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ABSTRACT: The toxicity of nanomaterials raises major concerns because of the impact that nanomaterials may have on health, 

which remains poorly understood. We need to explore the fate of individual nanoparticles in cells at nano and molecular levels to 

establish their safety. Conformational changes in secondary protein structures are one of the main indicators of impaired biological 

function and hence, the ability to identify these changes at a nanoscale level offers unique insights into the nanotoxicity of materi-

als. Here, we used nanoscale infrared spectroscopy and demonstrated for the first time that nanodiamonds induced alterations in 

both extra- and intracellular secondary protein structures, leading to the formation of antiparallel β-sheet, β-turns, intermolecular β-

sheet and aggregation of proteins. These conformational changes of the protein structure may result in the loss of functionality of 

proteins and in turn lead to adverse effects. 

INTRODUCTION 

Nanomaterials, which are present virtually everywhere in 

cosmetics, toiletries, food products, medical imaging systems 

and therapeutic agents
1-5

, raises increasing safety concerns. As 

highlighted by a number of studies, nanoparticles are readily 

taken up by cells via different active or passive pathways, 

primarily through phagocytosis, pinocytosis and endocytosis
6-

9
. However, the mechanisms and pathways involved in the 

uptake of different types of nanoparticles are complex and 

may be dependent on a number of factors such as their 

size
10,11

, surface chemistry, charge, geometry or shape
11-13

, and 

also vary from cell to cell
14-16

. The disparity in properties and 

uptake mechanisms affects the localization of these nanoparti-

cles and interactions with cells and tissues. Therefore, there is 

a pressing need to explore the fate of individual nanoparticles 

at both the cellular and molecular level.  

Interactions between nanoparticles and cells are highly de-

pendent on nanoparticle–protein and nanoparticle–

macromolecule interactions. Proteins may be in the form of 

structural proteins (e.g. tubulin, actin), cell signaling mole-

cules (e.g. hormones) or even enzymes. Slight changes in the 

conformation of these proteins may lead to alteration or even 

complete loss of their functionality. It is well documented that 

nanoparticles have high affinity for proteins, which depends 

on their  physicochemical properties including size, charge 

and shape
17

. Nanoparticle–protein interactions may result in 

changes in the conformation of proteins
18,19

. For instance,  

Figure 1. Schematic representation of AFM-IR spectroscopy: 

conformational changes in the protein structure occurred after 

exposure to nanodiamond particles. Formation of antiparallel β-

sheet was detected around the region of nanoparticle localization 

whereas non treated cells had high α-helical content.  

Quantum dots have been reported to induce significant de-

crease in α-helical content of human adult hemoglobin 
20

. Sim-

ilarly, gold and polystyrene particles lead to decreased α-helix 

and increased β-turn structures in bovine serum albumin
18,21

. It 

is thus critical to gain a precise knowledge on how do nano-

particles interact with both intra- and extracellular proteins and 

whether these interactions disrupt protein conformations. Na-

noparticles have comparable sizes to proteins, and thus may 

interfere with the cell signaling processes or impair protein 

function. In addition, nanoparticles may inadvertently be in-
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volved in chaperone-like activity, which is vital for controlling 

protein folding during their assembly. This means that the 

interference of protein folding by nanoparticles may lead to 

the formation of peptide aggregates or peptide fibrils that have 

amyloid-like structures
19,22

, which are known to be linked to 

neurodegenerative diseases such as Alzheimer’s disease
19,22

.   

Commonly, to investigate in vitro nanotoxicity conventional 

spectrofluorometric and spectrophotometric assays, which 

employ fluorescent dyes or proteins, are used. Because of spe-

cific physicochemical properties and high reactivity of nano-

particles, they can bind and interact with the dye and the assay 

proteins
23

. These interactions were reported to adversely affect 

the fluorescence and/or the absorbance characteristics of indi-

cator molecules
23

. Altered fluorescence/absorbance introduces 

a bias to the results and makes these assays ineffective for the 

toxicity assessment. To overcome the limitations of conven-

tional assays, biospectroscopy has emerged as a promising 

tool to investigate nanotoxicity and to assess the interactions 

of biomolecules, such as proteins, with materials and nano-

materials
24-26

. Typically, biospectroscopy involves the use of 

non-invasive techniques including Raman spectroscopy
25,26

, 

Fourier transform infrared spectroscopy (FTIR), circular di-

chroism spectroscopy, surface plasmon resonance and X-ray 

crystallography
18,27-29

. These methods allow us to detect the 

effect of nanoparticles on proteins at macro and micron 

levels
24

. However, all these techniques have limited sensitivity 

and spatial resolution. The micron-level resolution may not 

provide sufficiently detailed information on the effect of indi-

vidual nanoparticle on cellular proteins. For example, the lat-

eral resolution of the FTIR technique ranges up to 24 µm
30

 in 

the mid-IR range, which is much too large to identify the sub-

tle differences or structural changes resulting from interactions 

between individual nanoparticles and proteins at a na-

noscale
31,32

. In addition, FTIR spectra collected from the bulk 

material may not actually represent the chemical fingerprint of 

the sample at the nano level. 

Recently, Dazzi
33-35

 developed a technique that couples 

atomic force microscopy and infrared spectroscopy (AFM-IR), 

which is based on photothermally induced resonance and is 

currently the most sensitive technique to measure chemical 

composition with a spatial resolution of <20 nm. This tech-

nique offers tremendous potential to explore the conforma-

tional changes of extracellular proteins and cell proteins in the 

area surrounding internalized nanoparticles.  

In AFM-IR, a sample is placed on a transparent, total inter-

nal reflective surface e.g. zinc selenide, which is illuminated 

by a pulsed and tunable IR laser. If the evanescent field excites 

molecular vibrations in the sample, a small thermal expansion 

is induced. This expansion is detected by the AFM tip which 

serves as a near field detector and results in the oscillation of 

the AFM cantilever. The resultant cantilever oscillations are 

sensed by reflecting a second laser beam off the top surface of 

the cantilever onto a four-quadrant detector (Figure 1). These 

oscillations are recorded as a cantilever ringdown signal. Fou-

rier transformation of this signal generates a signal amplitude 

corresponding to the IR-absorption
32-37

. Furthermore, the reso-

nance frequency of these oscillations indicates the nanome-

chanical properties (stiffness) of the sample. The measurement 

of the frequency helps in localizing the nanoparticles, which 

typically have a different stiffness than the biological struc-

tures. This technique has lateral resolution in the range of 10 

nm to 50 nm
32, 37

. These features make AFM-IR a valuable 

tool for investigating nanoparticle–cell or nanoparticle–protein 

interactions. 

Nanoscale sp
3
 carbon based nanomaterial

38
 i.e. nanodia-

monds (NDs) is one of the most explored carbon-based nano-

particles in recent years. It retains the unique properties of 

bulk diamonds at the nanoscale, which is attributable to its 

hardness and Young’s modulus, optical and fluorescence 

properties, high thermal conductivity, electrical resistivity and 

chemical stability
39,40

. Owing to its properties, NDs have been 

used in a wide variety of applications such as magnetic reso-

nance imaging
41

, chromatography
42,43

, mass spectrometry
44

, 

tribology and lubrication
45

, nanocomposites
46,47

, surgical im-

plants and tissue scaffolds
48

, biomedical imaging and drug 

delivery
1,49-51

. Detonation techniques, laser ablation, high en-

ergy ball milling at high pressure and temperature, plasma-

assisted chemical vapour deposition, autoclave synthesis from 

supercritical fluids and chlorination of carbides are some of 

the commonly used manufacturing approaches
39

. The broad 

application of NDs, compounded with differing manufacturing 

techniques must raise concerns of increased and variable hu-

man and environmental exposure to these nanomaterials. 

Some studies have highlighted that NDs can induce conforma-

tional changes in protein structures, but this was confirmed 

only at macro and micro levels. It was found that when bovine 

serum albumin was exposed to NDs, α-helical content de-

creased and β-turn and β-sheet structures increased
29

. It was 

also shown that the smaller the size (5 nm vs. 50 nm) of the 

ND, the greater the effect on conformation changes (the loss 

of functionality) of lysozyme
27,28

. Similarly, Svetlakova et. al. 

reported that ND induces conformational changes in human 

serum albumin with the cleavage of disulfide bridges, modifi-

cation of H-bonding in tyrosine residues and an increase in 

random coil formation
52

. Given their applications in the bio-

medical field, and many reported incidence of protein confor-

mational changes, precise understanding of how these and 

other nanoparticles interact with biological systems is vital to 

assure patient safety.  

In this study we focus solely on the investigations of the 

impact of NDs (model nanoparticle) on the conformation of 

intracellular proteins (proteins inside liver cell) and extracellu-

lar protein (fibronectin-FN) using AFM-IR spectroscopy. 

Since the liver is the primary site of nanoparticle uptake and 

localization, the investigation of the effect of NDs on liver 

cells may possibly highlight their impact on overall health. In 

addition, nanoscale characterization of cellular protein struc-

tures after uptake of nanoparticles would provide deeper un-

derstanding of the mechanism of protein denaturation. We 

demonstrated that NDs induced conformational changes in 

both extracellular and intracellular proteins. Increased β-sheet 

content and possible denaturation of proteins were observed 

after the exposure of intra- and extracellular proteins to the 

NDs.   

EXPERIMENTAL SECTION 

Materials 

Rat hepatoma (Fao cell) cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 4500 mg/L D-

glucose, 2mM L-glutamine (Sigma-Aldrich, Australia), Pen-

strep® (100 IU mL
-1

 penicillin, 100 µg.mL
-1

 streptomycin: 

Gibco, Life Technologies, USA) and 10% Fetal Bovine Serum 

(Sera Laboratories, UK) was used to prepare both 2D and 3D 

liver cell culture models.  
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Physico-chemical Characterization 

Nanodiamond (ND) produced by laser assisted technology
53

 

with mean size of 4-5 nm (Ray Techniques Ltd, Israel) were 

used in the study. Physicochemical properties of ND were 

characterized with Fourier transform infrared spectroscopy 

(FTIR), X-ray diffractometry (XRD), atomic force microscopy 

(AFM), transmission electron microscopy (TEM) and X-ray 

photoelectron spectroscopy (XPS), (Figure 2). 

The diffraction characteristics of ND was determined by 

XRD (D8 Advance, Bruker diffractometer- Bruker, UK) in a 

flat plate geometry using Ni-filtered Cu Kα radiation and a 

Bruker Lynx eye detector. The X-ray diffraction patterns were 

acquired from 10 to 100° 2θ with a step size of 0.02° and a 

count time of 0.1s.  

Size and morphology of the ND were assessed with TEM 

(Philips CM 120- Biofilter, The Netherlands) and AFM 

(nanoIR™, Anasys Instruments, USA). For the AFM studies, 

ND was first immobilised on freshly cleaved mica functional-

ised with poly-L-lysine and scanned in AC mode using a sili-

con nitride cantilever with a spring constant of 40 Nm
-1 

(EXT125, AppNano, Mountain View, CA, USA) at a scan rate 

of 0.50 Hz. The images were processed using the Analysis 

Studio™ software (Anasys Instruments, USA). 

Elemental composition of ND particles was characterized 

using XPS (Axis ultra XPS/ESCA–Kratos Analytical, UK) 

using an Al-Kα monochromator X-ray source. Survey scan 

was acquired at 100 eV pass energy between 0 and 1400 eV. 

High resolution spectra for carbon, oxygen and nitrogen were 

collected at 20 eV pass energy. The elemental composition 

(atomic concentration) was calculated from the high resolution 

spectra using CasaXPS. The measurements were done in trip-

licate. 

Bulk chemical composition (micron scale) was measured 

using FTIR attenuated total reflectance (ATR). Spectra of the 

nanodiamond powder were collected on a FTIR7000 se-

ries spectrometer (Digilab, USA) with a Germanium internal 

reflection element (IRE) of 45° incidence angle and using a 

globar source. Mid-IR absorbance spectra were acquired from 

4000 to 400 cm
-1

 at a spectral resolution of 4 cm
-1

 taking the 

average of 500 scans.  

Magnetic printing of 3D cell culture model; to investigate 

the toxicity of ND in 3D environment we fabricated cell sphe-

roids (3D models) using previously published 

methodology
49,54,55

. Briefly, cells were first incubated with 

magnetic nanoparticles (NanoShuttle
TM-

PL (NS), n3D Biosci-

ence, USA) at a concentration of 8 µL.cm
-2 

overnight and then 

levitated magnetically overnight to obtain 3D cellular aggre-

gates. Next, cell aggregates were dispersed and biopatterned 

into spheroids using magnetic pin drives (Figure S1).  

Measurement of cell viability in 2D and 3D; Fao cells cul-

tured in 2D monolayer were treated with ND (prior to treat-

ment, ND dispersion in sterile deionised water was sonicated 

with ultrasonic probe for 1 h) at concentrations of 10, 25, 50 

and 100 µg.mL
-1

 over the period of 48 h and cultured up to 

four days to detect longer term effects of ND on cell growth.
 

Viability of cells exposed to ND were assessed using Cell 

Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies, 

Inc., Santa Clara, CA) as per manufacturers’ protocols. The 

viability of cells within the bioprinted spheroids after treat-

ment with ND for 24 h was evaluated using live/dead assay 

(PromoCell, Germany) as per the manufacturer’s protocol.  

BIOSPECTROSCOPY – AFM-IR 

AFM-IR – intracellular protein analysis – sample prepa-

ration; for the investigation of intracellular protein analysis, 

spheroids treated with ND at a concentration of 25 µg.mL
-1 

were used. As a control, cell spheroid treated with NS only 

and Fao cell pellet obtained after centrifugation of cells cul-

tured in monolayer up to 80% confluency were used. 

ND treated spheroid, NS loaded spheroids and control cell 

pellet were fixed in 2.5% glutaraldehyde in 0.1 M phosphate 

buffer (pH 7.4) for 30 minutes and dehydrated in ethanol (30-

100%). Dehydrated spheroids and cell pellet were embedded 

in Spurr’s resin (ProScitech, Australia). Resin-embedded sam-

ples were microtomed using glass knives (UltraCut S, Leica 

Microsystem GmbH, Vienna, Austria) to obtain a semi thin 

(500 nm) sections. Next the sections were transferred to zinc 

selenide prisms for biospectroscopic analysis via AFM-IR. 

AFM-IR – extracellular protein analysis – sample prep-

aration; human plasma fibronectin (FN) (>95% purity, Sigma 

Aldrich) was reconstituted and was diluted to 20 µg.mL
-1 

solu-

tion in deionised water. The ND–FN samples were prepared 

by adding 150 µL of 1 mg.mL
-1 

ND dispersion in deionised 

water to 1.5 mL of 20 µg.mL
-1 

FN solution. The ND dispersion 

was sonicated for 1 h using an ultrasonic probe before being 

added to the protein solution. The ND–FN solution was mixed 

at 25°C using a vortex mixer for 2 h. Next the solution was 

centrifuged at 13000 rpm at 4°C for 15 min. 10 µL of superna-

tant was transferred to the zinc selenide prism to investigate 

conformational changes in non-adsorbed FN. The remaining 

supernatant was removed and the FN–ND pellet was rinsed 

with deionised water three times followed by centrifugation to 

remove free FN. The pellet was redispersed in deionised water 

and then transferred to the zinc selenide prism and dried under 

nitrogen gas. The sample was stored in a desiccator to remove 

the adsorbed moisture prior to AFM-IR measurements. Con-

trol pristine FN sample (20 µg.mL
-1

)
 
and FN supernatant were 

transferred to the zinc selenide prism and dried under the ni-

trogen gas followed by desiccation prior to spectra acquisition.  

Nanoscale infrared biospectroscopy was carried out 

using AFM-IR instrument, nanoIR™, (Anasys instru-

ments, USA). Prior to the acquisition of the spectra, four 

IR background spectra were collected from 1000 to 1800 

cm
-1

. These spectra were averaged and normalized to cal-

ibrate the signal intensity as a function of wavenumber. 

The second cantilever oscillation mode was chosen for 

optimizing the cantilever ringdown signal at its frequency 

centre of 185 kHz using a frequency window of 20 kHz. 

The infrared laser focus was optimized at 1550 cm
-1

, 1620 

cm
-1

, 1640 cm
-1

, 1690 cm
-1

 and 1723 cm
-1

 for cell-based 

samples (ND-treated spheroid sections, NS treated sphe-

roid and control cell sections) as well as for extracellular 

protein-based samples (FN, FN–ND and FN supernatant). 

Co-averages of 256 scans were used for optimization. The 

laser power was adjusted to obtain a clean and distinct 

‘IR-hotspot’ in the centre of the image which corresponds 

to the location where the AFM tip is in contact with the 

sample (Figure S5). 

AFM-IR spectra were collected from 1300 cm
-1

 to 1800 cm
-

1
 at 1 cm

-1
 intervals, co-averaging a total of 256 cantilever 

ringdown signals at each wavenumber. The laser source pro-

duces 10 ns pulses at a repetition rate of 1 kHz. The spectral 

resolution is determined by the laser line width and is estimat-

ed to be 8 cm
-1

 in this spectral range. A minimum of ten 
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Figure 2. Physicochemical characterization of nanodiamond (ND): a) TEM image of ND particles showing the individual particles in the 

range of 4-5 nm with cuboidal shape; b) AFM height image of ND particles showing aggregates and individual nanoparticles; The profile 

analysis insert below the image show the height of the particles in the range of 4 nm; c) XRD graph showing key diamond peaks at 2θ of 

111, 220 and 311. Grain size was determined to be around 4-5 nm; d) FTIR spectra collected from the bulk of ND indicated the presence of 

key diamond peaks in the region of 1117-1256 cm-1; e) XPS spectra collected from NDs showed peaks related to carbon, oxygen and ni-

trogen. Elemental analysis showed 78.77% carbon, 8% oxygen and 1.7% of nitrogen.  

spectra were collected across each sample, spectra were pre-

sented either as an array spectra to show spatial locations or 

were averaged and plotted for analysis. IR images/maps of the 

samples were collected in contact mode at a scan rate of 0.1 

Hz with a co-average of 16 using a silicon nitride cantilever 

with a nominal spring constant of 0.5 Nm
-1 

(EXC450 tips, 

AppNano, Mountain View, CA, USA). All spectral analyses 

were undertaken after normalization using GRAMS software 

(ThermoFisher, Waltham, MA, USA), Essential FTIR soft-

ware (Operant LLC, USA) and Analysis Studio™ software 

(Anasys Instruments, USA). Spectral subtraction was used to 

show differences between the spectra of the samples. All the 

spectra collected from cell samples (ND treated, NS treated, 

and control cell; Figure 3g) were processed in GRAMS soft-

ware, smoothing being achieved with a polynomial function 

on 5 points. The spectra presented in Figure 4 were processed 

in the Essential FTIR software: using Savitzky-Golay smooth-

ing with a quadratic/cubic 25pt function.  The endpoints were 

extrapolated then truncated.  All subtractions were performed 

by manually adjusting the subtraction factor applied to the 

epoxy spectrum. The subtraction factors used were different 

for each set of samples, but exactly the same subtraction factor 

was used within a given sample set.  All subtractions were 

performed on smoothed spectra. Figure S4 spectra were pro-

cessed in Analysis Studio™ software and smoothing was done 

using with a polynomial order of 2 on 25 points. Similarly 

spectra collected from FN-ND, non-adsorbed FN, and FN only 

(Figure 5) were processed in the Analysis Studio™ software 

and smoothed using a polynomial function of 2 and 5 points. 

RESULTS AND DISCUSSION  

Physical properties; XRD diffraction pattern of ND re-

vealed diffraction maxima at the 2θ of 43.9 and 75.4, which 

correspond to diamond peaks
53

. The average grain size of dia-

mond crystallites, estimated using the Scherrer formula, was 5 

nm. The absence of non-diamond peaks and troughs in the 

spectra indicate high sample purity. TEM and AFM images of 

nanoparticles showed that they were cuboidal in shape and the 

size of individual particle was on average 3-5 nm, which was 

in agreement with the XRD results (Figure 2a, b and c). 

Chemical properties; FTIR spectra collected from the bulk 

ND (Figure 2d) revealed typical ND peaks at 1107 cm
-1

, 1177 

cm
-1

 and 1256 cm
-1

, which are due to stretching vibration of a 

C-O group
56

. Low intensity peaks were observed at 1384 cm
-1 

and 1436 cm
-1

, which are associated with the aceto-group and 

C-H (SP3) bending vibration. Presence of aceto group may be 

due to contamination of ND during the laser assisted manufac-

turing stages
56

. Furthermore, the presence of a peak at 1760 

cm
-1 

(C=O) indicates that nanoparticles were partly oxidized, 

while the peak at 1630 cm
-1 

corresponds to the bending vibra-

tion of adsorbed water. The broad peak at 3400 cm
-1 

corre-

sponds to an OH-stretching vibration. This indicates the ad-

sorption of water on ND
57,58

. 

XPS measurement for ND confirmed the presence of three 

elements: carbon (C 1s), oxygen (O 1s), and nitrogen (N 1s). 

Deconvolution of the carbon (C 1s) peak of high resolution 

XPS spectra showed the presence of the main peaks at 

Eb=283.95 eV, Eb=284.96 eV and Eb=286.23 eV, which 

Page 4 of 10

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 3. Topographical image, map of nanochemical and nanomechanical properties of a section of spheroid treated with ND, NS and 

control cells: a) AFM-IR absorbance map (2 µm x 2 µm ) of the ND treated spheroid section at 1640 cm-1 showing inhomogeneous ab-

sorbance pattern, blue spots (white arrows) are the regions with lower absorbance (ND localised area) and red regions are the regions of 

higher absorbance (cellular region); b) corresponding nanomechanical map of ND-treated cell indicated that the region of lower absorb-

ance at 1640 cm-1 had higher stiffness (yellow spots, white arrows); c) AFM-IR absorbance map (3 µm x 5 µm ) of the NS treated spheroid 

section at 1640 cm-1; d) nanomechanical map of NS treated spheroid section; e) AFM-IR absorbance map (3 µm x 5 µm) of control cell 

section acquired at 1640 cm-1 ; f) nanomechanical map of control cell; g) corresponding averaged AFM-IR spectra collected from ND -

treated cell, NS-treated and control cell section. All the spectra collected from individual samples were averaged, normalised and smoothed 

to 5 points with a polynomial function. 

correspond to the sp
3
 (diamond), sp

2
 hybridized carbon species 

and oxygen containing groups (C-O) respectively
59

. Deconvo-

lution of the oxygen (O 1s) peak showed the peak at Eb=530.6 

eV associated to (C-O) and peak at Eb=532.5 eV correspond-

ing to water adsorbed to the ND surface. The presence of oxy-

gen (8%) indicated partial oxidation of the ND, which was in 

agreement with the FTIR results. Additionally, a small amount 

of nitrogen (1.7%) was detected on the surface. Nitrogen spec-

tra had two main peaks that correspond to NH3 (Eb=399.5 eV) 

and N-C (Eb=402.6 eV). The presence of nitrogen could be 

associated to the contaminants from the manufacturing pro-

cess.  

Effect of ND on cell viability  

To select the concentration of ND to interrogate ND–protein 

interactions we evaluated in vitro cytotoxicity of ND using 

cells cultured in 2D monolayer. Cells were treated with ND at 

different concentrations (10, 25, 50 and 100 µg.ml
-1

) for 48 h 

and metabolic activity of the cells, which corresponds to the 

viability of cells, was measured. The results obtained showed 

no significant differences in viability of cell up to the concen-

tration of 100 µg.mL
-1 

for 48 h (Figure S2c). Extended incuba-

tion time (four days) resulted in a decrease in viability with 

increasing concentration of ND, in particular, 25 µg.mL
-1 

re-

sulted in 24% drop of viability, while 50 and 100 µg.mL
-1 

re-

sulted, respectively, in 37% and 44% of cell viability drop 

(Figure S2c). In addition, cell viability was assessed in 3D 

(spheroids) using live/dead assay prior to ND–protein interac-

tion studies. Results of live/dead assay showed that the majori-

ty of cells were viable within the spheroid up to the concentra-

tion of 25 µg.mL
-1

 (Figure S2b) and the diameter of the sphe-

roid which also indicates viability of cells in 3D culture
55,60

 

was similar to control sample. The diameter increased (dila-

tion of the spheroid that suggests a drop in viability) for the 

higher concentrations of ND (Figure S2a). Based on both as-

says, 25 µg.mL
-1 

ND was selected as a concentration for . 
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Figure 4. a) AFM-IR array of spectra collected from ND-treated Fao cells with the corresponding contact resonance peak frequency im-

age. The amide I peak maxima was observed at 1661 cm-1, indicating a transition towards increased β-sheet content. The intensity of peak 

at 1735 cm-1 was found to increase closer to the ND particles suggesting conformational changes in protein structure after the uptake of 

ND particles; b) AFM-IR array of spectra collected from NS-treated cells with corresponding frequency image; c) AFM-IR array of spectra 

collected from control cells with the corresponding frequency image. Both the control and NS-treated cell had an amide I maxima at 1648 

cm-1, indicating higher α-helical content and peak at the 1735 cm-1 was not present. 

which cells remain viable. 

Effect of ND on intracellular protein  

Since the development of AFM by Binnig et. al.
61

, this 

technique has been widely applied in nano and atomic scale 

imaging and probing with high spatial and temporal resolu-

tions
62,63

. AFM-IR offers dual capability of scanning probe 

microscopy and nanoscale IR spectroscopy, which is capable 

of detecting both nanochemical and nanomechanical charac-

teristics. This technique is based on the localized thermal ex-

pansion of a sample after absorbing infrared light of a specific 

wavenumber. Thermally induced geometrical changes (at the 

nanoscale) are detected by the deflection of the AFM cantile-

ver that remains in contact with the sample. The measurement 

of these changes makes it possible to distinguish materials 

with different coefficient of thermal expansion (CTE). Be-

cause of the low CTE of ND (1.18 × 10
-6

 K
-1

)
64

, it undergoes 

minimal expansion when exposed to the pulsed laser, which 

was confirmed by the AFM-IR spectra collected from pristine 

ND (Figure S3a).  

Differences in CTE between ND and surrounding cellular 

structures (115 × 10
-6

 K
-1

)
65

 enable the identification of the 

NDs inside the ND-treated cells (Figure 3a) by acquiring 

AFM-IR absorbance map at 1640 cm
-1

 which corresponds to 

the amide I band of protein. Regions of a very low absorbance, 

were evidenced on the samples and these regions correspond-

ed to NDs (Figure 3a). Absorbance maps at 1640 cm
-1

 were 

also collected for NS-treated cell and control cell (Figure 3c, 

3d), but low absorbance regions were not observed for these 

samples. These findings were preliminary evidence for the 

uptake of ND into the cell. Furthermore, the stiffness of the 

low absorbance region in the ND-treated cell was also higher 

when compared to the surrounding cellular region (Figure 3a, 

3b). These results, combined with the similar cuboidal mor-

phology of the NDs as determined by TEM and AFM, con-

firmed the uptake of ND by the cells. While, one might sus-

pect that these geometrical features and changes to IR ampli-

tude could be associated with NS that were used to levitate the 

cells, our control experiments on the NS-treated cells and cells 

only samples showed a lack of such features (Figure 3c and 

3d). Furthermore, NS are functionalised with poly-L-lysine 

and the AFM-IR spectra of NS showed distinct peaks at 1641 

cm
-1

 for poly-L-lysine (Figure S3b). If the features observed 

for ND-treated samples were NS then some absorbance signal 

at 1640 cm
-1

 would have been apparent, which was not con-

firmed here. For the NS-treated samples, some regions of 

higher stiffness (Figure 3d) were observed, however these 

zones had absorbance in 1640 cm
-1

, which excludes the exist-

ence of ND. Taken together, the presented results provide 

strong evidence that the cuboidal features detected for ND-

treated samples were associated with ND particles.  

Having confirmed the uptake of ND into the cells, the po-

tential of ND to induce protein conformational changes was 

investigated by collecting AFM-IR spectra of the ND-treated, 

NS-treated and control cells. Should the NDs induce any con-

formational changes, a change in the AFM-IR spectra should 

be expected. The averaged spectra recorded for ND-treated 

cells (Figure 3g) had an amide I absorption maxima at 1663 

cm
-1

 with a shoulder at 1692 cm
-1 

(Figure 3g), indicating 
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Figure 5: a) AFM-IR spectra collected from pure fibronectin (FN), non-adsorbed fibronectin (FN supernatant), and adsorbed 

fibronectin (FN+ND pellet). Broadening of peak in amide I region with absorption maxima at 1618 cm-1 and appearance of peak 

at 1729 cm-1 was observed in FN-ND sample which corresponds to aggregation of FN and protonation of –COO- group present 

in FN respectively. Peak broadening and peak at 1729 cm-1 was not evident in both the FN and FN supernatant samples; b) Topo-

graphical image showing cuboidal ND particles; c) AFM-IR absorbance map acquired at 1620 cm-1 showed regions of higher 

absorbance (bright pink spots) which correspond to the sites of protein denaturation and aggregation; d) absorbance map at 1723 

cm-1 shows zones of absorbance (bright pink regions) indicating possible sites where protonation of FN occurred; e) Stiffness 

map indicated localised softness (dark blue spots) due to the adsorption of protein on ND particles. 

transition of protein conformation from α-helical to the β-sheet 

and β-turn like structures
37

. On the contrary, both spectra for 

NS-treated cells and control cells (Figure 3g) had amide I ab-

sorption maxima at 1648 cm
-1

, depicting high α-helical con-

tent. Further evidence for conformational changes in the pro-

tein structure can be found by comparing the peak intensity 

ratio of the amide I peak to the amide II peak (Figure 4a, 4b 

and 4c). The amide I (1661 cm
-1

) to amide II (1551 cm
-1

) peak 

intensity ratio of the ND treated cell is 2.64 (Figure 4a), while 

the ratio for the NS and control cell (1648 cm
-1

:1551 cm
-1

) was 

1.5-1.6 (Figure 4b and 4c). The change in this ratio could have 

been caused by ND-induced oxidative stress inside the 

cells
24,25,26

. The oxidative stress has been reported to result in 

carbonylation of intracellular proteins and cause aggregation, 

conformational change and even total loss of protein function-

ality
66

. This process has been observed in HeLa cells treated 

with ND manufactured by detonation techniques
67

. In addition, 

a high intensity peak at 1735 cm
-1

 was observed in the spectra 

array collected across the ND-treated cells (Figure 4a), which 

is not as pronounced in either the control (Figure 4b) or NS-

treated (Figure 4c) cells. The peak intensity at 1735 cm
-1

 in-

creased in the close vicinity of ND localization (Figure 4a) 

indicating the localized effect of ND on conformational 

changes in the protein structure. The increased intensity of this 

peak (1735 cm
-1

) that indicates the alternation of the protein 

structure was caused by the deep conformational changes due 

to protein denaturation, which could have happened due to two 

reasons: (i) the breakage of hydrogen bond in the protein 

structure upon the adsorption to the nanoparticle surface, and 

(ii) the protonation of –COO
-
 group in the proteins

68
 (Figure 

4a). The protonation may be due to two processes. Firstly, it 

may be the result of protein denaturation causing a change in 

pKa near the ND-protein interface. Secondly, it may occur due 

to the direct interaction between the protein and substrate with 

low dielectric permittivity. The ND’s low dielectric permittivi-

ty (ε) of 8.7
69

 could potentially lead to a shift of the carboxyl 

group’s dissociation equilibrium toward the neutral protonated 

species. However, without further study, it is uncertain wheth-

er protein denaturation or direct ND interaction, or a combina-

tion of both, is responsible for the protonation.  

Nanodiamond–extracellular protein interactions. To 

confirm the impact of ND on protein’s conformation we 

selected additionally an extracellular protein, fibronectin, 

and investigated its conformational changes when ex-

posed to ND using the AFM-IR. FN is present in plasma 

as well as the cell surface and is secreted primarily by 

liver hepatocytes. It plays a key role in cell proliferation, 

migration, wound healing and is involved in the opsonisa-

tion of nanoparticles
70,71

. FN is also known to be suscepti-

ble to conformational changes after adsorption to a sub-

strate, which makes this protein an ideal model to study 

ND-protein interactions. 

 AFM-IR spectra were collected from FN adsorbed to 

ND (FN-ND), FN supernatant, and FN. Much like the 

previous case with Fao cells, conformational changes 

should alter the AFM-IR spectra. The spectra from all 

three samples had three peaks in common, the amide I 

peaks at 1633 cm
-1

 and 1648 cm
-1 

, along with a shoulder 

peak at 1678 cm
-1

 (Figure 5a). All these peaks correspond 

to high β-sheet and β-turn components within the second-

ary structure of FN
72

. This is in agreement with the litera-

ture, where FN has been reported to have majority of sec-

ondary protein structure in the β-strand conformations
73

. 

However, when FN was adsorbed to NDs (FN-ND), an 

additional amide I peak with absorption maxima at 1618 

cm
-1

 was observed, which was not evident in the FN-
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supernatant and FN control samples (Figure 5a). The ap-

pearance of such a peak is associated with the multimeri-

zation and aggregation of proteins
74

.  In the case of FN, 

the aggregation occurs due to intermolecular hydrogen 

bonding, ultimately leading to intermolecular β-sheet 

formation
74

. The initial hydrogen bonding between mon-

omeric FN is only possible if the FN undergoes denatura-

tion as a result of adsorption to ND. This finding is in 

agreement with the study where temperature-induced de-

naturation of FN resulted in the formation of FN aggre-

gates
74

. Additionally, in the case of FN-ND sample, a 

prominent peak at 1729 cm
-1

 was observed which corre-

sponds to the protonation of –COO
-
 group in the FN 

structure, similar to ND-treated cells. The protonation of –

COO
-
 confirms the conformational changes and possible 

denaturation of the FN
72,75,76

.  

In order to identify the regions where conformational 

change occurred after adsorption to ND, absorbance maps 

were collected for FN-ND at 1620 cm
-1

 (Figure 5c) and 

1723 cm
-1

 (Figure 5d). The absorbance map demonstrated 

zones of higher absorbance (bright pink spots), which 

corresponds to the sites where structural changes in FN 

occurred after adsorption to ND. These zones had a cu-

boidal morphology (Figure 5b), and lower stiffness com-

pared to its surrounding (Figure 5e), suggesting that the 

ND was coated by FN. In contrast to ND-treated Fao 

cells, zones around ND for FN-ND showed lower stiff-

ness which was due to the differences in sample prepara-

tion. ND-treated Fao samples were microtomed and this 

process removed proteins from the top surface thus ap-

peared as regions of higher stiffness; AFM probe was in 

direct contact with bare ND surface. Whereas, microtomy 

was not required for FN-ND samples and the layer of FN 

remained around the nanoparticles which resulted in low-

er stiffness; AFM probe was in direct contact with the 

protein layer. When an array of spectra were collected 

from the FN-ND samples, the intensity of the peak at 

1725 cm
-1

 was found to be more pronounced closer to the 

ND particle (Figure S4), which was not evident in both 

the FN and FN-supernatant samples. This result further 

confirms that conformational changes and denaturation 

occurs at the FN-ND interface after adsorption. 

Cumulatively our results provide evidence that ND can 

induce conformational changes in the secondary structure 

of both intra- and extracellular protein structures. Our 

results highlighted that ND caused conformational chang-

es and/or denaturation of proteins in its immediate vicini-

ty. These effects may result in the total loss of functionali-

ty of the protein at a cellular level and thus may have a 

negative effect on cell viability and vitality.  

CONCLUSION 

The high spatial resolution of AFM-IR has enabled the 

study of both intra- and extracellular protein interactions with 

individual nanoparticles. For the first time, the interface of 

internalized nanoparticles was examined using AFM-IR and 

we demonstrated that proteins, both intracellular and extracel-

lular, underwent conformational changes at the ND-protein 

interface. These results suggest that individual nanoparticles 

had negative effects on the protein structure. Despite the fact 

that AFM-IR does not allow us to determine the concentration 

at which macroscopic cytotoxicity is induced, the high resolu-

tion data of nanoscale chemistries allowed us to gain a precise 

understanding of nanoparticles–proteins/macromolecules in-

teractions. This knowledge has a powerful implication for our 

understanding of nanomaterial toxicity in bodily environment.  

As previously explained toxicity of nanoparticles de-

pends on their size, shape and surface chemistry, as well 

as vary from cell to cell (healthy vs malignant). The 

AFM-IR technique will be fundamental to establish opti-

mal nanoparticle characteristics, including surface condi-

tions, for their safe use in biomedical applications, e.g. 

drug delivery and bioimaging.  
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