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Abstract. 
Nanodiamonds (NDs) have been recognized as emerging carbon-based delivery vehicles due to their biocompatibility. NDs were reported to be nontoxic and suited for biomedical applications in the complete cell culture medium. However, in this study, the cytotoxicity of NDs in serum-free medium was studied and indicated that serum proteins in cell culture medium played significant effect on the toxicity of NDs. Therefore, the interaction mechanism between NDs and a serum protein (human serum albumin, HSA) was first investigated by fluorescence quenching technique and circular dichroism (CD) spectrometry. The results suggest that HSA strongly bonds on the NDs surface to form “protein corona,” which not only prevents the aggregation of NDs and improves its stability but also inhibits the cytotoxicity of NDs. In serum-free medium, NDs exhibited obvious toxicity toward the human lung epithelial cell line (BEAS-2B) and showed concentration-dependent cytotoxicity. In the presence of bovine serum albumin (BSA), which shares structural homology and similar properties with HSA, toxicity of NDs was apparently inhibited. Therefore, the interaction between serum protein and NDs should be considered in the understanding of the biological effects of NDs exposure in biomedical applications.

1. Introduction
Carbon-based nanomaterials have been paid more interests in the fields of biotechnological and biomedical applications, including fullerenes, carbon nanotubes, graphene, and nanodiamonds (NDs), as well as their functionalized forms [1, 2]. Previous reports have demonstrated that NDs are the least toxic of all carbon-based nanomaterials studied so far [3]. Furthermore, NDs possess special advantages of biocompatibility, easy surface functionalization, high thermal conductivity, and useful optical, physical, and chemical properties, which make it to be an ideal material in a number of applications such as gene and drug delivery vehicles [4], optical contrast agents [5], nanoscale sensors [6], and biological imaging [7]. In these applications, drug molecules or biomolecules could be adsorbed on NDs and were delivered into cells to perform their biological efficacy. Furthermore, NDs were reported to be nontoxic for these biomedical applications. However, the challenge is to understand the reason for the nontoxicity of NDs and the effects of the conjugation of biomolecules with NDs on its toxicity [8, 9].
Many efforts have been dedicated to investigate the interactions of NDs with biomolecules for achieving their applications in the biomedical fields. For example, several researchers have used some proteins such as lysozyme, bovine serum albumin (BSA), cytochrome c, and myoglobin to physically adsorb on NDs and investigated their binding properties [1, 8, 9]. The interactions of NDs with red blood cells and NDs surface modification by proteins in blood have been investigated, which confirmed the NDs’ safety in organisms [10]. Ermakova et al. used the affinity of ferritin on the NDs’ surface and the magnetic noise induced by the inner paramagnetic iron to detect ferritin molecules [11]. Usually, the noncovalent affinity is so strong that proteins can easily be captured by NDs through a variety of forces including covalent binding, hydrophobic interaction, electrostatic binding, hydrogen binding, and van der Waals interaction [3], the interactions between NDs and proteins depend on the functioned groups on NDs, the properties of protein, and their reaction conditions. Therefore, understanding the binding mechanism of NDs with proteins is essential for NDs’ biotechnological applications.
Human serum albumin (HSA) is the most abundant protein in the circulatory system and possesses specific transportation and deposition of a variety of endogenous ligands, such as fatty acids, and exogenous ligands, such as metal ions, nanoparticles, and a variety of therapeutics drugs [12, 13]. Interacting with nanoparticles, HSA forms the first layer of the long-lived hard corona on the surface of nanoparticles, which increases their circulatory half-lives in the blood and improves distribution and biocompatibility throughout the body [14]. Several previous reports have investigated the interactions of various nanomaterials with HSA and the induced structure change and stability of proteins [15–17]. Yin et al. investigated the interactions of Au nanoclusters with three model proteins (HSA, γ-globulins, and transferrin), and the hydrophobic force between them was proved [18]. Zhang et al. used HSA to modify a gadolinium-fullerene derivative for obtaining a macromolecular magnetic resonance imaging contrast agent [19]. Although most of the earlier studies provided excellent methods to investigate the physicochemical properties of HSA on nanomaterials and extended the applications of nanomaterials, information about the binding mechanism between HSA and NDs and the biological effects of the interaction on NDs have rarely been reported.
In this work, we concentrate on the binding mechanism between NDs and HSA. The influence factors on the interaction between them, the induced conformational changes in protein, and the effect of HSA on the cytotoxicity of NDs were evaluated, which provides a fundamental understanding for the use of NDs as a platform for biomedical applications.
2. Experimental
2.1. Chemicals and Reagents
Dispersible nanodiamonds (NDs) with average size about 5−10 nm were bought from XFNANO Materials Tech Co., Ltd. (Nanjing), which claimed that the purity of carboxylated NDs was higher, that is, 97% with hydroxyl and carboxyl functional groups. Human serum albumin (HSA) was purchased from Sigma-Aldrich. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay kit and sodium phosphate buffer (PBS) were purchased from J&K Scientific Ltd. (China). All other chemicals used in this study were of analytical reagent grade. All aqueous solutions were prepared with high purity water (18.2 MΩ·cm−1) at ambient temperature.
2.2. Sample Preparation
The stock suspensions of NDs with various concentration were prepared using 0.01 M PBS (pH 7.0), which were sonicated for 2 h. Because NDs solutions were dispersed well, other further treatment was not performed. The HSA-NDs solution was prepared by adding a certain amount of HSA solution (2.0 mM) to 3.0 mL different concentrations of NDs solutions in sequence. The mixed solutions were shaken at 180 rpm at 25°C for 2 h and were then used for spectral determination. The HSA-NDs solid samples for Fourier transform infrared (FTIR) detection were separated by centrifugation of HSA-NDs solution with an ultracentrifuge at 12,000 rpm and 4°C for 1 h. The precipitation of HSA-NDs was then washed two times with high purity water and was further centrifuged to remove unbound protein molecules. The amount of HSA adsorbed onto NDs could be determined from the difference of HSA concentration before and after addition of the NDs into the solution according to the standard curve of HSA [20], which was described in Supporting Information (Figure S1).
2.3. Analysis of the Interactions between NDs and HSA
Absorption spectra were recorded in a quartz cuvette (1.0 × 1.0 cm2) using a UV-vis spectrophotometer (TU-1901, Persee, China). Fluorescence analyses were performed on a spectrophotometer (F-7000, Hitachi, Japan) with a quartz cell (1.0 × 1.0 cm2) at the excitation wavelength of 295 nm (the slit width is 5/5 nm). The emission spectra were recorded between 300 and 450 nm with temperature maintained by circulating bath. Circular dichroism (CD) measurements were performed on a J-810 spectrometer (Tokyo, Japan) with 1.0 mm path length quartz cell. The CD spectra of 2.0 μM HSA with NDs were recorded in the wavelength range of 190−250 nm. Every CD spectrum was obtained from the average of three scans, and the scanning speed was set at 50 nm·min−1. Dynamic light scattering (DLS) was recorded on a 90 Plus Particle Size Analyzer (Brookhaven Instruments, America) to evaluate the relative hydrodynamic diameter distributions of NDs solutions. In DLS measurements, the NDs and BSA-NDs samples were filtered with 0.45 μm membrane filter. Transmission electron microscope (TEM) images of NDs and BSA-NDs were taken on a JEOL-2010 HR transmission electron microscope (JEOL, Japan). Samples were placed on 200 mesh carbon-coated copper grids.
2.4. MTT Cell Viability Assay
To evaluate the cytotoxicity of NDs and HSA-NDs complex, the human lung epithelial cell line (BEAS-2B cells) was used and separately incubated with different concentrations of NDs. Because cell culture medium contains 10% fetal bovine serum (FBS), bovine serum albumin (BSA), which shares structural homology and similar properties with HSA, was used to evaluate the toxicity of NDs in the presence of serum protein. 1 × 104 BEAS-2B cells/well were firstly grown in cell culture medium supplemented with 10% fetal bovine serum (FBS) for 24 h. After washing twice with 0.01 M PBS, the complete cell culture medium was replaced by stock solutions of NDs or BSA-NDs complex, which were prepared to required concentration using cell culture media without FBS (cNDs: 0, 2, 4, 8, 16, 32, and 64 mg·L−1; cBSA-NDs: 6.0 μM BSA). The cells in the same culture solution without NDs or BSA-NDs were used as controls. After incubation for 24 h, the morphology of cells was investigated by using the microscope (OLYMPUS IX53). The viability of cells was assessed by MTT assay: the 96-well plates were inverted over a container with a small stack of paper towels and were slightly shaken to remove the culture medium. The cells were washed with PBS for two times and then treated with 100 μL fresh culture medium containing 10 μL of 5 mg·mL−1 sterile MTT dye (in PBS, pH 7.0), which were incubated at 37°C for 4 h. After that, MTT solution in each well was replaced by 100 μL of DMSO. The optical density (OD) for the formazan product was measured at 570 nm, and the percentage of ODNDs/ODcontrol was represented as the cell viabilities.
3. Results and Discussion
3.1. Characterization of NDs and HSA-NDs
The morphology, size, distribution, and the functional groups of NDs and HSA-NDs and their interactions were characterized with transmission electron microscope (TEM), dynamic light scattering (DLS), UV-vis and fourier transform infrared (FTIR) spectroscopies, and circular dichroism (CD) spectrometry.
Figures 1(a) and 1(b) show the TEM images of NDs and HSA adsorbed on NDs. Obviously, NDs exists as small aggregates (50−150 nm). Every single ND is about 5−10 nm in size, which is in accordance with the previous reports and that reported by the supplier (<10 nm), and suggests the excellent dispersion in aqueous solution [21–23]. Although the carboxyl groups on the NDs’ surface enhance their dispersion in water, NDs coagulated to form a lot of small aggregates of tens of nanometers, which is probably due to the residual hydrophobic carbon on their surface [21]. After interacting with HSA (Figure 1(b)), NDs shows more dispersed status. Apparent layer of “protein corona” coating the NDs’ surface was observed. The aggregates of NDs were broken down to the smaller aggregates. The stability was also further improved. These results suggest that the strong interaction between HSA and NDs occurred and the hydrophilic HSA prevented the aggregation of NDs.
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Figure 1: TEM images of NDs (a) and HSA-NDs complex (b). Size distributions of NDs (c) and HSA-NDs complex (d) in 0.01 M PBS determined by DLS. (cNDs = 16.0 mg·L−1; cHSA = 2.0 μM).


Further evidence of their ground-state interaction comes from DLS measurements. Figures 1(c) and 1(d) show the size distribution histograms of 16.0 mg·L−1 NDs in the absence and presence of HSA, respectively. In the absence of HSA, the hydrodynamic diameters of NDs mainly ranged from 105 to 151 nm with a mean size of ∼126 nm. However, a clear shift of the size was observed in the smaller size region for the HSA-NDs system. The mean diameter decreased to 73 nm in the presence of HSA (Figure 1(d)). The changing trends of DLS coincide with the results in TEM, which suggests that the interaction between HSA and NDs may be ascribed to the static ground-state association [14].
Figure 2(a) shows the absorption spectra of NDs, HSA, and HSA-NDs. Native HSA exhibits a strong absorption peak at 280 nm, which was mostly attributed to the absorptions of tryptophan (Trp) residues [24]. The NDs solution does not show any obvious absorption peak between 300 nm and 800 nm. However, in the presence of NDs, the absorption of HSA increases and the absorption peak shifts from 280 nm to 275 nm, which probably resulted from the change in the polarity around the Trp residues [25]. To investigate the conformation of HSA, circular dichroism (CD) was performed to monitor the secondary structure of HSA in the presence of NDs. As shown in Figure 2(b)) native HSA exhibits two negative absorption bands at 208 nm and 222 nm, which are assigned to the parallel exactions of the  transition of peptide and the  transition of the carbonyl group, respectively [14, 26]. The α-helix content of HSA is estimated to be 51.7%. In the presence of NDs, the negative peaks slightly rise without any shift in wavelength with increasing NDs concentrations. The α-helix contents for HSA-NDs complexes were calculated to be 48.7% at 8.0 mg·L−1 NDs, 46.4% at 16.0 mg·L−1 NDs, 45.4% at 32.0 mg·L−1 NDs, and 44.1% at 64.0 mg·L−1 NDs, which are smaller than that of the native HSA. The results suggest that the conformation of HSA on the NDs’ surface was slightly altered [27]. FTIR spectra were used to identify the functional groups present in NDs and HSA. As shown in Figure 2(c), the vibrational peaks of NDs at 1780 cm−1 can be assigned to the C=O stretching band. The bands near 1641, 1384, and 1121 cm−1, can be assigned to O-H bending vibration, O-H deformation, and C-O stretching [28]. The strong O-H vibration of NDs at 3445 cm−1 indicates the presence of hydroxide groups. The spectrum of HSA shows the protein’s characteristic amide I at 1661 cm−1 (C=O, C-N stretching) and amide II bands at 1542 cm−1 (N-H deformation and C-N stretching), which are the vibrations of peptide backbones and are conformational-sensitive to ligands or nanoparticles induced structural changes of HSA [8, 10]. After interacting with NDs, amide I and II bands of HSA were observed on the HSA-NDs complex, indicating that HSA bonded onto the NDs surface [29]. The bands amide I and amide II did not show any shift in the position; however, their relative intensities decreased when compared with those of native HSA, suggesting that the secondary structure of HSA only undergoes slight changes and it retains native conformation during its interaction with NDs [30].
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(c)
Figure 2: (a) UV-vis spectra of HSA, NDs, and HSA-NDs (green curve: HSA-NDs system was stored for one day). (b) CD spectra of 1.0 μM HSA in 0.01 M PBS (pH 7.4) with various concentration of NDs (cNDs from a to e: 0, 8.0, 16.0, 32.0, and 64.0 mg·L−1, T = 298 K. (c) FTIR spectra of NDs, HSA, and HSA-NDs complex.


3.2. Fluorescence Quenching Studies for the Interactions of NDs with HSA
A fluorescence quenching technique has been effectively and extensively applied to investigate the biding mechanism and conformation of protein interacting with nanomaterials [31]. As shown in Figure 3(a), HSA shows an intrinsic fluorescence at 336 nm mainly due to the presence of Trp-214 in subdomain IIA [14]. The intrinsic fluorescence of HSA is progressively quenched by the presence of NDs with increasing concentration, which reveals the interacting characteristics of HSA on NDs’ surface. Moreover, the maximum emission wavelength (336 nm) remains unchanged during the interaction, signifying the unaltered tertiary structure of HSA on the surface of NDs. The similar results at the temperature of 288, 303, and 313 K were shown in Figure S2.
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Figure 3: (a) Fluorescence quenching of 6.0 μM HSA observed with increasing NDs concentrations in 0.01 M PBS (pH 7.4; T = 298 K; λex = 285 nm; cNDs from a to l are 0, 1.0, 2.0, 4.0, 8.0, 16.0, 24.0, 32.0, 40.0, 48.0, 56.0, and 64.0 mg·L−1). (b) The Stern–Volmer plots for the fluorescence quenching of HSA with NDs. (c) Plots of log [F0 − F/F] vs. log [NDs] at different temperature. (d) van’t Hoff plot for the HSA-ND system.


The fluorescence quenching of protein could be induced by the dynamic quenching and static quenching. Because any shift in λem was not observed, the quenching may be static quenching resulting from the formation of protein-NDs complex [31]. To clarify the quenching mechanism, fluorescence quenching was analyzed by the Stern–Volmer equation (equation (1)):where F0 and F denote the fluorescence intensities of HSA without and with quencher (NDs), respectively. Ksv is the Stern–Volmer quenching constant, and kq is the apparent bimolecular quenching rate constant. τ0 is the average lifetime of the protein without quencher, which is about 5.79 × 10−9 s for HSA [25]. [Q] is the concentration of the quenchers (NDs). Carboxylated NDs do not have a definite molecular weight. We cannot accurately calculate the molar concentrations of NDs. According to the methods for the carbon nanomaterials in previous reports, weight concentration multiplied by λ as pseudomolar concentrations [32, 33]. For one of the NDs, one diamond crystal cell is comprised by eight carbon atoms and only a carboxyl group is assumed on one diamond crystal cell, so λ should be no more than 7.75 × 10−3). The values of kq evaluated from the Stern–Volmer plots were shown in Figure 3(b) (298 K) in Table 1. The values of kq are larger than that of the limiting diffusion rate constant of biomacromolecules (2.0 × 1010 M−1·s−1), which suggests that the quenching mechanism of HSA fluorescence by NDs is mainly due to the formation of static ground-state complex [33]. However, we can find that the kq values slightly vary and increase with increasing temperature except for 313 K. The results demonstrate that the dynamic collision might participate in quenching processes at high temperature. Therefore, the influence of high temperature on the binding process and protein conformation cannot be ignored.
Table 1: Various quenching constants, binding parameters, and thermodynamic parameters of HSA upon interaction with NDs at different temperatures.
	

	Sample	T (K)	Kq × 109 (L·mol−1·s−1)	m	Kb (L·mol−1)	ΔG (kJ·mol−1)	ΔH (kJ·mol−1)	ΔS (J·mol−1·K−1)
	

	HSA-ND	288	3.23/λ	0.93	14.9/λ0.93	−6.33 + 2.22ln λ	−19.67	−46.31−8.31ln λm
	298	3.35/λ	0.81	9.98/λ0.81	−5.87 + 2.01ln λ
	303	3.54/λ	0.76	8.85/λ0.76	−5.64 + 1.91ln λ
	313	3.53/λ	0.71	7.75/λ0.71	−5.17 + 1.85ln λ
	



To obtain the binding constant (Kb) and binding number (m), the fluorescence quenching data at different temperature were analyzed by the following equation [32, 33]:
Kb and m values obtained from the linear plots (Figure 3(c)) were summarized in Table 1. Kb and m decreased with increasing temperature, suggesting that high temperature decreased the binding sites as well as the stability of the HSA-NDs.
The interacting forces for the interactions between proteins and ligands can be inferred from the thermodynamic parameters. The thermodynamic parameters such as enthalpy change (ΔH°), entropy change (ΔS°), and the free energy change (ΔG°) can be calculated from the Kb at different temperatures according to the equations (equations (3) and (4)) [34]. ΔH° is considered to be independent in a small temperature range.where R is the gas constant 8.314 J·mol−1·K−1 and T is temperature (K). K represents the equilibrium constant calculated just using the mass concentration (Kb = K/λm). From the fitted line in Figure 3(d) and the obtained values of ΔH°, ΔS°, and ΔG° in Table 1, negative values of ΔG° manifest that the interaction between HSA and NDs is spontaneous. Both ΔH° and ΔS° are negative values, indicating that hydrogen bonding and van der Waals forces play the major role in the binding process between HSA and NDs [32]. At physiological pH 7.0, the carboxyl groups were deprotonated and induced the negatively charged surfaces of NDs [23]. Furthermore, the isoelectric point (pI) of HSA is ∼4.7 and thus HSA shows negatively charged surface at pH 7.0 [14]. Therefore, the electrostatic interactions and hydrophobic interaction between HSA and carboxylated NDs can be eliminated, which coincides with the results of thermodynamic analysis.
3.3. Cytotoxicity for the NDs and HSA-NDs Systems
Previous studies have demonstrated that NDs are practically nontoxic and have good biocompatibility in cell-based assays and animal models; thus, NDs have been widely used for delivery agents for anticancer drugs and circulating proteins [35, 36]. For further evaluation of the potential toxicity of NDs and the cellular uptake of HSA-NDs, a human lung epithelial cell line (BEAS-2B) was carried out by a series of in vitro experiments. BEAS-2B cells were firstly incubated in serum-free medium with different concentrations of NDs for 24 h, and then, the viability of the cell line was evaluated using the MTT methods. As shown in Figure 4(a), there is no obvious difference for BEAS-2B cells in cell-culture medium and in PBS without serum. When BEAS-2B cells incubated with NDs in serum-free medium, NDs appeared on the bright-field microphotographs as brown dots, which aggregated inside the cells or on the cell surface. Cell death and changes in cell morphology were observed with high concentration of NDs. Similar trends were observed in the fluorescence-based live/dead assays. Obvious cell death occurred in the presence of 8 mg·L−1 NDs without BSA. In the BSA-ND system, dead cells were obviously reduced containing 6.0 μμM BSA. As shown in Figure 5, the viability of BEAS-2B cells decreased to ∼54% when they are exposed to 32 mg/L NDs. However, in the presence of 6.0 μM BSA, the viabilities of BEAS-2B cells are obviously higher than those at the same concentration of NDs. Apparently the serum-dependent and concentration-dependent cytotoxicity of NDs were observed, which confirmed that the NDs were either nontoxic or toxic to BEAS-2B cells depending on whether the serum existed in the culture medium [20]. The results confirmed that the cytotoxicity of NDs was eliminated after NDs interacting with BSA.


	
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
	













(a)


	
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
		
		
	













(b)
Figure 4: (a) Optical microscope images of BEAS-2B cells cultured with PBS, NDs without serum protein, and BSA-NDs. (b) Viable cells were stained green with calcein AM and dead cells were stained red with ethidium homodimer-1 (cPBS: 0.01 M; cNDs: 8 mg·L−1; cBSA: 6.0 μM).




	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
		
		
	
	
		
		
	
	
		
		
	
	
	
		
	
	
		
	
		
		
		
	
	
		
		
		
		
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	

Figure 5: Viability of BEAS-2B cells exposed to various concentrations of NDs for 24 h (cNDs: 0, 4, 8, 16, 32, and 64 mg·L−1; cBSA: 6.0 μM; n = 5).


4. Conclusion
This work investigated the binding affinity of NDs towards HSA and the cytotoxicity of NDs toward BEAS-2B cells. NDs exhibited high binding activity toward HSA mainly by the hydrophobic force. Based on the interactions, the “protein corona” obviously formed and the coated HSA on NDs surface basically retained its native conformation although with slight decrease of the α-helical content. NDs showed obvious cytotoxicity in serum-free medium; however, the toxicity of NDs toward BEAS-2B cells could be mitigated by the interaction between NDs and proteins. Therefore, when we use NDs as drug delivery vehicles, NDs should be performed in complete cell culture medium, which contains 10% fetal bovine serum.
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