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Abstract

Due to the unique physicochemical properties exhibited by materials with nanoscale dimensions, 

there is currently a continuous increase in the number of engineered nanomaterials (ENMs) used 

in consumer goods. However, several reports associate ENM exposure to negative health outcomes 

such as cardiovascular diseases. Therefore, understanding the pathological consequences of ENM 

exposure represents an important challenge, requiring model systems that can provide mechanistic 

insights across different levels of ENM-based toxicity. To achieve this, we developed a mussel-

inspired 3D microphysiological system (MPS) to measure cardiac contractility in the presence of 

ENMs. While multiple cardiac MPS have been reported as alternatives to in vivo testing, most 

systems only partially recapitulate the native extracellular matrix (ECM) structure. Here, we show 

how adhesive and aligned polydopamine (PDA)/polycaprolactone (PCL) nanofiber can be used to 

emulate the 3D native ECM environment of the myocardium. Such nanofiber scaffolds can support 

the formation of anisotropic and contractile muscular tissues. By integrating these fibers in a 

cardiac MPS, we assessed the effects of TiO2 and Ag nanoparticles on the contractile function of 

cardiac tissues. We found that these ENMs decrease the contractile function of cardiac tissues 
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through structural damage to tissue architecture. Furthermore, the MPS with embedded sensors 

herein presents a way to non-invasively monitor the effects of ENM on cardiac tissue contractility 

at different time points. These results demonstrate the utility of our MPS as an analytical platform 

for understanding the functional impacts of ENMs while providing a biomimetic 

microenvironment to in vitro cardiac tissue samples.

Graphical abstract

Heart-on-a-Chip integrated with mussel-inspired fiber scaffolds for a high throughput 

toxicological assessment of engineered nanomaterials.
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Introduction

Engineered nanomaterials (ENMs) have unique size-dependent optical, magnetic, and 

electrical, properties, which can be difficult to achieve using their bulk counterparts. 

Consequently, the use of ENMs has greatly increased in consumer products, with 

applications in cosmetics, electronics, and even drug delivery. Because ENMs are often 

designed to be evenly distributed, insoluble and stable, this makes them difficult to safely 

dispose [1] and therefore increases their potential to act as environmental pollutants. This in 

turn, presents the risk of being exposed to ENMs via unintended routes, such as through 

ambient air inhalation or oral ingestion via ground and drinking water. As a result, 

understanding the pathological consequences of organ exposure to ENMs poses an 

important challenge that has not been fully explored [2, 3]. This is particularly alarming as 

some early reports have already linked ENM exposure with cardiac failure and potentially 

death [4]. For instance, exposure to TiO2 nanoparticles, which are abundantly used in white 

pigments, sunscreens and food colorants, lead to a dose-dependent increase of heart rate due 

to ENM-induced arrhythmia under ex vivo exposure conditions of guinea pig hearts [5]. 
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Additionally, Ag nanoparticles, which are industrially used in mirrors, photography and as 

antimicrobial or conducting agents, has also been found to diminish action potential readings 

in mice and lead to loss in myocardial excitability that induces lethal bradyarrhythmia [6]. 

Collectively, this marks TiO2 and Ag as particularly important targets, both because of their 

deleterious role in cardiac health, but also because of their widespread manufacture and 

distribution [7]. Although significant progress has been made in identifying the cellular 

impacts of multiple ENMs, more investigations are needed to fully understand their 

mechanism of action and disease pathophysiology. Among the limitations of expanding the 

nanotoxicological studies are the high cost, low throughput, and ethical concerns of 

experiments involving in vivo and ex vivo models [8]. Accordingly, there is a great need for 

developing in vitro systems with physiologically-relevant architectures and high 

throughputs.

Cardiac microphysiological systems (MPS) and heart-on-chips have been developed as in 
vitro platforms in an effort to study the cardiopathology and cardiotoxicity [9–14]. Muscular 

thin films (MTF), consisting of 2D anisotropic muscle tissues, have been successfully used 

in disease modeling and drug screening in previous reports [9–19]. The microstructure of the 

MTF platforms, built by micro-molding or micro-contact printing methods, enables the 

construction of highly aligned and contractile laminar tissues. While MTFs replicate the 

essential anisotropic architecture of cardiac muscle to provide physiologically-relevant 

functional outputs in vitro, it is still important to recapitulate the native 3D 

microenvironment. Recently, nanofiber has obtained a great deal of attention due to their 

similarity to the topographical features of natural extracellular matrix (ECM) networks [20–

23]. To date, synthetic nanofiber scaffolds have shown promise as a means of developing in 
vitro tissue engineered 3D cardiac models [21–23]. Nonetheless, creating MPS that integrate 

nanofiber as structural cues with functional readouts remains challenging. In particular, there 

is a need to improve the adhesion between fiber layers and device parts, while 

simultaneously ensuring cellular adhesion and the formation of functional tissues.

To address these challenges, we developed adhesive biohybrid nanofiber scaffolds that can 

mimic the native cardiac ECM and can adhere to a range of MPS designs. We implement the 

scaffolds in MPS to generate in vitro 3D cardiac tissue models for nanotoxicology studies, 

with facile readouts of tissue contractility. Inspired by the ability of mussels to adhere to wet 

and dry surfaces, we functionalized nanofiber scaffolds with chemical mimics of 3,4-

dihydroxyphenylalanine (DOPA)—a post-translationally modified amino acid, which serves 

as the key adhesive component of mussel foot proteins [24, 25]. Recently, several groups 

have developed adhesive materials based on polydopamine (PDA), which has a similar 

chemical structure and function to DOPA [24]. PDA can be easily synthesized from 

dopamine (DA) via catechol oxidation chemistry at alkaline conditions [26], has been 

applied to diverse substrates (both 2D and 3D), and has been used as a substrate material for 

improved cell adhesion and tissue development [27–30]. In this study, highly aligned 

polycaprolactone (PCL) nanofiber doped with DA was spun using a pull spinning system 

with centrifugal shear force [23]. Subsequent to spinning, DA units incorporated within the 

fibers were polymerized at basic pH to generate PCL/PDA nanofiber [24, 29, 31–33], which 

can enhance protein-coating, adhesion of cells, and attachment of fiber layers to the surface 

of MPS devices. Here, we demonstrated the ability of this nanofibrous scaffold to guide the 
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formation of anisotropic and functional cardiac tissues. Finally, we investigated the effect of 

direct ENM exposures on cardiac tissues using fiber-coated microphysiological devices 

based on cantilever designs, similar to those in conventional MTF assays [9–14]. We 

observed that exposure to a high dose of TiO2 and to Ag nanoparticles disrupted the 

structure and function of cardiac tissues in vitro. These studies explored the capability of our 

fiber-coated MPS as a platform for conducting physiologically-relevant nanotoxicology 

studies of 3D cardiac tissues.

Materials and Methods

Fiber fabrication and polymerization

Nanofibers were fabricated by using a pull spinning system (see Electronic Supplementary 

Material Fig. S1) as described previously [23]. PCL (6% wt/v, Sigma) and dopamine 

hydrochloride (1% wt/v, DA, Sigma-Aldrich, MO, USA) were dissolved in 

hexafluoroisopropanol (HFIP, Oakwood Chemicals, SC, USA) and mixed overnight. The 

polymer solution was introduced to the reservoir at a flow rate of 0.2 mL/min. The rotating 

bristle comes in contact and elongates the polymer droplet at 30,000 RPM to form 

continuous fibers. The spun fibers were dried for 2 h in a chemical fume hood to remove 

excess HFIP before further characterization and measurement. After drying the fibers, they 

were incubated with triethylammonium bicarbonate (TEAB, pH 8.5, Sigma-Aldrich, MO, 

USA) buffer for about 20 h to initiate polymerization. After the reaction, the polymerized 

fibers were washed by ultrapure deionized water (Invitrogen, Thermo Fischer Scientific, 

MA, USA) at least 3 times.

Scanning electron microscopy (SEM)

The fibers were prepared on SEM stubs and sputter-coated with Pt/Pd (Denton Vacuum, NJ, 

USA) with a thickness of 5 nm. Field emission scanning electron microscopy (FESEM, 

Zeiss) was used to obtain SEM images of the fibers.

Analysis of fiber diameter and alignment

ImageJ software (NIH) with the DiameterJ plug-in was used to determine fiber diameter and 

alignment from the SEM images of the fibers as described in a previous study [34].

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the fiber scaffolds were measured by using Attenuated Total 

Reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR, Lumos, Bruker, MA, 

USA). As a control sample, PCL/PDA film was prepared by dropping and drying a solution 

of PCL (6% wt/v) in HFIP doped with DA (0.2% wt/v) in TEAB at room temperature. For 

each sample, the recorded spectrum was collected from a total of 16 scans and was then 

normalized from 0 to 1 by using OriginPro 8.6 software (Origin Lab Corporation).

Mechanical property testing

Mechanical uniaxial testing followed ASTM International standard C1557-14 to measure the 

modulus of fiber sheets. A polycarbonate sheet with a thickness of 150 μm (McMaster, NJ, 
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USA) was cut into frames with a gauge length of 5 mm to match the length of the MPS 

cantilevers. Fiber samples were cut to 10 mm length and secured to the frame using epoxy (5 

Minute, Devcon, MA, USA), which was cured for 24 h. After sample preparation, a frame 

with a sample was loaded into pneumatic grips of an Instron Model 5566 equipped with a 10 

N Load Cell. After loading, the frame was cut to allow for pulling of the sample only. For 

testing, 10 cycles of loading to 10% strain at 0.5 Hz, 1 Hz, 2 Hz, and 3 Hz was performed to 

match the loading condition of the cantilever. Since there was no significant difference 

between the measurements at different frequencies, modulus at 1 Hz were only reported in 

the main text. The specific modulus of each sample was calculated by dividing modulus 

(MPa) by density (g/cm3).

Qualitative adhesive property testing

To evaluate the bioadhesive property of the fiber scaffolds, we assessed the extent of 

fibronectin (FN, BD Biosciences, CA, USA) coating at the fiber surfaces. The spun fiber 

scaffolds were incubated with 50 μg/mL of FN solution in deionized water for 6 h at room 

temperature. After which, the samples were washed with deionized water 3 times and were 

then incubated with anti-FN antibody (rabbit, Abcam, MA, USA) and a secondary antibody 

(goat anti-rabbit IgG (H+L) conjugated with Alexa Fluor® 546, Invitrogen, Thermo Fischer 

Scientific, MA, USA) separately, for 1 h each. The micrographs of the fluorescently stained 

samples were obtained using a spinning disk confocal microscope (Olympus ix83, Andor 

spinning disk). The images were recorded on a Hamamatsu Orca Flash 4.0 C11440 at 16-bit 

depth with a 0.16 μm to 0.33 μm pixel resolution. For the statistical analysis of FN 

absorption on the nanofiber, the fluorescent FN images on the nanofiber were recorded for 

multiple samples (n=3) with multiple regions of interest (ROIs, at least 25) for each 

condition. The coverage of FN on the nanofiber was calculated using ImageJ software and 

then normalized to the FN coverage on PCL/DA nanofiber using OriginPro 8.6 software.

Neonatal rat ventricular myocyte (NRVM) culture

All protocols for animal experiments done in this study were approved by Institutional 

Animal Care and Use Committee (IACUC) at Harvard University. NRVMs were isolated 

from two-day-old Sprague–Dawely rats by following previous protocols [9]. The NRVMs 

were cultured on the scaffolds with M199 culture media supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 10 mM HEPES, 0.1 mM MEM nonessential amino 

acids, 20 mM glucose, 2mM L-glutamine, 1.5 μM vitamin B-12 and 50 U/mL penicillin. 

The FBS concentration was decreased to 2% after the first 48 h in culture. A kymograph of 

the contraction over time was generated using ImageJ software.

Immunostaining

The cells were fixed in 4 % paraformaldehyde (PFA) and 0.05% Triton-X for 10 min. After 

fixation, the samples were incubated with a primary antibody against sarcomeric α-actinin 

(Sigma-Aldrich, MO, USA) and 4n,6-diamidino-2-phenylindole dihydrochloride (DAPI, 

Molecular Probes, Thermo Fischer Scientific, MA, USA) for 2 h at room temperature, 

followed by a secondary antibody against rabbit IgG (H+L) conjugated to Alexa Fluor® 546 

(Invitrogen, Thermo Fischer Scientific, MA, USA) for 1 h at room temperature. The samples 

were washed by 1X phosphate buffered saline (PBS, Gibco, Thermo Fischer Scientific, MA, 
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USA) and were mounted on a glass slide with Prolong Gold anti-fade agent (Invitrogen, 

Thermo Fischer Scientific, MA, USA). Confocal microscopy (Zeiss LSM 7 LIVE) was used 

to obtain images of immunostained cells. 3D reconstruction of z-stacked images was 

performed using Zen lite 2.3 software (Zeiss).

Cytotoxicity measurement

A traditional lactate dehydrogenase (LDH) assay (Promega, WI, USA) was utilized to 

measure ENM-induced cytotoxicity for NRVMs cultured on PCL/PDA nanofiber-coated 

MPS as described previously [35, 36]. The cell culture media from each sample were 

collected in triplicate and then incubated with the reagents from the LDH assay kit. The 

absorbance of the resulting solution at 490 nm was recorded using a plate reader (Synergy 

HT, BioTek, VT, USA). Due to the considerable spectral overlap of the colorimetric 

components of the said LDH assay with the absorption of Ag nanoparticles, the assay was 

not performed for the samples exposed to Ag. The cytotoxic effect of Ag at the working 

concentration used for the experiments in this study (50 μg/mL) was also assessed using an 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay kit (Thermo 

Fisher Scientific, MA, USA). The background absorption from Ag nanoparticles was 

subtracted accordingly.

Quantitative analysis of maturation of cardiomyocytes

The maturity of cardiomyocytes (sarcomere alignment, length, and packing density) on the 

scaffolds was evaluated by using algorithms in ImageJ and MATLAB (MathWorks) as 

previously described [37, 38]. In these algorithms, orientational order parameter (OOP) 

helps to quantify the sarcomeric z-line formation in cardiac tissues, scaling from 0 (no 

alignment) to 1 (perfect alignment) based on the degree of the uniaxial sarcomere 

components at a tissue level [37, 38]. Since the z-line registration plays a crucial role in 

contraction of cardiac tissues, OOP can be used to explain the contractile strength of the 

engineered cardiac tissues [37, 38].

Fabrication of nanofiber-coated MPS

Gelatin (Sigma-Aldrich, MO, USA) and microbial transglutaminase (MTG, Ajinomoto, NJ, 

USA) were prepared with deionized water as 10% and 4% wt/v solutions, respectively. The 

gelatin solution was pre-warmed to 60 °C to homogenously dissolve all powder, followed by 

mixing with a pre-warmed MTG solution at 37 °C. To prepare the bottom substrates (see 

Electronic Supplementary Material Fig. S2), clean acrylic sheets (0.4 × 22 × 22 mm, Astra 

Products, NY, USA) were covered with a low-adhesive tape (3M, MN, USA) that was pre-

patterned using a laser engraving system (30 W, 24×12, Epilog Laser Mini, CO, USA). A 

selected portion was peeled and exposed to plasma treatment for 2 min (SPI Plasma Prep II, 

PA, USA). After which, the adjacent untreated area was also peeled off. Upon mixing gelatin 

and MTG, the resulting solution was quickly pipetted onto the exposed area. A PDMS block 

and 200 g metal weight were sequentially placed on top of the gelatin-MTG drop to have a 

homogenous gelatin film thickness. After curing, the PDMS was carefully lifted off the 

gelatin surface. To these gelatin substrates, 3 mL of PCL/DA (6% wt/v/1% wt/v) solution in 

HFIP were spun (4 chips per run). The fiber-coated devices were incubated with TEAB 

buffer for about 20 h at room temperature to polymerize the DA units incorporated in PCL 
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fibers. Once polymerized, the devices were washed by deionized water for at least 3 times 

and dried in a chemical hood at room temperature. After drying the devices, each chip was 

engraved with the layout of the cantilevers using the Epilog laser cutter system (10% speed, 

3% power, and 2000 Hz frequency). Each fiber-coated gelatin MPS chip is comprised of 6 

cantilevers (2 mm × 4 mm). The samples were then re-hydrated in PBS and sterilized 

overnight under UV light. For seeding each MPS chip with cells, 200 μL of cell suspension 

with a concentration of 5000 cells/μL was directly pipetted onto the fiber surface. After 

incubating the chip with cells at 37 °C for 30 min, when the cells are well adhered to the 

fibers, 3 mL of culture media was slowly added onto the well (surface area, 9 cm2) where 

the MPS chip is contained.

Fabrication of nanofiber-coated instrumented MPS

Instrumented cardiac MPS were fabricated as previously described with additional steps for 

the nanofiber layer application [14]. The devices were constructed layer by layer on 127.9 

mm × 85.8 mm × 1.0 mm glass substrates. First, silver contact pads were made along the 

long edges of the devices by stencil printing AG-510 (Applied Ink Solutions, MA, USA) and 

then annealed at 190 °C for 30 min. Following this step, poly(N-isopropylacrylamide) 

(PNIPAAm) release layer islands (2% wt/v in isopropanol) were made using a pressure 

sensitive pen. Subsequently, PDMS (Sylgard 184 Dow Corning, MI, USA) was applied by 

spin coating at 4,000 RPM for 5 min, forming a 5.2 μm thick layer. Following curing 

overnight at 65 °C, Ti-Au strain gauge wires were deposited in a two-step process using two 

stainless steel shadow masks (NewCut, NY, USA) and an e-beam evaporator (Denton, NJ, 

USA). A second layer of PDMS was added by spin coating at 2,000 RPM for 5 min, 

equivalent to 11.9 μm thick layer. After curing, the devices were annealed to relieve residual 

stress in the wires by heating at 190 °C for 30 min.

The nanofiber layer was applied using pull spinning as described in previous sections. Prior 

to spinning fibers, the PDMS surface of the devices was incubated with (3-

aminopropyl)triethoxysilane (APTES, Sigma-Aldrich, MO, USA) overnight in an evacuated 

desiccator. The devices were subjected to treatment with UV-ozone for 8 min preceding the 

APTES treatment to improve aminosilane adhesion to the PDMS substrate. The devices 

were rotated to collect fibers during spinning through attachment to a milled frame 

connected to a DeWALT DC 720 ½” cordless drill driver. 10 mL of the fiber solution was 

loaded into a plastic syringe (Becton Dickinson, NJ, USA) and flowed through 

polyfluroalkoxy alkane tubing (Saint-Gobain, PA, USA) to a wide-point plastic needle at 0.2 

mL/min by using an automated syringe pump (Harvard Apparatus, MA, USA). The bristle 

was rotated at 30,000 RPM while the solution was ejected, and the resulting fibers were 

collected on the device. After collection was complete, the nanofiber-coated devices were 

incubated with TEAB buffer for polymerization.

Cantilevers were cut from the device using the laser cutting system described above. To 

remove the fibers from areas of the substrate other than the cantilevers, the laser cutter was 

used to cut circular patterns around each cantilever at the lowest possible power to avoid 

damage to the strain gauge wires. A mask with the same pattern was cut from a sheet of low-

adhesive tape (3M, MN, USA), which was pressed onto the substrate and then carefully 
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removed. This removal process was repeated three times to ensure that the PDMS 

underneath the excess fibers was completely exposed for well plate attachment. Finally, 

milled polycarbonate wells were attached to the device by forming a thin PDMS gasket on 

the bottom of the well plate and joining it with the now PDMS substrate using O2 plasma 

treatment.

Engineered nanomaterial (ENM) synthesis and physico-chemical and morphological 
characterization

Citrate capped silver nanoparticles—The Ag nanoparticles were synthesized using 

hydrothermal method. In this method, silver salts (silver nitrate) were reduced to metallic 

silver particles using sodium citrate at elevated temperatures [39, 40]. In a round-bottom 

flask containing a 0.25 mM AgNO3 solution, a sodium citrate solution (0.25 mM) was added 

slowly with a syringe. The solution temperature was adjusted to 100 °C and the reaction 

carried on until no more H2 was released. The suspension was then cooled and stored. The 

particles were characterized in terms of size, shape, purity, surface chemistry, endotoxins 

and biological contaminants according to the protocols described by Beltran et al. [41]. The 

results are summarized in the supplemental data (see Electronic Supplementary Material 

Tables S1–S3 and Fig. S3).

Titania—Commercially available TiO2 Aeroxide P25 Degussa. The particles were 

characterized in terms of size, shape, crystallinity, density, surface area, porosity, purity, 

surface chemistry, endotoxins and biological contaminants according to the protocols 

described by Beltran et al. [41]. The results are summarized in the supplemental data (see 

Electronic Supplementary Material Tables S1–S3, Figs. S4 and S5).

Engineered nanomaterial (ENM) dispersion preparation—The dispersion 

preparation, colloidal characterization and dosimetric analysis was performed as described 

in great detail by Deloid et al. [42–44]. The cup horn sonicator (Branson Sonifier S-450D, 

400 W, with Branson 3-inch cup horn) was calibrated according to the protocol by Taurozzi 

et al. [45] and found to deliver 2.59 W/mL. A stock solution of ENMs in DNase/RNase free 

distilled water (Invitrogen) water was prepared at a concentration of 0.5 mg/ml and was used 

to determine the critical delivered sonication energy (DSEcr). 1 ml of the stock solution was 

used to measure the hydrodynamical diameter (dH) with DLS (Malvern Nanosizer, 

Worcestershire, UK). The solution was sonicated for 1 min, vortexed for 30 s, and measured 

again. The process continued until the dH and polydispersity index (PDI) were not changing 

significantly (± 5%). The DSEcr of an ENM is defined as the DSE (in J/mL) required to 

achieve a solution with the lowest particle agglomeration state in DI H2O and is ENM-

specific. All stock suspensions from that point on were prepared according to the DSEcr and 

were then adjusted to the desired concentration. The DSEcr, for the TiO2 suspensions was 

380 J/mL. The 10 and 100 μg/mL TiO2 working solutions used in ENM exposure 

experiments were prepared by diluting the 500 μg/mL stock solutions with NRVM culture 

medium. After 3 days of cardiac MTFs in culture, the samples were exposed to a specific 

TiO2 dispersion concentration for 48 h before performing the optical measurements for MPS 

chips or devices. As our positive control for an ENM with known cytotoxic effects, citrated 

Ag nanoparticle colloidal suspensions in cell culture media were also prepared.
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Optical measurements and analysis for nanofiber-coated MPS—At the time 

point of recording, each MPS sample was transferred onto a 35 mm Petri dish with a pre-

warmed Tyrode’s solution (1.8 mM CaCl2, 5 mM glucose, 5 mM HEPES, 1 mM MgCl2, 5.4 

mM KCl, 135 mM NaCl, 0.33 mM NaH2PO4 at pH 7.4). The sample was washed with 

Tyrode’s solution for at least 3 more times after the transfer to remove any free-floating 

nanoparticles and their aggregates. The cantilevers were carefully peeled off the acrylic 

sheet while the dish is on a heating block (37 °C) under a Leica MZ9.5 stereomicroscope 

(Wetzlar, Germany) with 1.25X magnification. The macroscopic motions of the cantilever, 

such as bending or tissue contraction, were optically recorded for each chip for at least 5 s at 

30 frames per second using a Basler A601f-2 camera (Exton, PA, USA), under spontaneous 

or paced conditions. The pacing was executed at 1, 2, and 3 Hz at 10 V using a MyoPacer 

Cell Stimulator (IonOptix, MA, USA). The changes in tissue contractile stresses upon ENM 

exposure were determined in correspondence with our previous work on MTFs cantilevers. 

Previously, we have demonstrated that the contractile stress of soft tissues on cantilever 

supports, can be obtained by tracking the x-projection a cantilever’s edge to calculate 

curvature, and use a modified Stoney’s equation to obtain stress [11, 12, 15]. Similar to these 

previous reports, we assumed that the radius of curvature (Rcurv) upon cantilever bending 

should be directly proportional to the contractile stress of the seeded cardiomyocyte layer 

(σtissue) [11, 12]. From the generated 1/Rcurv plot over time from the optical recordings, we 

compared the extracted values proportional to σtissue across different ENM exposure 

conditions and performed statistical analysis. All ENMs were added in the culture media at 

Day 3, which is 24 h after the cells are supplemented by a 2% FBS culture medium. Samples 

that showed no contraction prior to the addition of ENMs, assumedly from poor tissue 

maturation, were excluded from the study. Spontaneous and stimulated contraction were 

then recorded on Day 5, for both controls and samples containing ENMs. For the samples 

that did not show contractions at Day 5 (48 h after ENM exposure), the x-projection at all 

recorded frames is equal to the maximum length of the cantilever, therefore, yielding a value 

of 0 for the 1/Rcurv as the calculated Rcurv converges to infinity.

Data acquisition from nanofiber-coated instrumented MPS—Data was acquired 

using a custom polycarbonate connector and a Keithley Multichannel DMM 3706a. The 2-

wire resistance recordings were collected at a sampling rate of 60 Hz. A mechanical model 

based on a modified Stoney’s equation was applied to convert to resistance readout to 

approximate the contractile stresses generated by the tissues, as previously described [14]. 

Custom MATLAB (MathWorks) scripts were used for quantifying relative resistance 

changes and converting to stress. For electrically paced samples, a median filter (5) was 

applied.

Calcium imaging—The calcium transients of cardiomyocyte samples were measured 

using a calcium sensitive dye as described previously [46]. 50 μg of Fluo-4 AM dye 

(Thermo Fisher Scientific, MA, USA) was prepared in Pluronic F-127 solution (20% in 

dimethyl sulfoxide, DMSO) at 37 °C. From this stock solution, 2 μL of the dye in DMSO 

was added to 2 mL of NRVM cell culture media with 2% FBS in 37 °C, where 

cardiomyocytes were incubated for 30 min. After incubation, the samples were washed with 

fresh 2% FBS media for 15 min. Then, the samples were moved to a 35 mm Petri dish with 
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4 mL of pre-warmed Tyrode’s solution in 37 °C for imaging. Confocal microscopy (Zeiss 

LSM 7 LIVE) was used to obtain time-series images of the dye from the samples.

Statistical analysis—All data are shown as mean ± standard error of mean (SEM). One-

way analysis of variance (ANOVA) was utilized to determine statistical significance (*p < 

0.10 or ** p < 0.05).

Results and Discussion

Fabrication and characterization of mussel-inspired adhesive nanofiber

Mussel-inspired adhesive nanofiber was produced by spinning precursor nanofiber and 

polymerizing the spun nanofiber via catechol oxidation chemistry occurring under alkaline 

conditions (Fig. 1a). The precursor nanofiber was fabricated by co-spinning PCL and DA in 

HFIP using a pull spinning system (Fig. 1b and see Electronic Supplementary Material Fig. 

S1) [23]. Due to the low molecular weight of DA, PCL was used as a carrier polymer to 

form hybrid nanofiber under shear forces generated in the system. Following previous 

reports [24, 29, 31–33, 47], the spun PCL/DA nanofiber was polymerized by incubating 

them in TEAB buffer whose pH (8.5) triggers oxidization and polymerization of the 

accessible monomer DA units incorporated in the PCL fibers (Fig. 1c). Although the 

structure of PDA remains poorly explored [47], herein we used the term PDA as defined in 

the references. We chose to co-spin PCL and DA and do post-polymerization instead of 

surface coating PCL fibers with PDA, because the latter surface treatment causes non-

homogeneous coating and potentially alters the nanofiber morphology [29, 48]. After 

initiating the polymerization, a color change was observed from white (PCL/DA) to deep 

brown (PCL/PDA) fibers (insets in Figs. 1b and 1c), which is consistent with previously 

reported PDA substrates [24, 31–33]. Fiber diameters of precursor and polymerized 

nanofiber were 579 ± 123 nm and 591 ± 143 nm (Fig. 1d), respectively, showing no 

significant difference in the fiber diameter before and after polymerization. Fiber alignment 

analysis (Fig. 1e) indicated that PCL/DA and PCL/PDA nanofiber were highly aligned 

because of circumferentially directed forces during fiber formation as previously described 

[23].

Beyond the observed color change in Figs. 1b and 1c, FT-IR spectra of the nanofiber were 

recorded to confirm the presence of newly formed bonds after the TEAB buffer treatment 

and to validate the occurrence of polymerization (Fig. 2a). The emergence of new IR bands 

near 1596 cm−1 (for C=C) and near 3200 cm−1 (for secondary amines, N-H) [49], after the 

alkaline treatment of PCL/DA nanofiber, are indicative that DA cyclization has occurred to 

form PDA units (Fig. 1a). It should nonetheless be noted that we did not quantify the extent 

of DA polymerization and the amount of PDA that remain integrated within the fiber 

construct after the reaction. We also investigated the mechanical strength of the nanofiber 

scaffolds as this plays a crucial role in the optimal functionality of these fibers as tissue 

scaffolds. The specific modulus of PCL/DA and PCL/PDA nanofiber scaffolds were 

calculated as 98.0 ± 38.5 MPa/(g*cm−3) and 81.4 ± 16.7 MPa/(g*cm−3), respectively (Fig. 

2b). There was no significant difference in the specific modulus before and after 

polymerization, which suggests that the TEAB treatment mostly yielded surface 
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polymerization of DA to PDA. To assess the adhesive properties of the nanofiber, we 

evaluated the adhesion of an ECM protein (fibronectin, FN) by immunostaining (Figs. 2c–

2h). Fibronectin is one of the primary ECM proteins that control cell adhesion, proliferation, 

and functional tissue formation. After 6 h incubation at room temperature, FN coverage on 

the surface of PCL/PDA nanofiber was higher than that on the surface of PCL/DA nanofiber 

(Fig. 2i). This observation is in line with previous studies showing higher protein and cell 

adhesion on PDA-coated PCL nanofiber compared to PCL nanofiber [28, 48].

In vitro cardiomyocyte culture on nanofiber

We hypothesized that the ECM-mimetic and adhesive properties of the nanofiber scaffold 

will support cardiomyocyte adhesion and functional tissue formation. To test the hypothesis, 

we cultured neonatal rat ventricular myocytes (NRVMs) on the scaffold. After a week of cell 

culture, contractile tissues were developed on the fibrous scaffold (Figs. 3a, 3b, 3c, and see 

Electronic Supplementary Material Fig. S6). Kymograph of the contraction (Fig. 3d and see 

Electronic Supplementary Material Movie 1) reflects the regular and spontaneous beating of 

cardiomyocytes on the scaffold at a physiological range [50].

In an effort to further study the maturity of cardiomyocytes, we performed immunostaining 

for sarcomeric α-actinin and analyzed parameters related to sarcomere structure [37, 38]. 

First, the orientational order parameter (OOP) is a metric to evaluate anisotropy of elements, 

where 0 and 1 mean no alignment and perfect alignment, respectively [37, 38]. From the 

cardiomyocytes seeded on our scaffolds, we observed anisotropic tissue formation along the 

long axis of the fiber direction (Fig. 3e). The sarcomeric OOP value for these 

cardiomyocytes grown on the mussel-inspired fiber scaffolds was 0.78 ± 0.04, showing very 

high tissue anisotropy. We also quantified the sarcomere length (SL) and sarcomere packing 

density (SPD) for our tissue samples to account for the existence of fully formed 

sarcomeres. The cardiac tissues on the scaffold exhibited 1.91 ± 0.08 μm (for SL) and 0.18 

± 0.09 (for SPD). The OOP, SL, and SPD values from the tissues on PCL/PDA nanofiber 

were similar to those previously reported [37, 38] from the anisotropic and contractile tissue 

grown on 2D micro-patterned substrates. Consequently, these data support our hypothesis 

that PCL/PDA nanofiber promotes 3D functional cardiac tissue formation (see Electronic 

Supplementary Material Fig. S6).

Fiber-coated cardiac microphysiological devices for nanotoxicology studies

To obtain functional data of contractile performance of the cardiac tissues, we integrated the 

mussel-inspired nanofiber scaffolds into an MPS design based on gelatin cantilever 

substrates [12]. By tracking the deflection of the cantilevers, we obtained in vitro readouts of 

contractile function of engineered cardiac tissues cultured in physiologically-relevant 3D 

environments (Fig. 4a, see Electronic Supplementary Material Fig. S6, and Movie 2). We 

used 1/Rcurv (Fig. 4b), which is directly proportional to the tissue contractile stress (σtissue), 

as a geometrical metric to assess the toxic effects of ENM exposure to cardiac tissues. This 

parameter is independent of any assumptions regarding the multilayer nature of the 

substrate. We therefore performed our nanotoxicological studies by comparing quantifiable 

geometric changes (i.e., 1/Rcurv) in the cantilever pre- and post-ENM exposure. By plotting 

1/Rcurv over time, we were able to extrapolate an analytical metric from the optical 
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recordings that reflects the systolic and diastolic phases of contraction of the cardiomyocyte 

tissue layer (Figs. 4c–d). With the assumption that 1/Rcurv is directly proportional to 

contractile tissue stress (σtissue) [11, 12, 15], normalizing the peak-to-peak amplitude of the 

1/Rcurv plots with respect to the measurements for the control samples (i.e., no ENM 

exposure) on the same day enables a relative comparison of the twitch stress across the 

cardiac MPS samples under different exposure conditions.

With the considerations for analysis discussed above, we assessed the tissue-level effects of 

ENM exposure at a low (10 μg/mL) and high (100 μg/mL) TiO2 dose for NRVM tissues 

cultured on fiber-coated gelatin MPS samples. These concentrations were selected based on 

the range used in literature precedents that report cellular-level effects of TiO2 to cardiac 

cells. A previous report on the cellular toxicity of TiO2 nanoparticles on human embryonic 

stem-cell derived cardiomyocytes showed that 10 μg/mL TiO2 has no significant cytotoxic 

effects, while a reduction in contraction amplitude was observed at 100 μg/mL [51]. This 

dose-dependent decrease in cell survival, as well as increase in reactive oxygen species 

(ROS) production, was also observed for rat cardiac (H9c2) cells directly exposed to 5 to 

100 μg/mL of TiO2 P25 Degussa nanoparticles [52]. Moreover, a typical nanoparticle used 

as a therapeutic drug transporter would be delivered at a concentration of 50 μg/20 g body 

weight, corresponding to 37 μg/mL [51, 53]. This concentration is within the range of test 

concentrations used in these studies (10-100 μg/mL).

The mechanism of action of TiO2 toxicity is limited to general cellular-level information 

such as ROS generation, DNA peroxidation, or directly binding to lactate dehydrogenase 

(LDH) [54–56]. In rats, TiO2 nanoparticles are reported to acutely alter cardiac excitability 

leading to arrhythmogenesis [57]. In a zebrafish model, chronic TiO2 exposure resulted in 

alterations in cardiac muscle fibers, tissue-level inflammation and cell necrosis [58]. While 

the exact mechanisms of the cardiotoxic effects of TiO2 on mammalian species are less 

understood, silver nanoparticles are well-known to induce cytotoxic effects by enhancing 

ROS generation that leads to oxidative stress and inflammatory effects [59, 60]. Hence, we 

used Ag nanoparticles as a positive control ENM with pronounced cardiotoxicity.

We evaluated the effect of Ag and TiO2 ENM on the contractile stress generated by the 

cardiac tissues on fiber-coated MPS, both spontaneously and under electrical pacing. In both 

cases, we observed a dose dependent response where the samples exposed to 100 μg/mL 

concentration of TiO2 showed lower contractile stresses than those exposed to 10 μg/mL and 

unexposed conditions (Figs. 4e and 4f). As a comparison, the observed maximum 1/Rcurv 

and normalized twitch stress for samples with high dose TiO2 exposure was still higher than 

those exposed to the known cytotoxic Ag nanoparticles. For each condition (see Electronic 

Supplementary Material Table S4), we also calculated for the percentage of cantilevers 

beating at the time point of optical recording. Among the cantilevers exposed to 100 μg/mL 

TiO2 and 50 μg/mL Ag, only 56% and 29% remained beating, respectively. For the other 

two conditions, 95% of the unexposed control and 92% of the 10 μg/mL TiO2-exposed 

cantilevers remained beating across all the MPS samples at the time point of optical 

measurements. These results further support the observable impairment in contractile 

function due to the exposure of cardiac tissue samples to 100 μg/mL TiO2 and 50 μg/mL Ag 

for 48 h.
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Considering that our PDA-functionalized nanofibrous scaffolds potentially bind well to a 

range of materials, we took advantage of this adhesive property to integrate the fiber-

supported cardiac tissues into instrumented MPS devices based on PDMS cantilevers with 

embedded flexible electronic contractility sensors (Fig. 5a and see Electronic Supplementary 

Material Movie 3). We recently reported this concept using MTFs developed on molded 

PDMS surfaces as cardiac tissue models [13, 14]. Furthermore, we previously demonstrated 

potential applications of the sensors for higher-throughput drug screening and time-resolved 

studies [13, 14]. Here, we show that it is straightforward to replace the molded PDMS 

surfaces with nanofibrous scaffolds, by coating the surface of the device with adhesive 

PCL/PDA nanofiber (Fig. 5a). This fiber-coated version combines a physiologically-relevant 

3D tissue microenvironment, with embedded sensors for non-invasive monitoring of tissue 

contractile stress. Taking advantage of the embedded sensors, we performed a proof-of-

principle toxicity study of 100 μg/mL TiO2 nanoparticles, monitoring contractile stress at 

multiple time points for the same cantilever. Again, we observed a relative decrease in the 

measurable twitch stress from spontaneously contracting cardiac microtissues after 48 h of 

exposure to 100 μg/mL TiO2 as compared to the timepoint prior to ENM exposure (Fig. 5b). 

Additionally, we performed a proof-of-principle time-resolved study of tissue response to 

100 μg/mL TiO2, using the integrated electrical sensors. This indicated that the spontaneous 

contractions became negligible after merely 24 h of exposure (Fig. 5c).

To confirm the findings from our MPS-based studies on the influence of ENMs on cardiac 

tissue contractile function, we performed a colorimetric assay for lactate dehydrogenase 

(LDH), a marker for tissue necrosis [61]. This allowed us to assess the impact of ENM 

exposure at the cellular level. Our results showed increased LDH levels upon exposure to 

100 μg/mL TiO2 as compared to the control and 10 μg/mL TiO2 exposure (see Electronic 

Supplementary Material Fig. S7a). We also validated the cytotoxic effect of the Ag 

nanoparticle dose (50 μg/mL) used in these studies using an MTT assay (see Electronic 

Supplementary Material Fig. S7b) [62], whereby 48 h of NRVM exposure to Ag led to an 

86% decrease in cellular viability.

We also investigated the electrophysiological effect of the nanoparticles using a calcium-

sensitive dye (Figs. 6a–f) [46]. The fluorescent intensity of the dye during spontaneous 

contraction of cardiomyocytes was recorded using confocal microscopy and plotted. 

Calcium imaging showed that cardiomyocytes in the control sample contracted 

synchronously (Figs. 6a and 6b, and see Electronic Supplementary Material Movie 4). After 

directly exposing the cardiac tissues in MPS samples to 10 μg/mL TiO2 (Figs. 6c and 6d, 

and see Electronic Supplementary Material Movie 5), a synchronized contraction of 

cardiomyocytes was also observed. However, the higher TiO2 dose (100 μg/mL) caused a 

non-synchronous calcium transient (Figs. 6e and 6f, and see Electronic Supplementary 

Material Movie 6) in line with the decreased contractility recorded using our MPS-based 

contractility assay (Figs. 4 and 5). The cardiac MPS samples exposed to cytotoxic Ag 

nanoparticles (50 μg/mL), as our positive control, consistently resulted in an impaired 

calcium transient propagation (see Electronic Supplementary Material Figs. S8a and S8b).

From our findings, we hypothesize that the higher dose exposure of TiO2 nanoparticles can 

disrupt the sarcomere architecture, which correlates to the decreased contractile function 
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observed in the cardiac MPS. To test this premise, we performed structural analysis of our 

cardiac tissue samples by immunostaining against sarcomeric α-actinin. Cardiomyocytes, 

without the nanoparticle exposure, formed an anisotropic tissue along the alignment of the 

nanofiber layers and revealed a perpendicular z-line registration (Fig. 6g) that plays a vital 

role in effective pump function. Cardiomyocytes with a low dose of TiO2 nanoparticles still 

showed a similar organization of z-lines (Fig. 6h). However, the exposure to a high dose of 

TiO2 or silver nanoparticles caused disruption of the sarcomeric z-line architecture (Fig. 6i 

and see Electronic Supplementary Material Fig. S8c). In order to quantify the sarcomere 

architecture, the OOP of sarcomeres at different ENM exposure conditions were calculated 

(Fig. 6j). There was no significant difference between control and low dose TiO2 (10 μg/mL) 

exposure samples. However, the OOP value of high dose TiO2 (100 μg/mL) exposure 

samples were significantly decreased with respect to the non-exposed control.

Even though we showed promising results using the fibrous MPS for screening the toxicity 

of ENMs, it should be noted that there are still some technical limitations for these current 

devices. This system only includes one cell type (cardiomyocytes) as a proof-of-concept. 

However, heart or other organs are composed of multiple cells types and interconnected to 

other organs to function efficiently at the macroscopic level. To address this issue, future 

studies may include multi-cellular MPS to represent the complexity of native organs. 

Likewise, our systems can be integrated with multiple organs in one MPS to predict the 

toxicological impacts of ENMs by considering organ cross-talk and different ENM 

biodistribution routes. Beyond contractility, chronic “on-chip” measurement of action 

potentials using a high-throughput instrumented device with 3D scaffolds such as this would 

also be beneficial for future toxicology studies.

Altogether, our data demonstrated that the low dose exposure of TiO2 nanoparticles (10 

μg/mL) does not significantly affect the structure and function of in vitro cardiomyocyte 

tissue samples within the time range of our ENM exposure studies. However, the high dose 

exposure of TiO2 nanoparticles (100 μg/mL) demonstrated impaired contractile function and 

damaged tissue structure after only 48 h of exposure. The dose-dependent cardiac effects of 

TiO2 nanoparticles is in accord with previously published work [51]. In addition to 

previously reported tissue damage, we also observed a decrease in sarcomere organization 

and interruptions in the propagation of calcium signaling, suggesting an underlying cause for 

functional tissue damage. This shows that the measurements of contractile function derived 

from the fiber-coated MPS presented herein, provided consistent insights with conventional 

cytotoxic and structural analyses of tissue impairment due to ENM exposure. Overall, these 

consistent observations validate the capability of our 3D fiber-coated MPS to be used as an 

in vitro analytical platform to assess the toxicological effects of ENMs to cardiac function at 

multiple time points.

Conclusions

In this study, we present a biomimetic platform that can be used as an in vitro analytical 

assay to determine the effects of different nanoparticles on cardiac tissue contractility. The 

engineered mussel-inspired nanofiber, which is comprised of PCL and PDA units, resulted 

in highly aligned constructs that provided a topographical cue for the consistent formation of 
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anisotropic cardiac tissues across multiple samples. Moreover, the nanofiber facilitated 

cellular adhesion and ECM protein coating due to their bioadhesive property. 

Cardiomyocytes grown on the nanofiber scaffolds developed into mature and functional 

tissues, as confirmed by previously reported metrics. Finally, the fiber-coated cardiac 

microphysiological devices were developed and cultured with cardiomyocytes for the 

contractility assay and toxicity studies. The effects of direct ENM exposure were tested 

using our MPS device platform, which provided insights and established trends in the 

measured contractile behavior of cardiac tissues at different exposure conditions that were 

consistent with the disruption of normal sarcomere alignment in tissues and calcium 

signaling observed using conventional assays. In principle, the instrumented version of our 

3D fiber-coated MPS enables a non-invasive method towards higher-throughput 

toxicological studies. Therefore, these findings demonstrate the capability of our 3D 

nanofibrous MPS platform to not only recapitulate the 3D native structure of the 

myocardium in vitro, but also to serve as a reliable platform to study the cardiotoxic effects 

of engineered nanomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nanofiber fabrication. (a) Schematic illustration of polymerization of PCL/DA into 

PCL/PDA through treatment with triethylammonium bicarbonate (TEAB, pH 8.5) buffer. 

(b–c) SEM images of b) PCL/DA and c) PCL/PDA. Insets indicate macroscopic images of 

nanofibers. Scales are 10 μm. d) Fiber diameter analysis. n=4. e) Fiber directionality 

calculated from (b–c) SEM images.
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Figure 2. 
Physicochemical properties of nanofiber. a) FT-IR spectrum of PCL nanofiber, PCL/DA 

nanofiber, PCL/PDA film, and PCL/PDA nanofiber. b) Specific modulus of nanofiber 

scaffolds. n=4 for PCL/DA and n=5 for PCL/PDA. c–i) Adhesion of fibronectin on (c–e) 

PCL/PDA and (f–h) PCL/DA nanofiber. Scales are 100 μm. (i) FN coverages on the 

nanofiber were calculated and plotted. **p<0.05, n=3, ROI = at least 25 for each condition.
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Figure 3. 
In vitro cardiomyocyte culture on nanofiber. a–d) (a–c) Bright field images of contraction of 

the fiber scaffolds with (d) kymograph. Scales of a-c are 100 μm. e) Confocal image of 

cardiomyocytes on nanofiber, stained for nuclei (blue) and α-actinin (grey). Scale is 20 μm. 

f–h) (f) Orientational order parameter (OOP), g) sarcomere length, and h) sarcomere 

packing density (SPD) of cardiomyocytes grown on the fibrous scaffolds. n=3 and ROI=4.
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Figure 4. 
Measuring contractile stress using fiber-coated gelatin MPS. a) Principle sketch of a fiber-

coated MPS with cardiomyocytes. Constituent layer 1: engineered cardiac tissue within 

nanofiber scaffolds and 2: gelatin thin film; see Electronic Supplementary Material Movie 2 

for a representative video of a fiber-coated gelatin MPS seeded with contracting NRVMs. b) 

Schematic diagram showing the extrapolation of x-projections of cantilever deflection in 2D 

and its correlation to Rcurv. c) Optical images showing the cantilever motions associated to 

cardiomyocyte diastole and systole. Scale is 1 mm. d) Representative plot of the geometric 

readout from the optical recording of MPS motion over time, under 2 Hz pacing. e–f) 

Comparison of (e) maximum 1/Rcurv and (f) normalized twitch stress values calculated from 

Day 5 cardiac MPS samples under different ENM exposure conditions (48 h after ENM 

addition, 2 Hz pacing at 10 V), For statistical comparison, *p<0.10 and **p<0.05, n=10 for 

control, n=6 for 10 and 100 μg/ml and TiO2, and n=7 for Ag (50 μg/ml).
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Figure 5. 
Fiber-coated cardiac microphysiological device with embedded contractility sensors. a) 

Principle sketch of device: an embedded flexible thin film sensor provides non-invasive 

electrical readout of contractile stress generated by PCL/PDA nanofiber-supported cardiac 

micro-tissue. Device adapted from Ref. [14] by introducing PCL/PDA nanofiber coating 

onto device surface. Constituent layer 1: engineered cardiac tissue within nanofiber 

scaffolds, 2: PDMS layer, 3: thin film sensor layer, and 4: bottom PDMS layer; see 

Electronic Supplementary Material Movie 3 for a representative video of a fiber-coated 

device seeded with contracting NRVMs. b) Electrical readout of normalized twitch stress 

generated by tissue prior to and after 48 hrs of exposure to (100 μg/ml) TiO2. c) Electrical 

readout of normalized twitch stress (black traces, left axis) and beat rate (mean (3) grey 

trace, right axis) generated spontaneously by tissue during first 35 h of exposure to (100 

μg/ml) TiO2.
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Figure 6. 
Effect of ENMs on calcium transient and sarcomere structure. a–h) Confocal images of 

calcium dye fluorescent (green) with calcium transient at the specific points (white boxes) 

for (a–b) control, (c–d) TiO2 (10 μg/ml) exposure, and (e–f) TiO2 (100 μg/ml) exposure. 

Scales are 500 μm. g–i) Confocal image of cardiomyocytes on nanofiber, stained for nuclei 

(blue) and α-actinin (grey). Scales are 100 μm (for the top panels) and 20 μm (for the 

bottom panels). The bottom panels are the zoom-in images from the red dots of the top 

panels. j) Orientational order parameter (OOP) analysis of cardiomyocytes after TiO2 

exposure. For statistical comparison with respect to control, **p<0.05, n= 7 for control (0 

μg/ml) and TiO2 (100 μg/ml) and 6 for TiO2 (10 μg/ml).
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