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Abstract

Structural stability of various collagen containing biomaterials such as bones and cartilage is still a 

mystery. Despite spectroscopic development of several decades, the detailed mechanism of 

collagen interaction with citrate in bones and glycosaminoglycans (GAGS) in cartilage 

extracellular matrix (ECM) in its native state is unobservable. We present a significant 

advancement to probe the collagen interactions with citrate and GAGSin ECM of native bone and 

cartilage along with specific/non-specific interactions inside collagen assembly at the nanoscopic 

level through natural abundance dynamic nuclear polarization (DNP) based solid-state nuclear 

magnetic resonance (ssNMR) spectroscopy. The detected molecular level interactions between 

citrate – collagen and glycosaminoglycan (GAGs) - collagen inside the native bone and cartilage 

matrix and other backbone and side-chain interactions in the collagen assembly are responsible for 

the structural stability and other biomechanical properties of these important class of biomaterial.
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1. Introduction

Higher vertebrates’ skeleton is made up of a highly specialized form of connective tissue 

consisting of bone and cartilage.1 These connective tissues are primarily composed of 

fibrous extracellular matrix (ECM), involved in diverse physiological roles, including 

nutrient storage, endocrine function, and providing structural integrity.2 Collagen is the most 

abundant structural component in the extracellular matrix of these connective tissues, which 

forms a scaffold to provide strength and structure,known for itswide range of functions, 

including local storage, entrapment, delivery of growth factors, tissue morphogenesis, and 

tissue repair.3,4 The most common natural occurrence in all connective tissue and a broad 

range of functional behaviormake it a widely studied biological system. Most of the studies 

had been done using extracted collagen, model peptide, and molecular dynamic simulation.
5–7 The absolute native environment of collagen in connective tissues is formed with other 

ECM components and interactions among them, hence responsible for different structural 

arrangements than the extracted form of collagen.8The collagen protein poses a triple helical 

structure, which is a polypeptide chain primarily consist of a unique amino acid sequence of 

glycine (Gly), proline (Pro), and hydroxyproline (Hyp) as repeating units.9 The triple-helical 

fibrillar structure of collagen is stabilized by water-mediated hydrogen bonds and stereo-

electric effect of Hyp ring,which endorse the non-specific self-association along with 

charged and hydrophobic interactions, which confer specificity and a high affinity for self-

association.10–15 The structural and functional role, along with unique biomechanical 

properties of these connective tissues, including load-bearing capacity, tensile and shear 

strength, and shock absorption, are directly governed by collective intra- and intermolecular 

interactions between its ECM components. Mapping these interactions at the atomic level in 

native bone and cartilage can provide better insights into their working mechanism.16

Bone mineralization is a crucial step in bone formation. Collagen present in boneprovides a 

template for the deposition of calcium phosphate (CaP) and promotes the self-assembly of 

thesmall amorphous CaP,and other bone ECM components such as water and lipid are 

essential to manifest the process.17–20 Citrate is an abundant structural component of bone 

ECM, constituting 1–5% weight of bone organic matrix21, has a high binding affinity to the 

calcium stored in hard tissue, plays a pivotal role in regulating metabolic function, and 

maintaining the structural integrity of the bone.22 Citrate plays a significant role in 

improving the mineralization of collagen by facilitating the intrafibrillar formation of 
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hydroxyapatite (HAP).23,24 Besides, citrate has been widely used as a medical drug in 

osteoporosis, and vitamin-D deficient rickets disease is treated with vitamin-D and citrate 

therapy.25Recent NMR/X-ray studies of bone have identified that citrate is a bound 

component of apatite nanocrystal/collagen complex and acts as a bridging element between 

the layers of mineral platelets of bone.24,26,27 Reynolds et al. performed a study that 

revealed the existence of two distinct pools of citrate in bone ECM. One pool (~65–80% of 

the total citrate) is associated with the hydroxyapatite component, while another pool (~20–

35% of the total citrate) is tightly bound to the collagen component of the apatite 

nanocomposite-collagen complex, detected by wet chemical analysis.28 Citrate bound with 

HAP is a well-studied phenomenon, while the interaction of citrate with collagen at the 

molecular/atomic level in native bone ECM has not been well defined.

In cartilage ECM, high water content combined with a fibrillar portion (collagen and 

proteoglycan) provides the load-bearing capacity to the cartilage and enables the low 

frictional movement to the joints.29 The ECM of cartilage is made up of type II collagen 

protein (~12 wt.%), proteoglycan (~6 wt. %), and water (~ 82 wt.%). The polysaccharides 

chains of proteoglycan consist of chondroitin sulfate (CS), a major component, keratan 

sulfate (KS), and hyaluronan.30–32Proteoglycan glycosaminoglycans (GAGS)-collagen 

interactions contribute not only to cartilage biomechanics but are also essential to governing 

the chondrocyte activities and ECM assembly.33–36 Few studies in the literature that 

identifies the direct, non-specific interactions between the proteoglycan GAGS and the 

fibrillar collagen network in cartilage ECM had been reported. Therefore, studying the 

interaction between two primary constituents of cartilage ECM is essential to understand the 

cartilage tissue function and associated diseases.

Due to the complex heterogeneous structure of cartilage and bone ECM, it is quite 

challenging for most of the biophysical techniques to investigate such biological systems at 

the atomic level in their native state. Solid-state nuclear magnetic resonance (ssNMR) is a 

well-established and non-destructive technique capable of studying the complex 

heterogeneous morphology of bone and cartilage ECM in their native state.37,38 Despite 

advancements in ssNMR instrumentation and methodologies, the low sensitivity must often 

be compensated by isotopic enrichment. This severely limits the applicability of all these 

ssNMR methods for atomic-level investigation of different components of bone and cartilage 

ECM, where natural isotopic abundance is the main viable approach. Recent advancements 

in ssNMR instrumentation and methodology had solved the problem of sensitivity 

enhancement to some extent. The 1H-detected NMR measurements under ultrafast MAS 

(>60 kHz) conditions39,40 led to an improvement in spectral resolution of 1H detected lines 

shapes and sensitivity enhancement in bone spectraby suppressing the 1H–1H homonuclear 

dipolar couplings and other 1H anisotropic interactions, responsible for line broadening in 

the 1H NMR spectra. In addition, recently developed biosolid CryoProbe, facilitated us to 

get 3–4 folds sensitivity enhancement in bone spectra41,42 at natural isotopic abundance. The 

sensitivity gain with both the techniques is not enough for detecting the interaction among 

the various constituents in bone and cartilage ECM in their native state. In this context, 

MAS-Dynamic Nuclear Polarization (MAS-DNP)43–47is an excellent technique to alleviate 

the inherently low sensitivity of MAS-ssNMR towards the non-isotopically labeled ECM of 

bone and cartilage in their native state.
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In the present study, we have employed MAS-DNP enhanced ssNMR methods to the native 

bone and cartilage sample to probe the nanoscopic length structure along with associated 

interactions of both ECM by utilizing DNP based 2D 1H-13C/15N heteronuclear correlation 

HETCOR and 13C-13C double quantum (DQ)-single quantum (SQ) NMR experiments in 

natural abundance.48–51 With the help of these experiments, we were able to probe the 

collagen-citrate (bone ECM) and collagen-GAGS (cartilage ECM) molecular interactions 

along with other non-specific and specific interactions present in the collagen assembly at 

natural isotopic abundance. These interactions are responsible for the structural stability of 

these important classes of biomaterials.

2. Experimental section

2.1. MAS- DNP sample preparation

All the DNP-ssNMR experiments were performed on the cortical femora bone and articular 

cartilage of Goat (Capra hircus, 2–3 years old). After cleaning, small pieces of full-thickness 

cartilages were carefully removed from bones by the scalpel, and small-sized flakes of bone 

were obtained by filing the intact bone with the help of a scalpel. About 60 mg of each 

sample (powdered bone and cartilage tissue sample) was mixed with 60 μL of nitroxide 

biradical AMUPOL52 10 mM in 90% D2O and 10% H2O in an Eppendorf tube for thorough 

mixing. The sample mixture was packed into a 3.2 mm thin-walled zirconia rotor with a 

vessel cap for low–temperature experiments.

2.2. MAS-DNP-ssNMR parameters:

MAS-DNP solid-state NMR spectra were obtained on a wide-bore 600 MHz Bruker Avance 

III spectrometer equipped with a 395 GHz gyrotron microwave source by employing a 3.2 

mm MAS 1H-13C-15N triple-resonance Bruker probe.53 The sample temperature for DNP 

experiments under magic-angle spinning (MAS) condition was maintained at about 100 K 

by flowing nitrogen gas stream to the sample compartment as well as to the bearing and 

drive inlets of the MAS controller unit for MAS spinning at νr = 8 kHz. The nitrogen gas 

stream used for both variable temperature control and the MAS spinning regulation was 

obtained by evaporation from a liquid nitrogen tower and was fed into the system through 

the DNP cabinet with an appropriate set of regulations. A saturation recovery pulse sequence 

was placed along the proton channel before each NMR pulse sequence with an optimal 

build–up time of about 10 s, while the microwave is continuously irradiated at the sample 

with appropriate power. The DNP enhancement factors observed in our 1H-13C and 1H-15N 

CPMAS experiments were about ε = 30 and ε = 30, respectively. The 1H and 13C 90-degree 

pulses used were 2.5 μs and 3.5 μs, respectively, for all experiments. The 1H-13C and 1H-15N 

CPMAS pulse parameters employed were ν1H = 60±5 kHz, ν13C = 50±5 kHz for 1 ms and 

ν1H = 35±5 kHz, ν15N = 25±5 kHz for 1.5 ms, respectively, by employing a ramped (90%–

110%) spin-lock pulses along the 1H channel while simultaneously applying a rectangular 

spin-lock pulse either on 13C or 15N. The basic pulse unit of the PMLG consists of 

{(P)5(P)5}n. The 1H pulse power used during the PMLG mixing was 100 kHz. Thus, the 

width of the basic pulse unit P is 1.41 μs with n = 1. For acquiring a 2D 1H-X (X = 13C or 
15N) HETCOR spectrum, the dwell time of the indirect time domain was set to {(P)5(P)5}2 

with n = 2, which is 28.2 μs.The pulse power of the SPC-5 sequence block for the 13C-13C 
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2D INADEQUATE54 experiment was ν13C = 5νr = 40 kHz and ν1H= 110 kHz. Typically, 

512 and 4096 scans were acquired for obtaining a noise-free 1-dimensional (1D) 1H–13C 

and 1H-15N CPMAS spectrum, respectively. For obtaining 2D 1H-13C HETCOR55 and 
13C-13C INADEQUATE experiments, 256 t1 slices were acquired with 64 scans for each t1 

slice. For obtaining a 2D 1H-15N HETCOR experiment, 256 t1 slices were acquired with 256 

scans for each t1 slice. SPINAL-6456 proton decoupling sequence was used during the direct 

acquisition period, with a 100 kHz decoupling power. Gaussian window function was used 

for processing the 1D 1H–13C and 1H-15N CPMAS, 2D 1H-13C/15N HETCOR, and 13C-13C 

INADEQUATE spectra.

3. Results and discussion

3.1. Enhanced resonances from citrate, GAGS, and aromatic amino acid residues inside 
the bone and cartilage matrix:

Collagen is an integral part of both bone and cartilage ECM. The DNP enhanced 1D 1H-13C 

CPMAS spectrum of collagen protein in native bone shows ~ 30 - fold sensitivity 

enhancement in 13C resonances when the microwave is ON (Figure.S1(A)) over that when 

the microwave is OFF (Figure.S1(B)). We have assigned most of the 13C resonances from 

the organic matrix in native bone and cartilage ECM (Figure.1A and 1B) as per the reported 

literature.8,38,57 Observed 13C resonances from the backbone of collagen protein, including 

Gly, Pro, and Hyp, are similar to the spectrum recorded with conventional ssNMR methods, 

suggesting that structural integrity of the organic matrix remains unaffected even at low 

temperature and doping with biradical. Aliphatic residues predominantly dominate the 1D 
1H-13C CPMAS spectra of collagen. However, a significant signal enhancement is observed 

in 13C resonances from citrate (74 – 76 ppm), aromatic amino acid (AAs) residues (Phe, Tyr, 

His at 129 ppm), and Arg Cζ (156.8 ppm) of collagen protein,whichhave extremely low 

abundance in the bone ECM. Similarly, in the cartilage matrix, signal enhancement is 

observed in 13C resonances from GAGS ring carbons (103.6, 84, 76, 79 ppm), aromatic 

residues (129 ppm), and Arg Cζ (156.8 ppm).58The complex heterogeneous structure of 

cartilage ECM consists of highly mobile GAGS and relatively rigid collagen protein, a line 

broadening in a few of 13C resonances is observed. A dominating factor that governs the 

linewidths of DNP spectra is the formation of a glassy state of the sample under the frozen 

condition (~ 100 K) due to the mixing with the DNP juice. Then, a glassy, disordered sample 

state resulted in, would increase the heterogeneity of the sample and conformation that 

results in forming a slightly asymmetric peak shape, Czjzeklineshape (figureS8), as shown 

in the 2D 1H-13C DNP HETCOR spectrum of cartilage sample. The major peak around 7 

ppm in the projected 1H spectrum shown on the left in red color, is taken as a projection 

from 57 ppm to 60 ppm along 13C, exhibits the characteristic Czjzek lineshape,59,60 an 

asymmetric lineshape that results due to the formation of a disordered glassy sample state. In 

this DNP sample condition, the linewidths coming from the sample’s intrinsic heterogeneity 

in the conformation would be much less than that from the formation of a glassy state after 

freezing the sample that is mixed with the DNP juice. Under our DNP sampling condition, 

the paramagnetic contribution to the line widths of the peaks is negligible.
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Overall, an increase in signal intensity of 13C resonances from the molecules which are 

present in extremely low concentration in the matrix of both cartilage and bone facilitates us 

to record more advanced DNP-based ssNMR experiments.

3.2. High-resolution structural insights into the native bone and cartilage ECM:

Native collagen and extracted collagen have been extensively studied using ssNMR5,37,57, 

but its interactions with low abundant components such as citrate and GAGS in native bone 

and cartilage ECM could not have been depicted due to the limited applicability of ssNMR 

in natural abundance. Thereforeto probe the molecular interactions between collagen and 

other ECM components of native bone and cartilage, we performed MAS-DNP based 2D 

PMLG 1H-13C HETCORexperiments in natural abundance at a cross-polarization (CP) 

contact time 200 μs. At 100 μs contact time, 2D PMLG 1H-13C HETCOR spectra gave 

identical results but with a poor signal to noise ratio (SNR). Intermolecular correlations 

areobserved among various constituents,which are 1H-13C dipolar coupled in their spatial 

proximity. In bone ECM, we majorly focused on probing the molecular interactions between 

citrate and collagen.

Citrate, having three carboxylate groups, is synthesized and produced by osteoblast during 

bone formation.28 The major citrate’s pool is strongly associated with hydroxyapatite 

(HAP), while ~ 20–35% citrate is tightly bound to collagen. The molecular association of 

citrate with collagen protein at the atomic level is observed in the 2D 1H-13C HETCOR 

spectrum of the bone sample in natural isotopic abundance. Various molecular interactions 

in native bone ECM are shown in Figure.2. The chemical structure of the citrate molecule is 

shown in Figure S3. The citrate chemical shift at 75.8 ppm corresponds to the quaternary 

carbon of citrate, and protons associated with citrate appear at 2.7 ppm–3.5 ppm. Hence 

correlation of quaternary carbon of citrate with collagen residues is due to 1H-13C dipolar 

coupling networks, which are in spatial proximity. The 1H and 13C slices of the cross peak 

of interest from the 2D 1H-13C HETCOR spectrum of bone are given in Figure S4. 

Molecular interaction between citrate (75.8 ppm) and protons of Aromatic AAs ring carbons 

(Phe, Tyr, Trp, His at 129 ppm) is observed (Figure.2A), showing citrate is involved in 

hydrophobic interaction with Aromatic AAs of collagen protein. Besides this, citrate shows 

molecular interaction with the charged residue of collagen protein, including protons of Arg 

Cβ (34.6 ppm) and Glu Cγ (31.6 ppm), as shown in Figure.2B, suggesting the existence of 

charge-pair interactions and hydrogen bonding between them. The correlation of protons of 

Ala Cα (48.2 ppm) and Ala Cβ (19.6 ppm) from collagen protein with citrate shows a non-

covalent association with citrate molecules. These findings suggest that collagen protein in 

bone ECM may involve in citrate homeostasis in the bone metabolic pathway. Besides the 

collagen-citrate interactions, long-range interactions are seen between Aromatic AAs ring 

carbons and the carboxylate group of acidic amino acid residues such as Glu/Asp. Hydrogen 

bonding network, as well as some hydrophobic interactions, were observed in the collagen 

matrix (Figure.2).

The structural-functional mechanism of cartilage tissue is determined by its hierarchical 

structure along with collagen-proteoglycan biomechanical properties derived from the 

nanoscale level. Study of the atomic-scale structure and associated interactions in native 
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cartilage ECM guides in understanding the mechanism of degenerative cartilage diseases 

such as osteoarthritis, which starts with the fragmentation of proteoglycans followed by 

disruption of the collagen network leads to cartilage loss.61,62 The polysaccharide unit 

(GAGS) of proteoglycan plays a predominant role in cell signaling, development, 

angiogenesis, and cell proliferation.35 Therefore, to probe the collagen-GAGS correlation in 

native cartilage ECM at the atomic-level, we performed a 2D PMLG 1H-13C HETCOR 

experiment employing a CP contact time 200 μs. A 2D 1H-13C HETCOR spectrum 

(Figure.3) shows the correlation between the resonances of GAGS and collagen residues. 

The chemical structure of the monomeric unit of GAGS (chondroitin sulfate) is shown in 

figure S3. Well-resolved resonances observed between 95–107 ppm are arising from α and β 
GAGS C1 carbons. The proton chemical shift for C1 of GAGS appears at 4.5 ppm–5.5 ppm, 

and for C5, it lies between 3.4 ppm–4.0 ppm as per literature.58,63 GAGS carbons are 

correlated with collagen protein residues through 1H-13C dipolar coupling networks, which 

are in spatial proximity. The 13C and 1H slices of the cross peak of interest from the 2D 
1H-13C HETCOR spectrum of cartilage are given in Figures S5A and 5B. GAGS C1 (103 

ppm) resonance shows a correlation with protons of Hyp Cγ (71 ppm), Arg Cα (54.5 ppm), 

Ala Cα (49.2), and Hyp Cβ (38.5 ppm). Correlation between GAGS C1 (96.3 ppm) and Gly 

Cα (43 ppm) is observed. Similarly, GAGS C1 resonances at 102.5 ppm and 100.7 ppm 

show interaction with Ala Cα (49.2 ppm), Lys Cβ (35.8 ppm), Arg Cβ (29.6 ppm), Lys Cα 
(56.5 ppm), Asp Cα (50.8 ppm), and Lys Cε (40.2 ppm) through 1H-13C dipolar coupling 

networks, respectively as represented in Figure.3. Besides this, resonance at 116 ppm arising 

from protons of Trp Cζ1/Tyr Cε1 shows a correlation with GAGS C5 (76.5 ppm). In a 

broader picture, GAGS ring carbon resonances show molecular interactions with Hyp, Arg, 

Lys, Asp, Gly, along with Trp/Tyr ring carbons. The negatively charged GAGS unit forms 

charge-pair salt-bridge type interaction with positively charged residues Arg/Lys of collagen 

protein,64 while Hyp and Asp may involve in hydrogen bonding with GAGS. Interaction of 

GAGS with aromatic residues suggests the existence of CH-π type interactions. The position 

and interactions between proteoglycan-GAGS and collagen fibrils are not fixed; they can 

conceivably break and reform reversibly.65,66 This unique property provides flexibility and 

cushioning to the cartilage tissue against applied mechanical stress. Apart from GAGS-

collagen interactions, we observed many non-specific (Hydrogen bonding) and specific 

(hydrophobic and charged) interactions inside the collagen supra-assembly, as shown in 

Figure.3.

Further, to map the structural integrity of collagen protein inside the bone and cartilage ECM 

through the 13C-13C homonuclear dipolar coupling network, we performed the SPC5 

experiment to obtain 13C DQ-13C SQ correlation spectra by spinning samples at 8 kHz MAS 

rate [νrf(13C)=40 kHz] while employing a contact time of 1000 μs.67,68 Figures.4A and 4B 

show the 13C DQ-13C SQ spectra of bone and cartilage ECM in natural isotopic abundance. 

In the 13C DQ-SQ spectra of both ECM, short (one bond) and long-range correlation (more 

than one bond) are observed. The 13C DQ-13C SQ spectrum indicates the 13C-13C 

correlation arising from collagen protein resonances. A 13C DQ-13C SQ correlation between 

Aromatic AAs ring carbons-Aromatic AAs Cα and Arg Cζ– Carbonyl carbon along with 

correlation among the aliphatic residues of collagen protein in the ECM of cartilage 

indicating that the 13C-13C dipolar coupling network in both the ECM is different from each 
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other. The 13C DQ-13C SQ experiments are useful in probing the structural difference in 

collagen assembly because it enables mapping of 13C polarization transfer through space 

inside the ECM of bone and cartilage in their native state.

3.3. Probing backbone and side-chain interactions inside native collagen assembly:

Due to very low occurrence (0.37%) and low gyromagnetic ratio (−2.7126 × 107 rad T−1s−1) 

of 15N nuclei, acquiring 15N spectra of collagen protein in natural isotopic abundance is 

beyond the ssNMR detection limits.69 Therefore, to probe the backbone structure along with 

side chains of other basic residues (Arg, Lys) of native collagen protein in bone and cartilage 

matrix without 15N labeling, we have utilized the DNP based 15N-ssNMR experiments. The 

1D 1H-15N CPMAS spectra of bone and cartilage matrix are shown in Figure.5A and 5C. In 

the 1D 1H-15N CPMAS spectrum of bone (Figure.5A), we have assigned the resonances 

exclusively from Gly N (109.2 ppm), Hyp/Pro N (129.9 ppm), Arg Nε (82.5ppm), Arg 

Nη(71.0 ppm), Lys Nζ (38 ppm and 31.7 ppm) and Trp Nε (138 ppm). Similarly, the 

resonances exclusively from Gly N (109.2 ppm), Hyp/Pro N (129.8 ppm), Arg Nε (82.3 

ppm), Arg Nη(71.3 ppm), Lys Nζ (37.1 and 29.1 ppm), and Trp Nε (138 ppm) are assigned 

for the 1D 1H-15N CPMAS spectrum of cartilage (Figure.5C).70,71 In both matrices, 15N 

resonances from collagen protein are observed at nearly the same chemical shift except Lys 

Nζ (38 and 31.7 ppm), evidencing a different chemical environment around Lys residue. 

Remarkable sensitivity enhancement in natural abundance 1D 1H-15N CPMAS spectra 

directs us to record further the 2D 1H-15N HETCOR spectra of both samples. The 2D 

PMLG 1H-15N HETCOR spectra reveal a different molecular arrangement of the backbone 

and side-chain residues in collagen assembly inside bone and cartilage matrices (Figure.5B 

and 5D). The 15N slices of the cross peak of interest from the 2D 1H-15N HETCOR 

spectrum of cartilage are given in Figure S6. In Figure.5B, the molecular interactions 

between protons of Arg Nε - His N/Asp N (119.9 ppm), Arg Nε-Thr N, and Arg Nε-Gly N 

are observed through 1H-15N dipolar coupling network in the spatial proximity of collagen 

assembly. Arg side-chains form cation-π interactions with aromatic amino acid and cation 

pair interactions with the acidic amino acid in collagen protein. A Correlation between 

protons of Pro/Hyp N and Trp Nε is observed. It has been reported earlier that Pro/Hyp 

shows CH-π interactions with aromatic amino acids. These hydrophobic interactions, 

including cation–π, CH-π and cation-pair, add specificity and extra stability to the higher-

order structure of collagen protein. The 2D 1H-15N HETCOR spectrum from cartilage ECM 

shows different molecular interactions from the bone ECM. A correlation is observed 

betweenPro/Hyp N –Gly N, showing these residues are involved in interstrand hydrogen 

bonding in collagen protein. Molecular interactions between protons of Trp Nε-Gln N, Arg 

Nε- Lys Nζ, and Arg Nη-Lys Nζ are observed. The intra-molecular Arg-Lys residues are 

involved in the advanced glycation end product (AGE) cross-linking sites in collagen 

protein.72 The properties of collagenous tissues are adversely affected by the formation of 

AGE. Besides this, they are even linked to the presence of several age-related disorders.72 

Thus, probing molecular interaction through the 2D 1H-15N HETCOR experiment may help 

elucidate the structural disorders associated with disease conditions in bone and cartilage.

The huge gain in sensitivity, makes DNP-MAS ssNMR methods preferable in elucidating 

the structure details of such complex heterogeneous systems. In the process of acquiring 
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MAS-DNP ssNMR spectra, some challenges were faced. In sample preparation, The size of 

the powder particles, particularly in the case of the cartilage samples, is relatively large that 

the size of a single particle can reach tens to hundreds of micrometers in diameter. Thus, 

rather than obtaining a spectrum evenly for the entire sample particle, the surface of the 

particle that is close to DNP juice would be over sampled. This limitation can be reduced by 

making the sample into smaller granular powder or by penetrating the radicals in DNP juice 

deeper into the core of the sample particle if the matrix of sample possesses porous pores. In 

addition, a line broadening effect is also seen in cartilage spectra, which is associated with 

the DNP sampling condition for making a glassy state, which causes the disorderedness of 

the molecular association that makes an asymmetrically broadened line shape (Czjzek line 

shape).

4. Conclusion

Natural abundance ssNMR experiments are challenging for elucidating the structural details 

of the complex heterogeneous biomaterial such as bone and cartilage, but the impressive 

gains in sensitivity realized with MAS-DNP facilitate us to perform the 2D 1H-15N, 1H-13C 

HETCOR, and 13C DQ-13C SQ experiments. With the help of these experiments, we were 

able to probe the Collagen-citrate (bone ECM) and collagen-GAGS (cartilage ECM), along 

with the other molecular interactions in collagen protein assembly in both the ECM. From 

2D 1H-13C HETCOR, it was depicted that citrate shows molecular interactions with Arg, 

Glu Ala, and Aromatic AAs residues of collagen protein inside bone matrix. These findings 

confirmed that citrate is an integral component of apatite-collagen nanocomposite in bone 

matrix. Similarly, the direct interactions of GAGS resonances with Hyp, Arg, Lys, Asp, Gly, 

along with Trp/Tyr resonances of collagen protein inside cartilage ECM were observed in 

2D 1H-13C HETCOR spectrum, indicating that GAGS molecules involved in ionic and non-

ionic such as hydrogen bonds and hydrophobic interactions with amino acid residues of 

collagen protein, responsible for the stability of cartilage ECM and their physiochemical 

properties. We differentiated the structural assembly of collagen by mapping the 13C -13C 

dipolar coupling network in both the ECM. Additionally, utilizing the 2D 1H-15N HETCOR 

experiments in natural abundance, which were not possible earlier without DNP, gave 

insights into the backbone and side-chain structural map of collagen matrix inside bone and 

cartilage. The structural studies, along with molecular interaction in bone and cartilage 

ECM, would be helpful in comprehending the structural-functional mechanism and their 

biomechanical properties, thus provides guidance in the development of prevention and care 

therapy for the diseases which are associated with bone and cartilage disorders.

Overall, the impressive gain in sensitivity encourages the possibility of performing DNP 

enhanced 13C-13C as well as 13C-15N correlation, REDOR/RR types experiments, and 

various other 3D experiments to elucidate the 3D structural details in the absolute native 

environment of bone and cartilage at natural isotopic abundances.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Shows assigned resonances in natural abundance DNP enhanced 1D 1H-13C CPMAS spectra 

of A) bone ECM. And B) cartilage ECM.
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Figure 2: 
A) Natural abundance 2D PMLG 1H-13C HETCOR spectrum of bone ECM and B) 

expanded region of fig.(A), showing molecular interaction between citrate and collagen 

residues along with other molecular interactions represented by the dotted line.
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Figure 3: 
Natural abundance 2D PMLG 1H-13C HETCOR spectrum of cartilage ECM shows 

molecular interaction between GAGS and collagen residues along with other molecular 

interactions represented by the dotted line.
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Figure 4: 
Natural abundance 2D 13C DQ-13CQ spectra of A) bone ECM. B) cartilage ECM shows 

short-range (one bond) and long-range (more than one bond) correlation among 13C 

resonances of collagen protein.
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Figure 5: 
Natural Abundance A) DNP enhanced 1D 1H-15N CPMAS of bone ECM with assigned 

resonances. B) 2D PMLG 1H-15N HETCOR spectrum of bone ECM with molecular 

interaction between 15N resonances of various residues of collagen protein. C) DNP 

enhanced 1D 1H-15N CPMAS of Cartilage ECM with assigned resonances. B) 2D PMLG 
1H-15N HETCOR spectrum of Cartilage ECM with molecular interaction between 15N 

resonances of various residues of collagen protein.
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