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ABSTRACT: Nitrogen-vacancy (NV) magnetometry offers an alternative tool to detect 

paramagnetic centers in cells with a favorable combination of magnetic sensitivity and spatial 

resolution. Here, we employ NV magnetic relaxometry to detect cytochrome C (Cyt C) 

nanoclusters. Cyt-C is a water-soluble protein that plays a vital role in the electron transport chain 

of mitochondria. Under ambient conditions, the heme group in Cyt-C remains in the Fe+3 state 

which is paramagnetic. We vary the concentration of Cyt-C from 6 M to 54 M and observe a 

reduction of the NV spin lattice relaxation time (T1) from 1.2 ms to 150 s, attributed to the spin 

noise originating from the Fe+3 spins. NV T1 imaging of Cyt-C drop-casted on a nanostructured 

diamond chip allows us to detect the relaxation rates from the adsorbed Fe+3 within Cyt-C. 

KEYWORDS: Nitrogen-vacancy, relaxometry, cytochrome C, iron, paramagnetic  

 

Cytochromes, including cytochrome C (Cyt-C), are redox-active proteins involved in the 

electron transport chain (ETC) and redox catalysis.1 It is a water-soluble protein with a molecular 

weight of 13 kDa typically located in the inter-mitochondrial membrane.1,2 The main function of 

Cyt-C within the mitochondria is to serve as an intermediate electron receptor during respiration, 

facilitating the transfer of electrons between Complex III and Complex IV in the ETC.1 The 

electron transfer involves the reduction of the oxidized Cyt-C (Fe+3) heme group to Fe+2 by an 

electron from Complex III. Subsequently, Cyt-C releases the electron to Complex IV, and the Fe 

center returns to the oxidized Fe+3 state.3 During cell necrosis and apoptosis, Cyt-C is released 

from the mitochondria, which leads to the non-inflammatory activation of apoptotic protease 

activating factor 1, eventually cascading to caspase-9 activation and the execution-phase of the 

cell.4 The concentration of Cyt-C decreases in the mitochondria and increases in the cytosol during 

apoptosis, resulting in variations of Cyt-C amounts depending on the specific cellular region being 

analyzed.1,2 

 While the intracellular release of Cyt-C is not associated with inflammation, its release into 

the extracellular matrix has been correlated with inflammatory conditions and cellular damage.  

Studies on rats resuscitated after ventricular fibrillation showed a tenfold increase in plasma Cyt-

C, with the survival outcome inversely correlated to plasma Cyt-C concentrations.5  Increased Cyt-

C levels have also been linked to liver disease, liver damage, and kidney damage.6,7 Therefore, 
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plasma Cyt-C can be a useful diagnostic tool for pathogen-associated or danger-associated 

molecular patterns.2  

Numerous techniques have been utilized to detect Cyt-C, including electron paramagnetic 

resonance (EPR) spectrometry8–10 and X-ray photoelectron spectroscopy (XPS).11,12 The variation 

of the Cyt-C concentration in the cells depending on its current physiology state makes it hard to 

use bulk techniques such as EPR to detect it at the sub-cellular level. Among the currently available 

high-sensitivity and spatial resolution detection techniques, magnetic imaging based on the 

nitrogen-vacancy (NV) center in diamond13–18 emerges as one of the most promising tools for high-

resolution nanoscale imaging. The NV center is a spin-1 defect with optically addressable electron 

spin properties19–21 and millisecond spin relaxation times (T1, T2) at room temperature.22 These 

capabilities have opened new opportunities in quantum sensing,23 nanoscale magnetometry,24–26 

and biosensing.27 For example, it enabled the initial detection of single proteins28 and the 

realization of nanoscale nuclear magnetic resonance (NMR) spectroscopy.29–32 NV magnetometry 

has been used very recently to measure the magnetic properties of individual (size < 1 μm) malarial 
hemozoin biocrystals18 and [Fe(Htrz)2(trz)](BF4) spin crossover molecules.13 Another approach of 

NV magnetometry is to detect spin noise from metal ions through the decrease of the spin-lattice 

T1 relaxation time. NV T1 relaxometry has been used to detect Gd+3 ions,33 Cu+2 ions,34 and  more 

recently to map Fe+3 in ferritin proteins.16,17 There have been several studies using NV relaxometry 

in the biomedical field to study free radicals present in single mitochondria,35 endothelial cells,36 

dendritic cells,37 and virus-infected cells,38 providing great insights on understanding the cellular 

metabolism.   

In this study, we employ NV T1 relaxometry to detect the concentration variations in Cyt-C 

nanoclusters (diameter: 50 – 200 nm, height: 5 – 15 nm) through the paramagnetic Fe+3 centers. 

The changes in Cyt-C concentration directly impact T1, facilitating a quantitative detection of Cyt-

C levels. To achieve this, we systematically altered the amount of Cyt-C adsorbed on the diamond 

chip, ranging from 6 μM to 54 μM through drop-casting. The observed reduction in T1 from ~ 1.2 

ms to < 200 μs is attributed to the spin-noise generated by the Fe+3 centers present within Cyt-C. 

NV T1 imaging of Cyt-C nanoclusters, drop-casted on a functionalized nanostructured diamond 

chip, allows us to deduce the relaxation rates caused by the adsorbed Fe+3 of a density in the range 

of 1.44 × 106 to 1.7 × 107 per μm2 within Cyt-C. 

The Fe+3 center in Cyt-C is coordinated to four nitrogen atoms,1 forming the heme ring as 

depicted in Figure 1a. Additionally, Fe+3 coordinates with methionine and histidine, resulting in a 

hexacoordinated configuration.3 Notably, the sulfur atom from methionine acts as a strong-field 

ligand, causing the heme complex to exhibit a low spin state (S = ½) under ambient conditions.39 

In this work, we use horse heart Cyt-C powder purchased from Sigma Aldrich (molecular weight 

= 12,384 g/mol). As received, Cyt-C powder is predominantly in the oxidized state Fe+3 and diluted 

in deionized (DI) water with a density of 200 mg/ml (~ 16.1 mM, pH = 5). Cyt-C in its native state 

remains neither unfolded or denatured within a pH range of 3 to 7.40,41  

To measure the diameter and height of Cyt-C nanoclusters, we further diluted the Cyt-C 

solution to a concentration of ~ 0.1 mM and drop-casted 5 μL on silicon and diamond substrates, 
allowing it to evaporate and form a thin film. To alleviate the charging effects in SEM 

measurements,42 we drop-casted Cyt-C nanoclusters on carbon tape13 and on gold (Au) coated 

diamond substrates, see the Supporting Information (SI) Section S1. Figure 1b shows the SEM 

image of nanoclustered Cyt-C proteins on carbon tape with an aggregated diameter that varies 

from 30 nm to 150 nm (SI Section S1). The diameter of a single monomer of Cyt-C is reported to 

be ~ 3.4 nm.43 However, due to surface interactions, when Cyt-C is drop-casted on the diamond 

Page 2 of 18

ACS Paragon Plus Environment

Nano Letters

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



3 
 

surfaces, it tends to agglomerate, resulting in larger nanoclusters. Remarkably, even at a lower 

concentration (≤ 2 μM), this agglomeration phenomenon is still observed on the diamond substrate 
with an average diameter of Cyt-C nanoclusters observed 100 ± 50 nm (Figure S1). Similar 

agglomeration effects have been reported across different concentrations of Cyt-C.43 Despite its 

stability, even in its natural state Cyt-C tends to polymerize rather than remain in a monomeric 

state, possibly through aggregation.44 AFM measurements of 2 M Cyt-C solution drop-casted on 

top of the diamond substrate show a height of ~ 9 ± 6 nm (Figure 1c).  

 

                

Figure 1. (a) Molecular structure of Cyt-C complex derived from reference [1]. (b) SEM image of 18 μM 
Cyt-C drop-casted on a carbon tape to prevent charging effect. (c) AFM height distribution of Cyt-C 

nanoclusters (concentration of 2 M) drop-cased on top of the diamond substrate. The mean height of Cyt-

C nanoclusters is ~ 9 ± 6 nm. Inset of (c): AFM image of the Cyt-C nanoclusters (the scale bar is 5 m). 

(d) Measured (open circles) XPS spectra of Fe 3p in Cyt-C with the fitting (red solid line) showing the Fe+3 

state. The background signal is plotted in the black solid line curve.  

To further ensure the absence of impurities, XPS measurements were conducted (SI Section 

S2). We employed a high-resolution XPS by using a step size of 0.1 eV for the analysis of N, S, 

C, O, and Fe. Following the data acquisition, we conducted peak fitting using a combined 

Lorentzian and Gaussian function which allowed us to deconvolute the spectral feature and extract 

information regarding the chemical states and binding energy of the elements. Figure 1d shows 

the measured (open circles) and calculated (solid line) high-resolution spectra of Fe 3p. The spectra 

exhibit a distinct peak at a binding energy of 55.6 eV, indicative of the Fe oxidation state being 

+3.45 Moreover, we corroborated the presence of Fe-sulfur bonds at binding energy of 167 eV 

through the examination of the high-resolution sulfur peak (Figure S2d).46 
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 The negatively charged NV center in the diamond lattice is a substitutional nitrogen adjacent 

to a vacancy site (Figure 2b) with a spin triplet in the ground state that features a zero-field splitting 

D = 2.87 GHz between states ms = 0 and ms = ±1 (Figure 2c).19,21 A green laser illumination (532 

nm) yields spin-conserving excitation to the excited triplet state, which in turn leads to far-red 

photoluminescence (650 – 800 nm). Intersystem crossing to metastable singlet states takes place 

preferentially for NV centers in the ms = ±1 states, ultimately resulting in an almost complete 

transfer of population to the ms = 0 state.19 Microwave (MW) excitation allows spin transitions 

from ms = 0 to ms = ±1 sublevels. The applied magnetic field breaks the degeneracy of the ms = 

±1, leading to a pair of spin transitions (ms = 0 to ms = +1 and ms = 0 to ms = -1) that can be 

interrogated via optically detected magnetic resonance (ODMR) spectroscopy.13,18 This method 

results in a set of resonance peaks  that  are sensitive to magnetic field (Figure S5b). In addition, 

if the laser excitation is abruptly turned off, the amplitude of the ODMR signal decays 

exponentially as the NV electron spins relax from their polarized states. The rate of this decay (Γ1) 

or relaxation time (T1 = 1/ Γ1) depends on the weak random magnetic fields created by the diamond 

sensor itself and the external spin noise.47,48 Measurements of the rate change in Γ1 is the basis of 

NV-T1 relaxometry which is used here to detect magnetic dipole-dipole interaction between NV 

spins and the fluctuating Fe+3 spins in Cyt-C nanoclusters.49 

 

 

Figure 2. (a)  Molecular structure of Cyt-C protein. (b) A schematic of the NV center inside the diamond 

lattice (nitrogen: green atom, yellow: vacancy). (c) A schematic of the energy levels of the NV center 

ground (3A2) and excited (3E) states with intermediate metastable state. A green laser (532 nm) initializes 

the NV center spins and results in fluorescence in wavelength range of 650 – 800 nm. (d) A schematic of 

the widefield NV microscope used for T1 relaxometry measurements and imaging of Cyt-C nanoclusters. 

DM is the dichroic mirror. (e) A schematic of a pulse sequence for T1 relaxometry imaging. (f) T1 curve 

measured on a bare diamond (filled circles) and after drop-casting 18 M Cyt-C solution on diamond (open 

circles). The black and red solid lines are exponential decay function fits of the measured T1 relaxation 

curves. 
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To make the NV sensor, we used 3 mm × 2.5 mm × 0.05 mm electronic grade (100) cut and 

polished diamond. A thin (~ 5 – 8 nm) NV sensing layer (Figure S5a) was created near the diamond 

surface by using 15N+ implantation followed by high vacuum and high temperature annealing and 

then cleaning in a boiling tri-acid mixture (see SI Section S5 for more details).18,31,50 To attach 

Cyt-C nanoclusters, we carboxylated the diamond surface with NV layer underneath (see SI 

Section S3). The adsorption of Cyt-C occurs through electrostatic attraction between the anionic 

groups (−COO-) present in the carboxylated surface and the positively charged amino groups 

(−NH3+), or through the formation of hydrogen bonds between −NH3+ and CO-.51 Various 

concentrations of Cyt-C in DI water were drop-casted on the diamond substrate.  We used DI water 

instead of other buffers to prevent any effects on T1 from the salts and other compounds present in 

them.   

In Figure 2d, we show the schematic of the widefield ODMR microscope. We used a 532 nm 

laser (power = 180 mW) to excite the NVs over an area of ~ 36 m × 36 m, and the NV 

fluorescence (650 – 800 nm) is mapped onto a sCMOS camera.13,18 The diamond chip was placed 

on top of a glass coverslip with patterned gold loops for MW excitation (Figure 2d). A magnetic 

field Bapp (3.2 mT) is applied along [111] direction of the (100) diamond enabling the separation 

of the ODMR peaks for ms = 0 to ms = -1 and ms = 0 to ms = +1 spin transitions (Figure S5b). 

Detailed information regarding the experimental setup is provided in SI Section S5. 

The T1-realxometry measurement protocol is depicted in Figure 2e and summarized here:47,52
 

A laser pulse (5 μs) is used first to initialize the NV spins in the ms = 0 state, then a MW π pulse 

is applied to flip the NV spins to ms = −1 state, and finally, a readout laser pulse (5 μs) is applied 
after varying the measurement time τ. This sequence is followed by another sequence but without 

π pulse. The method and underlying physics are explained in references [47] and [52]. To optimize 

the timing, each readout laser pulse is used as an initialization pulse for the next sequence. The 

NV fluorescence is detected by a sCMOS camera, where exposure (4 ms) starts well before the 

laser pulse, so that the camera stops reading after the first microsecond of the laser induced 

fluorescence pulse. The first microsecond contains the ODMR contrast signal, which is maximal 

when the spins are just initialized into ms = -1 or ms = 0 states but decrease with increasing  due 

to the relaxation of the NV spin polarization. We extract this contrast by pixelwise subtracting 

frames for NVs initialized into ms = -1 (with π pulse) from NVs initialized into ms = 0 state (without 

π pulse) then dividing them pixelwise by a sum of both frames. The pair of measurements is 

repeated N = 104 times for each value of the varying time  (Figures S6b, S6c, and S6d). Figure 2f 

shows preliminary measurements of the ODMR contrast vs   on bare diamond (filled circles) and 

after drop-casting 18 M Cyt-C solution on diamond (open circles). The NV measurements are 

integrated over an area of 1296 m2, fitted with one exponential decay function to extract T1 values 

(see SI Section S6). A reduction of T1 from ~ 1.2 ms for the bare diamond to 340 s after adding 

18 µM Cyt-C is obtained and attributed to the spin-noise originating from Fe+3 spins present within 

the Cyt-C proteins.  

 To differentiate the effect of Fe+3 spins within the Cyt-C nanoclusters from other spin noises 

due to paramagnetic impurities53,54 inside the diamond lattice and the diamond surface noise,55 we 

performed T1 relaxometry imaging on a nanostructured diamond chip with SiN grating (a 

separation distance of 4 m and height of 50 nm). Such a grating is very robust against 

acids/chemicals during the repeated cleaning process in contrast to other polymers (e.g., 

polymethyl methacrylate) which would degrade quickly.34 See the SI Section S4 for the fabrication 

details. Regions covered with SiN act as barriers for direct dipolar interaction between NV centers 

and any spin noise on the diamond surface. We found that the SiN film reduces the Γ1 rate of NV 
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spins underneath (Figures 3b and 3f) in comparison to conductive metal films (e.g. Al) where a 

strong Γ1 increase was observed.56  

 

Figure 3. 1 maps acquired by pixelwise exponential fitting of series of maps of the ODMR contrast decays 

for (a) clean bare diamond, (b) clean diamond with the SiN grating, and (c) Cyt-C with a concentration of 

54 M drop-casted on the diamond with SiN grating. The scale bar in (a), (b), and (c) is 5 m. 

Corresponding extracted horizontal Γ1 profiles from the measurements done on bare diamond (d), diamond 

with SiN grating and no Cyt-C (f), and diamond with SiN and Cyt-C (e), respectively. 

Figures 3a, 3b, and 3c show Γ1 images of the bare diamond, diamond with SiN grating (no 

Cyt-C), and diamond with SiN and Cyt-C, respectively. The Γ1 images were obtained from a series 

of contrast decay images by pixel-by-pixel fitting with a single exponential function. For further 

analysis, we integrated Γ1 images vertically to measure the Γ1 profiles of the measured signals on 

bare diamond (Figure 3d), diamond with SiN grating and no Cyt-C (Figure 3f), and diamond with 

SiN and Cyt-C (Figure 3e). The maximum value of Γ1 = Γs (Figures 3d and 3f) obtained from 

uncovered clean areas of the NV sensors is (0.91± 0.05) × 103 s-1. This value decreased towards 

the edges of the measurement spot due to a slight drop in the intensity of the laser beam, leading 

to a decrease in the ODMR contrast, which changed the estimation of 1. To avoid this effect, we 

estimated the relaxation rates in the central part of the measurement fluorescence spot, where the 

laser intensity is relatively homogenous. The relaxation rate int is (0.45 ± 0.05) × 103 s⁻¹ under 
the SiN gratings, which significantly cancels the surface spin noise of the NV sensor. The 

relaxation rate sig in the presence of Cyt-C nanoclusters with a concentration of 54 µM is (2.8 ± 

0.2) × 103 s-1 (Figure 3e). Note that the relaxation rate s of our specific diamond sensor with very 

shallow NV centers is the sum of the intrinsic relaxation (int) and the relaxation due to surface 

spin noise (sur), which accounted for almost half of the relaxation of s. However, the NV 
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relaxation rate in the presence of Cyt-C is sig = int + sur + ext. From the measurements with very 

low concentrations of Cyt-C proteins (Figure 4d), we found that sur  is significantly suppressed by 

Cyt-C and could be neglected, so that ext  ≈ sig - int . 

Cyt-C, being a heme protein with a Fe+3 center, can produce fluctuating magnetic fields that 

interact with NV spins via dipolar-magnetic-interactions.33,34,49,57 Figures 4a, 4b, and 4c show the 

Γ1 images of Cyt-C solution drop-casted onto the diamond substrate with a concentration of 25 

μM, 18 μM, and 11 μM, respectively. Figure 4d displays the measured relaxation rate ext  (open 

circles) as a function of the number of Fe+3 centers within Cyt-C adsorbed on the diamond surface 

over 1 m2 area. To calibrate our measurements and deduce the NV standoff d from the diamond 

surface, we measured the relaxation rate Γ1 in CuSO4 solutions of different concentrations on the 

diamond substrate and found d of 5.5 nm (see Figure S8 and SI section S8). After that, we 

calculated the theoretical dependence of ext  versus the density of Fe+3 adsorbed centers per 1 μm2 

(solid line in Figure 4d) by using Equation S1 while keeping the mean dipolar magnetic coupling 

strength between NV and Fe+3 spins in Cyt-C, <B2>, as a free parameter (SI Section S8). For a 

spin density of 1.7 × 107 Fe+3 adsorbed/ m2 we determined <B2> of 0.084 mT.  

 

 

Figure 4. (a) NV Γ1 map of Cyt-C nanoclusters drop-casted on diamond with a concentration of 25 M. 

The bright regions marked the increased relaxation rate due in presence of Cyt-C in contact (no SiN grating) 

with diamond. The dark regions have SiN due to which the relaxation rate of NV spins gets unaffected. The 

scale bar is 5 m. (b) and (c) are the Γ1 maps in the presence of 18 M and 11 M drop-casted Cyt-C 

nanoclusters, respectively. (d) Measured (open circles) and calculated (solid line) relaxation rate Γ1 = Γext 

of NV spins as function of the density of Fe spins adsorbed on the diamond substrate over 1 m2 area. (e) 

Measured EPR spectrum of pelletized 15 mg Cyt-C powder. (f) AFM image (30 μm × 30 m) taken on 
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diamond with Cyt-C nanoclusters with a concentration of 54 M. The AFM image shows the uniform 

adsorption of Cyt-C proteins on the diamond surface.    

 

EPR spectroscopy was employed to determine the g-factor of Fe+3 present in Cyt-C proteins 

and Fe+3 transverse spin relaxation 𝑇2∗ rate (𝛤2∗ = 1/𝑇2∗) by analyzing the linewidth of the EPR 

spectrum (Figure S7). To improve the signal-to-noise ratio of the EPR signal, we generated pellets 

from the Cyt-C powder by compressing it into a volume of 20 mm3. We determined an EPR full 

width at half maximum (FWHM) of 71.43 mT for the pelletized 15 mg Cyt-C powder, 

corresponding to 𝛤2∗  ~ 2 GHz of the  Fe+3 spins.34 We also used AFM imaging as an additional 

method to estimate the Fe+3 spin density within Cyt-C, similar to the approach used in reference 

[49]. Figure 4f shows the AFM image of 30 μm × 30 μm area of Cyt-C nanoclusters at a 

concentration of 54 M, drop-casted on the functionalized diamond surface (see Figure 3c for the 

corresponding Γ1 image). By measuring the diameter and height of Cyt-C nanoclusters from the 

AFM image we obtained the volume and therefore the concentration of the drop-casted Cyt-C 

proteins. For instance, 4 L of 54 M Cyt-C was drop-casted on the diamond surface (Figure 4f) 

for which we obtained a spin density of ~ 1.7 × 107 adsorbed Fe/μm2. This value agrees well with 

the calculated Fe+3 spin density value based on the NV imaged area of Cyt-C nanoclusters (36 μm 

× 36 μm). 
 In conclusion, we demonstrated the variation in concentration of Cyt-C nanocluster (diameter: 

50 – 200 nm, height: 5 – 15 nm) using NV T1 relaxometry through the spin-noise generated by 

Fe+3 spins present in Cyt-C proteins. By patterning the diamond with SiN grating, we performed 

T1 relaxometry imaging of Cyt-C nanoclusters with different concentrations. The measured NV 

relaxation rates agree well with the calculated values deduced from a model of interacting Fe+3 

paramagnetic centers with NV spins in the diamond substrate with a standoff d of 5.5 nm. These 

results open the door to detect Cyt-C on surface-immobilized microbial cells, with the goal of 

elucidating the effects of Fe, both in ferrous (Fe+2) and ferric (Fe+3) states, on the electron transport 

processes during metabolism. The integration of microfluidics38 and environment control (e.g., no 

oxygen) to NV magnetometry may allow measuring Cyt-C in different microbes such as M. sedula, 

R. palustris, and M. acetivorans under aerobic and anaerobic conditions.  

Combining NV-T1 magnetic relaxometry with NV-NMR29–32 and NV-EPR58 may enable 

analyzing Cyt-C inside cells (in vivo) or at least in the cell lysates (in vitro) by distinguishing the 

different spin signatures. Quantifying the changes in Cyt-C concentration within the cells is a 

crucial parameter for assessing cell damage. Consequently, observing the efflux of Cyt-C in living 

cells proves to be a convenient approach to address apoptosis initiation and monitoring the efficacy 

of strategies aimed at restoring apoptosis.59 Using nanodiamonds with longer NV spin relaxation 

(T1) and spin coherence (T2) times60 functionalized with cells may enable detection of intracellular 

Cyt-C concentrations.  
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SEM measurements to confirm the diameter of the Cyt-C nanoclusters, XPS analysis, 
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(a) Molecular structure of Cyt-C complex derived from reference [1]. (b) SEM image of 18 μM Cyt-C drop-

casted on a carbon tape to prevent charging effect. (c) AFM height distribution of Cyt-C nanoclusters 

(concentration of 2 μM) drop-cased on top of the diamond substrate. The mean height of Cyt-C nanoclusters 

is ~ 9 ± 6 nm. Inset of (c): AFM image of the Cyt-C nanoclusters (the scale bar is 5 μm). (d) Measured 

(open circles) XPS spectra of Fe 3p in Cyt-C with the fitting (red solid line) showing the Fe+3 state. The 

background signal is plotted in the black solid line curve. 
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(a)  Molecular structure of Cyt-C protein. (b) A schematic of the NV center inside the diamond lattice 

(nitrogen: green atom, yellow: vacancy). (c) A schematic of the energy levels of the NV center ground (3A2) 

and excited (3E) states with intermediate metastable state. A green laser (532 nm) initializes the NV center 

spins and results in fluorescence in wavelength range of 650 – 800 nm. (d) A schematic of the widefield NV 

microscope used for T1 relaxometry measurements and imaging of Cyt-C nanoclusters. DM is the dichroic 

mirror. (e) A schematic of a pulse sequence for T1 relaxometry imaging. (f) T1 curve  measured on a bare 

diamond (filled circles) and after drop-casting 18 μM Cyt-C solution on diamond (open circles). The black 

and red solid lines are exponential decay function fits of the measured T1 relaxation curves. 
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Γ1 maps acquired by pixelwise exponential fitting of series of maps of the ODMR contrast decays for (a) 

clean bare diamond, (b) clean diamond with the SiN grating, and (c) Cyt-C with a concentration of 54 μM 

drop-casted on the diamond with SiN grating. The scale bar in (a), (b), and (c) is 5 μm. Corresponding 

extracted horizontal Γ1 profiles from the measurements done on bare diamond (d), diamond with SiN 

grating and no Cyt-C (f), and diamond with SiN and Cyt-C (e). 
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(a) NV Γ1 map of Cyt-C nanoclusters drop-casted on diamond with a concentration of 25 μM. The bright 

regions marked the increased relaxation rate due in presence of Cyt-C in contact (no SiN grating) with 

diamond. The dark regions have SiN due to which the relaxation rate of NV spins gets unaffected. The scale 

bar is 5 μm. (b) and (c) are the Γ1 maps in the presence of 18 μM and 11 μM drop-casted Cyt-C 

nanoclusters, respectively. (d) Measured (open circles) and calculated (solid line) relaxation rate Γ1 = Γext of 

NV spins as function of the density of Fe spins adsorbed on the diamond substrate over 1 μm2 area. (e) 

Measured EPR spectrum of pelletized 15 mg Cyt-C powder. (f) AFM image (30 μm × 30 μm) taken on 

diamond with Cyt-C nanoclusters with a concentration of 54 μM. The AFM image shows the uniform 

adsorption of Cyt-C proteins on the diamond surface. 
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