min (to minimize the aggregation of MNPs) and mixed with the 

pre-prepared PTX-POx micelles (Fig. 1A). The PTX to POx feeding ratio in these micelles 

was 2:10 w/w. We prepared six formulations of PTX-NFGs by mixing MNP with either 20% 

or 100% PTX-POx-Dopamine (Fig. 1B, Table 1). To confirm that PTX content in the NFGs 

could be increased without loss of stability, we also prepared PTX-NFGs at 1:1 w/w loading 

ratio (supplementary Table S1).

Formation of PTX-NFGs did not affect the PTX loading (LE of PTX remained around 100 

%). MNPs were effectively loaded into PTX-NFGs, LE of MNPs was in 60–70 % range. 

The LC of MNPs in PTX-NFGs varied between 0.3–11.9 % w/w. As expected, the NFGs 

prepared with the 100 % POx-Dopamine had the highest MNPs loading, reaching 11.9 % 

w/w for PTX-NFG/D, synthesized at 1:4 ratio of MNPs to POx-Dopamine.
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3.2. Physicochemical characterization of PTX-NFGs

All PTX-NFGs samples had an average hydrodynamic diameter from 100 nm to 130 nm as 

determined by NTA (Fig 2A, supplementary Fig. S4). The PTX-NFGs prepared with 20% 

POx-Dopamine had a high positive ξ-potential of +25–30 mV, like that of POx-micelles, 

which was obviously due to the presence of the protonated amino groups in the terminal 

piperazine moieties of POx. The PTX-NFGs prepared with 100% POx-Dopamine showed 

ξ-potential of up to 10 mV, comparable to ξ-potential of POx-Dopamine micelles (Fig. 

2B). The morphology of PTX-NFGs examined by TEM (Fig. 2D), revealed raspberry-like 

clusters with multiple electron dense grains of MNPs that appeared to be surrounded by 

polymeric species, possibly free POx micelles. The average size of the clusters as measured 

by TEM was around 100 nm, i.e., comparable to the NTA size data. PTX-NFGs displayed 

superparamagnetic behavior without any significant remnant magnetization (Fig. 2C). The 

saturation magnetization of PTX-NFGs gradually decreased as the POx-dopamine content in 

PTX-NFGs increased (Table 2), which is likely due to interactions between the polymer and 

MNPs [30,31].

3.3. Colloidal stability of PTX-NFGs

The colloidal stability of PTX-NFGs was determined by measuring the particle size by 

NTA as well as visual assessment of phase separation over time (Fig. 3, supplementary 

Fig. S5). While the particle size did not seem to change dramatically during the time 

of the observation (days), the formation of precipitate observed in various samples was 

indicative of the loss of stability. The POx-Dopamine content in the formulation had 

major influence on the stability of PTX-NFGs. Specifically, all formulations with 20% 

POx-Dopamine were stable in dispersion with no sign of phase separation for at least 

1 day and exhibited precipitation on day 2 or day 3. In contrast, all formulations with 

100% POx-Dopamine content precipitated during day 1. Similar trend was observed for 

the formulations dispersed in PBS (Fig. 3) as well as DI water (supplementary Fig. S5), 

although the particle size changes over time were more pronounced in DI water than those 

in PBS. This suggests that the precipitation was not due to the phosphate anions-induced 

desorption of the polymer discussed previously [21], but rather restructuring and aggregation 

of the PTX-NFGs particles.

3.4. In vitro release of PTX

PTX release studies were performed in BSA solution in PBS (40 g L−1) to establish 

sink conditions for PTX [32]. PTX has a high binding affinity to serum albumin [33,34] 

and mostly circulates in albumin bound form post IV administration [14]. All PTX-NFGs 

showed sustained release profile with no burst release (Fig. 4). The release of PTX from 

100 % POx-Dopamine decorated NFGs (PTX-NFGs/D-F) was similar to PTX release 

from PTX/POx micelles (Fig. 4A). However, the PTX release from 20 % POx-Dopamine 

decorated NFGs (PTX-NFGs/A-C) was slower compared to PTX/POx micelles. Specifically, 

during first 8 h PTX/POx micelles released over 40% of PTX compared to approximately 

20 % released from PTX-NFGs/A-C formulations (Fig. 4B). (The compassion of the release 

profiles from the 20% and 100% POx-Dopamine decorated NFGs is further detailed in the 
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supplementary Fig. S6). Notably, alteration in the MNPs content in these compositions had 

little if any effect on the PTX release profiles.

3.5. Intracellular distribution of PTX-NFGs

To validate the safety of our formulations we determined the cytotoxicity of blank NFGs 

in MCF-7 and LCC-6-MDR breast cancer cells (supplementary Fig. S7). The NFGs were 

nontoxic in both cell lines in the entire range of MNPs concentrations tested. For the 

intracellular uptake and distribution studies we used PTX-NFG/B, the formulation with 

the highest colloidal stability. The intracellular uptake and distribution of PTX-NFG/B 

in MCF-7 cells was studied by confocal microscopy (Fig. 5A). To track the drug and 

polymer distribution in the cells the fluorescently labeled PTX (OG488-PTX) and POx 

(AF647-POx) were used. Both POx and PTX were rapidly internalized and colocalized ith 

the lysosomes (yellow punctate regions) as early as at 4 h of exposure. At that time point 

over 75 % of AF647-POx and OG488-PTX were colocalized with the lysosomes (Fig. 5B). 

At the longer incubation time of 24 h there was a slight but significant decrease in the 

colocalization between PTX and lysosomes compared to 4 h time point (4h: 76.6±4.5 %; 

24h: 62.9±8.3%, p<0.001) with ~63 % and ~37% of the drug found in the lysosomes and 

cytoplasm respectively (Fig. 5B).

3.6. In vitro cytotoxicity of PTX-NFGs

The in vitro cytotoxicity of the PTX-NFGs was determined in 3 breast cancer cell 

lines: human breast adenocarcinoma MCF-7, triple negative human breast adenocarcinoma 

LCC-6-WT, and triple negative multidrug resistant human breast adenocarcinoma LCC-6-

MDR (Table 3 and supplementary Fig. S8). All PTX-NFGs exhibited similar cytotoxicity 

compared to free PTX in MCF-7, and LCC-6-WT. Some of the PTX-NFGs formulations 

(PTX-NFG/A, PTX-NFG/D and PTX-NFG/E) had lower IC50 values compared to free 

PTX in LCC-6-MDR cells, however, the differences were several folds only. Separately, 

we characterized the cytotoxicity of the empty NFGs in each of the cell lines listed in 

Table 3. Of the three cell lines the empty NFGs were more cytotoxic in LCC-6-WT cells 

(as discussed below). However, even in this case no-cytotoxic effect was observed until 10 

μg/ml NFGs concentration. The thresholds for the cytoxicity of NFGs was even higher for 

the two other cell lines: ~100 μg/ml for MCF-7 and ~150 μg/ml for LCC-6-MDR cells. 

All these values were at least two orders of magnitude higher than the concentration of the 

NFGs in the cytotoxicity studies (at IC50 of the drug) and therefore the observed IC50 values 

and cytotoxicity of PTX-NFGs are due to the cytotoxic effects of the drugs incorporated in 

these nanoformulations.

3.7. Enhanced drug release from PTX-NFGs induced by AC magnetic field

In order to evaluate the effect of the super-low frequency AC magnetic field on PTX release, 

PTX-NFG/B was dissolved in 40 g L−1 of BSA/PBS media, and exposed to AC magnetic 

field (50 Hz, 50 kA m−1, 30 min) starting at 1 h of incubation (Fig. 6A). One set of 

samples was exposed three times of AC magnetic field (1h, 2h, 3h) and the PTX release was 

measured at 4 h time point. The second set of samples was exposed to five times, (1h, 2 h, 3 

h, 4 h and 6 h) and the PTX release was measured at 8 h time point. At both 4 and 8 h time 

points, PTX release in the samples exposed to the magnetic field was significantly higher 
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compared to non-exposed samples, 29.3 % vs. 13.3% at 4h and 47.6 % vs. 19.7 at 8 h (Fig. 

6B).

3.8. Cytotoxic effect of NFGs in cancer cells induced by AC magnetic field

To evaluate the effects of the AC magnetic field on the cells viability, we incubated 

LCC-C6-WT breast cancer cells with NFG/E at concentrations up to 150 μg ml−1 MNPs 

equivalent (Fig. 6C, D). Following incubation with various concentration of NFGs for 24 

hr, the cells were exposed to continuous (50 kA m−1, 50 Hz, 30 min) or pulsed (10 min 

“on” / 5 min “off”, total “on” 30 min) AC magnetic field or no field treatment as previously 

described [35]. Although exposure to higher concentrations of MNPs (above 10 μg mL−1) 

induced some cytotoxicity even without the field, pulsed AC magnetic field indeed reduced 

the cell viability by about 40 % at the concentration of MNPs as low as 10 μg mL−1. As 

the uptake and colocalization studies showed that the NFGs accumulate mainly in lysosomes 

(Fig. 5B), the mechanism of cells disruption is likely to be similar to the previously reported 

cytoskeleton disruption pathway [35].

3.9. In vitro relaxivity measurements

To measure the T2 relaxivity in vitro we prepared a series of PTX-NFGs solutions in DI 

water and imaged them on 3T MRI (supplementary Fig. S9A). The relaxivity rate (R2) at 

3T was plotted as function of Fe concentration (supplementary Fig. S9B). The slope of 

the plot, the r2 value, was calculated and compared for different PTX-NFGs formulations 

(Table 4). The relaxivity values were in the range of 13.8–30.3 s−1mM−1 that is lower than 

the r2 values of commercial agents Feridex® and Ferumoxytol (r2 = 148 mM−1s−1, and 

62.3 mM−1s−1, respectively). Interestingly, the r2 values were higher for the 20% dopamine 

modified NFGs (PTX-NFGs/A-C) despite low MNP content in these NFGs (PTX-NFG/A-C 

versus PTX-NFG/D-F).

3.10. In vivo MRI imaging

To evaluate the MRI contrast potential of drug-free NFGs, the mice bearing LCC-6-WT 

tumors were injected IV with NFG/E or Ferumoxytol. NGF/E was selected due to its 

stability and relatively high NMP loading. The injected dose (30 mg Fe kg−1, equivalent to 

2.4 mg Fe kg−1 in humans based on FDA conversion guidelines) was below the clinically 

used dose of 4 mg Fe kg−1 [36,37]. The T2 images were taken 1 h, 5 h and 24 h 

post injection (Fig. 7A) and the SI was calculated compared to the reference solution 

(supplementary Fig. S10A–C). At these respective time points the decreases in SI in 

the tumor following administration of NFG/E were 0.8%, 2.7%, and 2.7% compared to 

10.5%, 11.7%, and 0% following Ferumoxytol administration (Fig. 7B). In the lymph nodes 

the SI decreased 24.9%, 26.6%, and 26.6% for NFG/E compared to 31.6%, 39.6%, and 

18.1% for Ferumoxytol (Fig. 7C). Notably, even though Ferumoxytol had significantly 

higher r2 compared to NFG/E in vitro, the SI decrease in the tumor 24 h after injection 

of Ferumoxytol was negligible, compared to detectable 2.7% for NFG/E (Fig. 7B). This 

effect was even more pronounced in the lymph nodes (18.1 versus 26.6) (Fig. 7C). 

Therefore, NFG/E displayed prolonged tumor and lymph nodes retention compared to that 

of Ferumoxytol.
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4. Discussion

This work develops a new class of hybrid theranostic materials, NFGs, based on cross-linked 

raspberry-like nanoclusters of MNPs and POx micelles that have multiple functionalities 

for drug delivery, MRI imaging and remote magneto-mechanical actuation. In this study we 

report on the (1) synthesis of NFGs and their loading with a hydrophobic API, PTX, (2) the 

in vitro drug release from the drug PTX-loaded NFGs, (3) the use of these materials for MRI 

of tumors and lymph nodes in vivo, and (4) drug release and cancer cell death enhancement 

with these materials as a result of their remote actuation by super-low frequency AC 

magnetic field.

In order to load MNPs and PTX into two segregated compartments, we designed the system 

where MNPs were conjugated to drug-loaded pre-formed POx micelles. Therefore, PTX 

was in the hydrophobic core of the micelles, and the MNPs were bound to the dopamine-

decorated micelle shell. This approach, of combining two segregated compartments, allowed 

to maintain the ultra-high drug loading capacity of P[MeOx37-b-BuOx20-b-MeOx41] 

micelles for PTX [13]. Several studies described PTX-loaded MNPs formulations. However, 

the feeding ratio between polymer and PTX was 10:1 or higher (polymer: PTX) resulting in 

drug loading below 10 wt. % [38–42]. In this study we were able to achieve 20 % w/w to 50 

% w/w drug loading.

Two methods are commonly used for MNPs synthesis, co-precipitation of ferrous and ferric 

ions with the presence of base (alkali aqueous solution) [43], and thermal decomposition of 

iron precursor. Although the MNPs formed by co-precipitation method have hydrophilic 

surface and can be dispersed in aqueous media, it is difficult to control their size, 

and size distribution. Thermal decomposition of organic iron precursor in non-aqueous 

solvent, such as benzyl ether, or benzyl alcohol allows better control of particle size 

[20,44]. Several groups screened functional moieties with high affinity to MNPs surface, 

such as carboxylates, phosphates and catechols. Specifically, dopamine (4-(2-Aminoethyl) 

benzene-1,2-diol), one of the analogs of catecholamine, can be used as an anchor group as 

it combines high affinity to MNPs surface with a free amine group for POx conjugation 

[28,29]. Although dopamine was covalently conjugated to POx block copolymer and 

no release of dopamine over time was observed, given the role of dopamine in central 

nervous system (CNS), it is critically important to assess the safety of dopamine-contained 

nanomaterials. Previously reported IC50 of dopamine in vitro in various cell line are in 

the range of 25 μM to 250 μM [45–47]. In our cytotoxicity experiments the highest POx-

Dopamine concentration was 70 μg mL−1, corresponding to dopamine concentration of less 

than 7.3 μM. The dopamine dosing in the in vivo imaging experiments was around 15.3 mg 

kg−1. In both cases no toxicity was observed.

Previous studies have shown that colloidal stability of polymer coated MNPs, in which 

polymer was anchored to MNPs via dopamine anchor groups, depended on the [MNPs]:

[dopamine] ratio [48,49]. For example, Lassenberger et al. developed nitrodopamine-

PEG coated MNPs. Feeding ratio of [MNPs]/[nitrodopamine-PEG] was set at 10, and 

corresponding LC of MNPs was around 5 %. However, the particles were not stable in 

either DI water or PBS for more than 2 days [48]. We set the minimum [MNPs]/[POx-
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Dopamine] ratio > 1 to increase the incorporation of MNPs into NFGs. Consistent with 

the previously reported data, PTX-NFGs prepared 20 % content of POx-Dopamine in the 

total POx polymer were more stable compared to NFGs prepared at 100 % POx-Dopamine. 

Also, the POx-Dopamine:POx ratio, but not the MNP:POx ratio affected the PTX release 

rates. Kim et al [12] reported that the release of drug from shell-crosslinked micelles 

was slower compared to non-crosslinked micelles as crosslinked shell represented a tight 

network, reducing the mobility of drug in the micelles core. Similar effect of crosslinking 

was observed by Teng and co-workers [50]. This is in agreement with our observation of 

slower PTX release from PTX-NFGs with 20 % dopamine, which contain POx micelles with 

the shells crosslinked through MNPs-dopamine interactions.

There are several factors that affect T2 relaxivity of MNPs, such as size of MNPs [51–52], 

MNPs surface properties [51], degree of aggregation [52,53], coating hydrophilicity [54], 

surface modification [55] and thickness [5]. Coating of the MNPs strongly affects the T2 

relaxivity as coating can either reduce or increase water molecules penetration to MNPs 

therefore reducing or enhancing relaxivity. Compared to other functional MNP formulations, 

the relaxivity of our NFG was relatively low. Tong et al. [56]. measured T2 relaxivity of 

MNPs coated with PEG with five different PEG chain lengths (550 to 5,000 Da). The T2 

relaxivity of MNPs coated with PEG5000 was almost 8 times lower compared to MNPs 

coated with PEG 550 due to lower permeability of water through the polymer coating [56].

Interestingly, at same MNP : POx-Dopamine ratio the transverse relaxivity r2 was higher for 

PTX-NFG/A-C compared to PTX-NFG/D-F that differ in the percent of POx-Dopamine. 

The explanation could be complex, but we would like to point out the difference in 

the charges between these two groups of NFGs. It was previously reported that MRI 

relaxivity can be affected by nanoparticle surface charge [57]. MNPs bearing positive charge 

displayed higher r2 than neutral or negatively charged MNPs. Additionally, the presence of 

hydrophilic polymer coating around MNPs can slow down water diffusion and contribute 

to R2 increase [58,59]. Therefore, greater transverse relaxivity observed for PTX-NFG/A-C 

group is consistent with positive zeta-potential and high content of unconjugated POx in 

these systems compared to PTX-NFG/D-F group.

Although in vitro T2 relaxivity values are important for prediction of in vivo performance, 

biodistribution and tissue incorporation of nanoparticles also play a major role. T2-

enhancement in relatively early post-contrast scans is affected by the tumor’s blood volume, 

which contributes as much as 5 % to SI for most cancers [60,61]. Therefore, SI at later 

time points is usually due to uptake and retention of contrast agents in tumor and tumor 

associated macrophages [62]. It is likely, therefore, that 24 h post injection, Ferumoxytol 

is cleared from the tumor site and lymph nodes, while NGFs are retained and provide 

significant uniform contrast reduction.

Previous studies showed that magneto-mechanical actuation of MNPs under super-low 

frequency magnetic field induced conformational and functional changes of the surrounding 

materials. Klyachko et al. [63] suggested that the rotation of MNPs in the AC magnetic 

field (50 Hz) generates shear and tensile stress forces, that induce structural deformation 

and deactivation of enzymes immobilized on MNPs. Zhang et al developed MNP conjugated 
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with LAMP1 antibody (lysosomal-associated membrane protein), which could be used to 

remotely activate apoptosis by rupturing the lysosomal membrane [64]. Previously Master 

et al. reported that the exposure of cells loaded with MNPs to the super-low frequency 

magnetic field led to the cytoskeleton disruption and subsequent cell death without any 

rupture of the lysosomal membrane [35]. Notably, the exposure to the pulsed AC magnetic 

field generated more cell damage than the continuous field. It was suggested that during 

the field exposure lysosomes with MNPs form needle-like structure and following exposure 

these structures disassemble. In the pulsed field regime, the repeated assembly/disassembly 

of lysosomes produce repeated stress-relaxation that may cause more damage to the 

cytoskeleton than the continuous field. Likewise, the pulsed magnetic field produced greater 

conformation changes and inactivation of enzymes immobilized on MNPs [63].

The observation of enhanced drug release from polymeric micelles by super-low frequency 

magnetic field is new to the best of our knowledge. The majority of previous studies in this 

area focused on temperature-induced changes in heat sensitive polymers and lipids during 

exposure to high frequency magnetic field (magnetic hyperthermia) [6,7]. Although the 

effect of the field exposure on drug release was dependent on the NFGs structure, the NFGs 

show the potential to combine both triggered release and MNPs induced cell death.

5. Conclusions

In this study, a multifunctional “three-in-one” PTX-NFGs composed of dopamine-

conjugated POx micelles cross-linked through MNPs was designed, and six different 

formulations were developed. The context of the dopamine-conjugated POx polymer in 

the overall polymer composition affected the particle stability and drug release profile of 

PTX-NFGs. PTX-NFGs showed similar cytotoxicity against various breast cancer cell lines 

compared to pure PTX in vitro. We demonstrate that NFGs have potential as MRI contrast 

agents in vivo since NFGs produced more durable SI in both tumor and lymph nodes 

compared to Ferumoxytol, a commercially available MRI contrast agent. NFGs induced 

cell death following exposure to super-low frequency AC magnetic field against several 

breast cancer cell lines. Exposure to super-low frequency AC magnetic field also triggered 

release of PTX from PTX-NFG in vitro. Taken together, these results highlight a potential of 

PTX-NFGs as a theranostic platform for cancer diagnosis and treatment.
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Fig. 1. 
(A) Schematics of the preparation of PTX-NFGs and (B) summary of MNPs, POx-

Dopamine and POx compositions in the blank NFGs and PTX-NFGs (see, also Table 1).
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Fig. 2. 
(A) Hydrodynamic diameter of PTX-NFGs dispersed in PBS, (B) zeta potential of PTX-

NFGs, POx micelles, and POx-Dopamine micelles, (C) saturation magnetization of PTX-

NFGs and (D) Representative PTX-NFGs TEM image (PTX-NFG/B). Data are mean ± S.D.
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Fig. 3. 
Colloidal stability of PTX-NFGs prepared with (A) 20% POx-Dopamine (PTX-NFG/A-C) 

and (B) 100% POx-Dopamine (PTX-NFG/D-F). The samples (1 mg mL−1) were incubated 

in PBS over period of 3 days. Data represented mean ± SD (n=3). # indicate precipitation.
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Fig. 4. 
A cumulative PTX release from PTX-NFGs at 37 °C in the presence of 40 g L−1 of BSA. 

PTX release comparison between POx micelles and (A) PTX-NFGs/D-F, (B) PTX-NFGs/A-

C Data are mean ± SD (n=3, *P<0.05, **P<0.01).
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Fig. 5. 
(A) Intracellular distribution of fluorescently labeled PTX-NFG/B in MCF-7 breast cancer 

cells after 4 h of incubation (bar = 20 μm). (B) Quantification of the colocalization of 

AF647-POx (red) and OG488-PTX (green) with lysosomes (orange) as determined by 

ImageJ software after 4 and 24 h of incubation (***P<0.001). Nuclei were stained with 

Hoechst 33342 (blue).

Seo et al. Page 23

Nanomedicine. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Remote magneto-mechanical actuation of PTX-NFG and NFG in AC magnetic field. (A) 
A scheme illustrating the exposure and PTX release measurement timeline. Red arrow 

indicates application of AC magnetic field (50 kA/m, 50 Hz) either continuous or pulse 

for 30 min. (B) The effect of the AC magnetic field exposure on the release of PTX from 

PTX-NFG/B at 4 h, and 8 h (n=3). (C) A scheme illustrating the exposure and cell viability 

measurement timeline. Red arrow indicates times of application of AC magnetic field. (D) 
Cell viability of LCC-6-WT cancer cells following exposure to continuous (gray) or pulsed 

(striped) AC magnetic field. **P<0.01; ***P<0.001 compared to no exposure. Data are 

mean ± S.D. (n=6).
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Fig. 7. 
(A) T2-weighted images obtained from tumor and lymph node at different time points after 

NFG/E or Ferumoxytol (FX) administration. Red arrow and circle indicated the tumor tissue 

and lymph node, respectively. (B) Signal reduction percentage of NFG/E and Ferumoxytol 

compared to reference in tumor. (C) Signal reduction percentage of NFG/E and Ferumoxytol 

compared to reference in lymph node. Data represented mean ± S.D. (n=3).
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Table 1.

Composition and loading characteristics of PTX-NFGs

Formulation

MNP: POx-
Dopamine ratio

Feeding amount (mg) Loading Efficiency (LE)
1 

(%)
Loading capacity (LC)

2 

(%)

POx POx-Dopamine PTX MNPs PTX MNPs PTX MNPs

PTX-NFG/A 1:4 8 2 2 0.5 106.9 67.5 17.1 2.7

PTX-NFG/B 1:8 8 2 2 0.24 88.2 68.8 14.4 1.2

PTX-NFG/C 1:40 8 2 2 0.05 95.8 72.3 15.9 0.3

PTX-NFG/D 1:4 0 10 2 2.4 97.9 69.0 13.5 11.9

PTX-NFG/E 1:8 0 10 2 1.2 100.0 71.0 15.1 6.7

PTX-NFG/F 1:40 0 10 2 0.24 102.3 63.7 16.7 1.3

1
LE (wt. %) of either PTX (or MNPs) was calculated as the amount of PTX (or MNP) in final formulation/the feed amount of PTX (or MNP) 

X100.

2
LC (wt %) for either PTX or MNPs was calculated as the amount of PTX or MNPs in final formulation X100 / the amount of dispersed phase in 

the formulation.

Nanomedicine. Author manuscript; available in PMC 2023 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Seo et al. Page 27

Table 2.

Saturation magnetization of PTX-NFGs

Sample
MNP:POx-Dopamine ratio Saturation magnetization (emu/g Fe3O4) Fraction of saturation magnetization of Fe3O4 

(%)

Fe3O4 n/a 82.9 100

PTX-NFG/A 1:4 81.3 98.0

PTX-NFG/D 1:4 78.1 94.2

PTX-NFG/B 1:8 74.7 90.1

PTX-NFG/E 1:8 77.2 93.1

PTX-NFG/C 1:40 56.2 67.8

PTX-NFG/F 1:40 55.0 66.3
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Table 3.

IC50 values of the various PTX-NFGs in breast cancer cell lines.

Treatment
IC50 (ng/mL)

a

MCF-7 LCC-6-WT LCC-6-MDR

PTX 4.2 ± 2.7 6.6 ± 2.1 217 ± 76

PTX-NFG/A 9.2 ± 2.8 7.5 ± 1.1 102 ± 14**

PTX-NFG/B 4.7 ± 1.9 6.2 ± 2.2 399 ± 202

PTX-NFG/C 5.2 ± 4.4 15.8 ± 2.7 245 ± 50

PTX-NFG/D 8.1 ± 7.7 4.2 ± 0.3 63 ± 22**

PTX-NFG/E 2.0 ± 1.5 5.3 ± 1.1 89 ± 37**

PTX-NFG/F 5.8 ± 1.3 1.7 ± 0.8 243 ± 24

a
Data represent mean ± S.D. (n=6).

**
P<0.01 compared to free PTX.
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Table 4.

Transverse relaxivity (r2) of PTX-NFGs.

Formulation MNP : POx-Dopamine ratio POx-Dopamine content vs total POx (%) MNPs content (%) r2 (s−1mM−1)

PTX-NFG/A 1:4 20 2.7 30.3 ± 0.8

PTX-NFG/B 1:8 20 1.2 18.8 ± 2.6

PTX-NFG/C 1:40 20 0.3 16.0 ± 0.2

PTX-NFG/D 1:4 100 11.9 22.0 ± 2.4

PTX-NFG/E 1:8 100 6.7 15.3 ± 0.5

PTX-NFG/F 1:40 100 1.3 13.8 ± 0.3
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