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Abstract

Crystallization pathways are essential to various industrial, geological, and biolog-

ical processes. In nonclassical nucleation theory, prenucleation clusters (PNCs) form,

aggregate and crystallize to produce higher order assemblies. Microscopy and X-Ray

techniques have limited utility for PNC analysis due to small size (0.5 - 3 nm) and time

stability constraints. We present a new approach for analyzing PNC formation based on

31P NMR spin counting of vitrified molecular assemblies. The use of glassing agents en-

sures that vitrification generates amorphous aqueous samples, and offers conditions to

perform dynamic nuclear polarization (DNP) amplified NMR spectroscopy. We demon-

strate that molecular adenosine triphosphate, along with crystalline, amorphous, and

clustered calcium phosphate materials formed via a non-classical growth pathway can

be differentiated from one another by the number of dipolar coupled 31P spins. We

also present an innovative approach to examine spin counting data, demonstrating that

a knowledge based fitting of integer multiples of cosine wave functions, instead of the

traditional Fourier transform, provides a more physically meaningful retrieval of the ex-

isting frequencies. This is the first report of multi-quantum spin counting of assemblies

formed in solution as captured under vitrified DNP conditions, which can be useful for

future analysis of PNCs and other aqueous molecular clusters.

TOC Graphic.
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Abbreviations
Prenucleation Cluster PNC
Dynamic Nuclear Polarization DNP
Solid-State Nuclear Magnetic Resonance ssNMR
Magic Angle Spinning MAS
Rapid Freeze Quench RFQ
Multiple Quantum Spin Counting MQ-SC
Multiple Quantum Coherence MQCO
Multiple / Double / Triple Quantum MQ / DQ / TQ
Chemical Shift Anisotropy CSA
Adenosine Triphosphate ATP
Amorphous Calcium Phosphate ACP
Hydroxyapatite HAp
Modified Simulated Body Fluid mSBF

Classical nucleation theory (CNT), where a nucleus of critical size grows by the addi-

tion of the elemental species (atoms, ions or molecules), does not fully explain crystalization

pathways that utilize amorphous or mesocrystalline intermediates. Nonclassical nucleation

theory encompasses all known deviations from CNT such as the synthesis of proteins, the

formation of calcium carbonates, the growth of mesocrystals, etc.1, wherein prenucleation

clusters form from a supersaturated solution, and subsequently aggregate into a potential

glassy intermediate, which then transforms into a crystalline phase. The recruitment of

prenucleation clusters (PNCs) is essential to many nonclassical nucleation pathways. For

example, the nucleation pathway of calcium phosphate is not well understood and proposed

to be nonclassical2,3. Nonclassical growth pathways have significant potential for the devel-

opment of materials with tunable functional complexity, such as modulating the density of

intermediate states, due to additional states and more complex phase boundaries. To design

such materials by nonclassical growth pathways, knowledge of the formation mechanism of

PNCs is critical. However, PNCs remain mostly elusive to control due in significant part

to the intrinsic difficulty of characterizing the highly dynamic structural evolution of prenu-

cleation clusters. Microscopic and X-Ray techniques have been shown to offer some insight

into the structure and dynamics of PNCs4; however, due to PNCs time transient nature in

solution, these techniques are not sufficient or applicable for the study of most PNCs.
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Low temperature solid-state nuclear magnetic resonance (ssNMR) is uniquely suited to

offer atomic-scale structural information of PNC samples prepared at various time points

in nonclassical growth pathways by vitrification at 100 K5–8. Vitrification by rapid cryo-

genic temperature transfer solidifies the sample into a glass rather than a crystalline struc-

ture by limiting the time atoms can rearrange into a crystalline orientation or an alternate

temperature-dependent energetically favorable orientation, thus enabling the use of ssNMR

on a sample that closely resembles the native state conditions. Sample vitrification without

rapid freezing technology requires the use of a glassing agent. Plunge freezing of a solution

containing 60 volume % glycerol into liquid nitrogen is currently the most widely used vit-

rification method for DNP experiments because at this condition, the glass quality of the

sample is impervious to the cooling rate history and variation from sample to sample9–11.

This approach allows us to take static snapshots of the nucleation process by ssNMR exper-

iments under DNP conditions. Technology to achieve rapid freeze quench (RFQ) to vitrify

solutions without glassing agents is not yet commercially available for ssNMR studies, but

home-built RFQ setups have been used.10,12–14 The main challenge with an RFQ setup is

the several tens of µL volume typically required for a ssNMR magic angle spinning (MAS)

sample. Wilson et. al demonstrated that spraying the sample into chilled isopentane can de-

crease the vitrification time and minimize the concentration of cryoagents to 20% glycerol15.

However, commercial ssNMR Bruker sapphire rotors with capped bottoms are not compat-

ible with this approach as it is not easily feasible to separate the isopentane solvent from

the sample. Alternate design setups include spraying small droplets of sample onto a cryo-

genically cooled copper plate, however ample sample collection and functional rotor packing

still leaves room for major improvements14. With the increasing popularity of DNP-NMR

and electron paramagnetic reconance (EPR) studies of vitrified samples, we believe that

technology for achieving rapid freeze quench without glassing agents will become available.

Phosphates are ubiquitous within the biologic and industrial materials fields, serving as

essential energy storage vehicles and structural units16? –19. Phosphates have also recently
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been shown to exhibit liquid-like clusters in solution, presenting additional complexity to un-

derstanding the growth of phosphate-containing structures20,21. The nonclassical nucleation

of calcium phosphate clusters as the precursors to bone formation has been observed within

seconds at concentrations which are only accessible to NMR enhanced by dissolution DNP8,

resulting in inadequate time for structural analysis. Sample vitrification and the extraction

of the number of coupled 31P nuclei at various early stage time points would allow for moni-

toring PNCs and the evolution of calcium phosphate phase formation. The feasibility of spin

counting in vitrified solutions under DNP conditions for 31P species should be relevant to the

many biological and chemical processes that use phosphate containing species as structural

building blocks or energy sources. Our studies show the feasibility of DNP-enabled spin

counting and can be expanded to any spin 1
2

system in the future.

In the case of calcium phosphate, understanding the assembly and growth mechanism(s)

of phosphate clusters is the first step in elucidating the structure and evolution of the vari-

ous species formed. In this effort, the most rudimentary question is how many phosphorous

atoms are correlated in the species formed along the phosphate nucleation growth pathway?

This question can be answered by counting the number of coupled 31P spins with multi-

ple quantum NMR (MQ-NMR) spin counting (MQ-SC)? . In fact, MQ-SC might be the

only technique available to count the number of coupled nuclei in soluble, small clusters of

magnetically indistinct environments. Notably, while spin counting has been utilized to char-

acterize amorphous22–25 or crystalline solids26? –31, it has never been applied to characterize

the structure of soluble assemblies and clusters in solution upon vitrification.

Spin counting is an experimental NMR technique where Multiple Quantum Coherences

(MQCOs) are created between dipolar or J-coupled nuclear spins. In such experiments, a

coherence is defined as a multiple spin transition (forbidden but made allowable by spin-

spin coupling) from different ground states to the same excited state at the same time and

with the same phase32. The number of neighboring nuclei, the distances between them

and the uniformity of their spatial arrangements determine the number of MQCOs one
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can detect? , along with the mode of MQCO excitation? . While traditional MQ-NMR

employs standard phase cycling to select each coherence order in a separate experiment,

MQ-SC experiments increment the phase of either the excitation or reconversion block,

allowing for different coherence evolution in a single experiment? (Figure S1). MQ-NMR

spin counting still requires multiple experiments to extract the individual frequencies of

each coherence order, which is either done via a 2D experiment with time-proportional

phase incrementation, in which the excitation pulse phase increment is proportional to the

t1 evolution or via a pseudo 2D experiment with the excitation pulse phase incremented

and directly detected in the t2 dimension33? . MQ-SC has been performed on crystals26? –31,

liquid crystals22,34, minerals35? –38, catalysts/zeolites38–46, glasses23, molecules47–49, amorphous

semiconductors22,24,25, hybrid materials50, thin films/polymers51–54, diamond surfaces? , and

peptides/proteins55–59, all under static or varying MAS rates with various nuclear spins

(S=1/2 and 3/260,61) and employing zero quantum, single quantum, double quantum (DQ),

or triple quantum (TQ) propagators. The aforementioned extensive history of successful

spin counting experiments demonstrates it as a reliable technique, however MQ-SC under

DNP conditions of solution species vitrified in a frozen matrix has never been performed by

any study reported to date to our knowledge. Our critical case study provides an avenue

for future studies of solution intermediate states, showing the feasibility of quickly analyzing

these otherwise indistinguishable spectroscopic signatures, even when suffering from low

sensitivity.

Here, we present novel 31P NMR spin counting studies of both powdered and vitrified

phosphate-containing samples, for which we have extracted the minimum number of dipolar

coupled spins via the creation of multiple even and odd quantum coherence orders62 using

the SR218 pulse sequence (see Figure S1 and Listing 2, Supporting Information)28,63, where

the overall phase of the excitation block is incremented in a pseudo 2D mode to extract

the MQCOs. The SR218 pulse sequence is an R-symmetry based double quantum recoupling

sequence64 which works with a low radio frequency power requirement equal to half the
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spinning frequency, hence permitting longer recoupling times. The SR218 pulse sequence is a

non-gamma encoded65 sequence and is a super cycled version of R218, described as π/2-pulse-

sandwiched R218R2−1
8 pulse sequence which has a duration of 16 rotor periods as shown in

Figure S1. Longer recoupling times are required to generate the higher multiple quantum

coherences. We also present a novel method for analyzing MQ-SC data, for which we extract

individual frequencies of the spin transitions using knowledge based fitting with n (integer)

multiple of cosine waves, allowing for more physically meaningful extraction of the minimum

bound of coupled nuclear spins when compared to the traditional Fourier transform which

can generate nonphysical frequencies.

In this study, we present proof of concept applications of MQ-SC experiments on pow-

dered and their respective vitrified solution species counterparts, along with a novel calcium

phosphate time stabilized prenucleation system. We focus first on both discrete and extended

31P dipolar coupled systems for spin counting studies, demonstrated respectively for molec-

ular adenosine triphosphate (ATP), amorphous calcium phosphate (ACP) and crystalline

hydroxyapatite (HAp) (Ca5(PO4)3OH), where ACP is an amorphous precursor to HAp in

the crystallization pathway of calcium phosphate66. We then discuss experiments with a

modified simulated body fluid (mSBF)67,68 shown to contain calcium phosphate prenucle-

ation clusters7, which spontaneously phase transform and aggregate to form ACP69. We

have prepared our samples according to common dynamic nuclear polarization (DNP) sam-

ple preparation practices. DNP typically utilizes stable bi-radicals (in our study, AMUPol)

by saturating the EPR resonance of a sub-population of the bi-radicals via microwave irra-

diation to transfer polarization to nuclear spins of the solvent, resulting in significant signal

enhancements70. All samples were prepared for vitrification in a solution of 6:3:1 parts by

volume glycerol-d8, D2O, and H2O respectively with 10 mM (Figure 1 and 2) / 6.67 mM

(Figure 3) AMUPol (referred to as DNP juice). Samples were first prepared in 100 % H2O or

75/25 % D2O/H2O (see Supporting Information Materials Section and Figures 2B and S11

for methodology), then the bi-radical AMUPol and glycerol-d8 were subsequently added.
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Figure S18 displays the 31P signal both with and without DNP, illustrating the crucial need

for DNP at these low concentrations.

For our study, we disregard the potential impact of the paramagnetic polarizing and

glassing agents on the reaction pathway, given that the chemical shift between powdered

and vitrified samples closely align for HAp, ACP, and ATP samples (Figure S5, B and

C). The effect of glycerol on the non-classical growth pathway to form ACP from modified

simulated body fluid (mSBF) samples containing PNCs cannot be verified given that there

is no powder sample for comparison. We found that glycerol can increase the solubility of

ACP at lower calcium and phosphate concentrations (verified by DLS, solution NMR, and

ssNMR not shown in this paper), but the systematic and mechanistic study of the role of

glycerol in modulating the equilibrium or kinetics of the non-classical growth pathway of

ACP is outside the scope of this study14,71. Here, we only focus on the question whether

DNP-enhanced NMR of manually plunge frozen mSBF samples, en route to ACP solids, can

capture vitrified intermediate species in solution state and whether 31P MQ-SC can identify

one or more of these species to be PNC candidates.

MQ filtering efficiencies represent the ability for a pulse sequence to filter out all spin

flip transitions other than the specific MQ transition. We find that the large chemical shift

anisotropy (CSA) of 31P nuclei in nonsymmetric molecular systems such as ATP (Figure

S7a)72 reduces the DQ filtering efficiency of the SR218, R1462, and SPC-5 pulse sequences,

with SR218 expected to be minimally sensitive to CSA since it is a super cycle version of

R218 and capable of delivering a theoretical maximum efficiency of around 50 %. Under our

experimental conditions, the DQ filtering efficiencies for powdered ATP samples were found

to be 3.12, 3.125, and 5.40 % when using the SR218, R1462, and SPC-5, respectively. In contrast

for powdered HAp, the experimentally measured DQ filtering efficiencies were found to be

45, 34.5, and 41.1 % when using the SR218, R1462, and SPC-5, respectively. Based on these

results, we decided to continue our experiments on each sample with SR218 to achieve DQ

and TQ filtering efficiencies (Supporting Information Listing 1). We independently found an
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optimal DQ and TQ excitation time of 1.6 ms (3.2 ms mixing time) at a MAS frequency of

10 kHz for each 31P powdered and vitrified sample. Crystalline HAp exhibits an extended

spin lattice network with a DQ/TQ filtering efficiency of 45/6.56 % at room temperature and

a DQ efficiency of 38 % at 100 K in DNP juice. Powdered ACP was found to have a slightly

lower DQ filtering efficiency of 43 % at room temperature and a DQ/TQ filtering efficiency

of 33.4/3.7 % at 100 K in DNP juice. ATP suffered from low DQ and TQ filtering efficiencies

of 3.12/0.28 % when powdered at room temperature and 1.3/0.4 % at 100 K (20 and 40 mM

ATP in glycerol-d8 DNP juice). The mSBF sample suffered from low overall signal, thus not

allowing for TQ filtering signal even after 1024 scans. However DQ filtering efficiency was

determined to be 6.25 % at 100 K in DNP juice. Vitrified sodium monophosphate control

sample (Figure S10) exhibited no DQ filtering signal as expected, even after 512 scans. The

refocusing of the CSA will be sensitive to magic angle frequency instabilities since the SR218

is a non-gamma encoded sequence. We carried out the numerical simulations mimicking the

MAS fluctuations to find out its effect on DQ efficiency with and without CSA (shown in

the Figure S7b). In both cases of CSA and non-CSA, the DQ signal intensity did not change

with a fluctuation rate of ± 5 Hz, however, when the fluctuation was increased to ± 20

Hz, then DQ signal intensity was varied for both cases. During our experiments, the MAS

fluctuation was around ± 5 Hz, indicating that the signal intensity variation was minimal

as explained by simulation results.

Depending on the sample and experimental conditions, both intramolecular and inter-

molecular coherent spins can be probed by MQ-SC. In simulations of MQ-SC experiments

(Figure S8), up to 6 coherence orders can be seen in a linear chain of 31P spins separated

at a distance of 2.5 Å in between. We optimized the excitation time at a MAS frequency

of 10 kHz (Figure S13) with the DQ filtered even order MQ-SC pulse sequence in order

to maximize the extracted MQCOs, and found an excitation time of 8 ms (mixing time of

16 ms) to be optimal across all different 31P nuclei containing powdered samples and their

respective vitrified counterparts (Figure 1 and 2). However, the mSBF sample (which suf-
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Figure 1: Even and odd spin counting profiles and subsequent Fourier transformed MQCO
(p) profiles at 10 kHz MAS and 8 ms excitation time for HAp (unit cell coordinates from
reference 73) and ACP at A) Room Temperature B) 100 K Vitrified Conditions in DNP juice
using SR218 pulse sequence (Figure S1) and a relaxation delay of 5 s. The x-axis of the spin
counting profiles is represented as experimental index (j), where phase is incremented at each
index by 360◦/(j). All spin counting profiles’ integrals were normalized to the integral of
the first experiment (j = 0). The SC profiles represent the summation of all excited MQCO
transition frequencies, which are extracted and discretized via Fourier transform into MQCO
profiles.
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fered from low DQ filtering signal) had an optimal excitation time of 4.8 ms (9.6 ms mixing

time) for the middle CS environments, as determined by MQ-SC experiments (Figure 3C

and S16). We ensured that the recycle delay and excitation times were set appropriately

based on experimental relaxation parameters (See Figures S13 and S14). We employed these

optimal parameters for spin counting experiments utilizing the SR218 pulse sequence to count

the even and odd coherence orders (Figure S1). When examining a MQ-SC profile in order

to determine the minimum number of clustered spins, any odd coherences shown for the even

order MQ-SC profile (and vice versa) can be attributed to experimental noise and MQCO

leakage caused by imperfect filtering of the double quantum recoupling sequences (Figure

S8). The zero order coherence for even MQCO profiles is attributed to z-magnetization of

the spins.

We show in Figure 1 signal integral of each MQ-SC experiment as a function of the ex-

citation block pulse phase and the resulting Fourier transformation of this MQ-SC profile

yields the amplitude for the MQCO for each phosphate-containing species, in powder form

at room temperature (A) and vitrified at 100 K in DNP juice (B). We find for HAp even and

odd coherence orders up to 14 and 13, respectively, at room temperature (Figure 1A). When

samples are dissolved into DNP juice and characterized at 100 K, we find the measured

coherences orders to be comparable at 14 and 11 for the same excitation time (Figure 1B).

Similarly, we find for ACP even and odd coherence orders up to 10 and 9 at room temper-

ature, and 8 and 7, respectively when dissolved into DNP juice, vitrified and measured at

100 K for the same excitation time. While excitation efficiency decreases with the increasing

order of MQ transitions74 and is further limited by pulse imperfections75 (Figure S22), CSA

relaxation (Figure S7a), and total spin concentration, the loss of coherence orders at 100

K is attributed to a shorter T2 relaxation time of the vitrified sample compared to room

temperature. Shorter T2 will result in shorter recoupling times and the inability to excite

higher order MQCOs of species with partially averaged out dipolar couplings, thus limiting

the total intensity achievable for each individual MQCO. This higher MQCO truncation is
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further exacerbated by individual n-quantum transition T2 relaxation, which has been shown

with EPR MQ-SC to decrease with higher orders76.

In order to scale down concentration and molecular size, we next examined ATP. The

conventional method of Fourier transforming the spin counting profile generated MQCOs of

2 for the even spin counting profile (Figure S9) and 1 and 3 for the powdered ATP odd spin

counting profile (Figure S11) across all three alpha, beta, and gamma phosphorous chemical

shift environments at room temperature. However this method also generated additional

MQCOs of 2, 4, and 5 for the odd spin counting profile with comparable magnitudes. The

Fourier transformation technique produces all frequencies, thus results in all possible MQ-

COs. We find and will show that this analysis procedure is not accurate in extracting the

lower bound of frequencies present in the MQCO profile (highest visual MQCO). Instead we

employed a method of multi-cosine function fitting where the spin counting profile takes the

form of multi-cosine waveforms as explained by the Average Hamiltonian Theory of Olyer

and Tycko77, further explained in the Supporting Information Section VI.

Before applying this innovative fitting method to ATP, we tested the method on our

room temperature ACP sample from Figure 1 to demonstrate that our new method works

consistently and at the minimum reproduces the results obtained by the Fourier Transform

technique. In Figure S19, MQCOs of 7 and 8 can be seen above the error bars using

the multi-cosine fitting method for odd and even spin counting profiles respectively. In

addition, we applied the same fitting method by considering only even or odd frequencies

with respect to the even or odd spin counting profile, with a maximum integer multiples of

8 or 7 respectively. Remarkably, the fitting convergence was identical when both even and

odd frequencies were considered. These extracted MQCOs are similar to the conventional

Fourier transform technique which extracted 9 and 10 respectively. We conclude that the

fitting method with integer multiple of cosine waves provides a more dependable lower bound

of MQCOs above the error value.

We adopted the same multi-cosine waveform fitting method to extract the MQCOs
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present in ATP spin counting profiles. High CSA in ATP made extracting the MQCOs

more challenging using Equation 5 in Supporting Information Section VI. To account for

imperfect time reversal and high CSA values, we introduced the phase shift in Equation 6

in the limit of cosine approximation value close to zero. Odd spin counting experiments on

ATP yielded the expected coherence orders of 3 for the alpha, beta, and gamma phospho-

rous chemical shift environments at room temperature (Figure 2B, top half) above the error

value by considering all frequencies 0 through 3 in the fitting procedure based on Equation

6 in Supporting Information Section VI. When cosine frequencies 4 and 5 were considered

in Figure S20, they did not exceed the error. This observation is consistent with the selec-

tive buildup of only intramolecular coherence orders in ATP and was validated by a sodium

phosphate control sample (Figure S10). Due to a combination of factors, including high CSA

(Figure S15) and imperfection in the glassing matrix, the MQCO extraction from ATP under

DNP conditions was more challenging than that from HAp and ACP, as will be discussed in

the following paragraph. We can currently conclude that as the number of intramolecular

phosphate bonds and long range order increases, the extracted MQCOs increase, as seen

with increasing MQCOs in the order of ATP, ACP, and HAp. We find that the process of

vitrification does not drastically affect the extracted coherence orders and any loss of MQCO

can be attributed to a decreased signal to noise ratio due to shortened T2 relaxation at low

temperature. We also find that by using multi-cosine curve fitting method instead of the

Fourier transform, we can more confidently determine the lower bound of extracted MQCOs.

The extraction of a coherence order of 3 for ATP in DNP juice at 100 K was challenging.

We explored the effect of different solvents and vitrifying methods to mitigate the MQCO

dampening effects seen with MQ-SC of ATP. We first explored utilizing DMSO instead of

glycerol as a glassing solvent in a 77:17:6 DMSO d6:D2O:H2O ratio79, which prolonged the

long T2 component from 12.95 ms (in glycerol) to 13.56 ms (in DMSO) (Figure S14). We

observed a minimum of 3 MQCOs across the alpha, beta, and gamma chemical shift en-

vironments for ATP in DMSO when we applied cosine frequencies of 1 through 3 (Figure

14
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Figure 2: A) ATP labeled PO4 sites γ, β, and α, equivalent to Q1, Q2, and Q1 respectively78.
B) Odd spin counting profiles and MQCO charts extracted from multi-cosine function curve
fitting (SI Section VI) with frequencies 0 through 3 for a room temperature powdered and
two 100 K vitrified ATP samples in glycerol and DMSO at 10 kHz MAS and 8 ms excitation
time. 20 mM ATP vitrified samples (final concentrations in DNP juice) were prepared in
the dissolution order of AMUPol, H2O, D2O, glycerol-d8/DMSO-d6, ATP. ATP in DMSO
exhibited a final pH of 5.88, while ATP in glycerol was pH corrected as a final step with
1M NaOH to 10. Each chemical shift range assigned to individual PO4 sites was chosen
based upon 31P spin connectivity determined in Figures S5 and S6. All experiments were
taken with a relaxation delay of 6 s. Monophosphate breakdown can be viewed in Figure
S10. Conventional SC analysis, along with additional solvent comparisons, can be viewed in
Figure S11 and S20.
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2B). With the Fourier transform method, we see up to 5 which may be attributed to in-

termolecular clustering, however more data points are necessary for analysis with the new

fitting method. We returned to the glycerol:D2O:H2O mixture since DMSO potentially was

inducing clustering. When using the glycerol:D2O:H2O mixture, we tested the effects of

the order of mixing solution constituents, ATP concentration, and vitrification procedure

to minimize clustering and to push the equilibrium towards deprotonating the phosphate

O-H bonds (Figure S11). These modifications resulted in an elongated T2 from 8.32 ms to

17.92 ms. Different conditions varied T2 relaxation (Figure S14). Among them, a sample

of 20 mM ATP in glycerol showing a T2 of 12.95 ms resulted in 3 weakly visible MQCOs

when we applied cosine frequencies of 1 through 3 (Figure 2B, top). We took this sample

and exposed it to an electric field of 7 kV for 3.5 minutes (Figure S11B), then immediately

plunged the entire system with the power source still on (ensuring no loss of orientation)

into liquid nitrogen for vitrification and transferred the sample to the spectrometer under

cryogenic temperatures. This setup was inspired by a study from Tang et al.80 to align the

aromatic rings of ATP with an electric field that led to an energetically preferred π-stacking

configuration. The hypothesis was that the stacking alignment would decrease the CSA of

ATP. The experimental results show that the CSA increased for some phosphate environ-

ments and decreased for others in a nontrivial manner (Figure S15). Still, the third MQCO

became more visible in every CS environment after the exposure of the ATP solution to an

electric field. It is clear that future applications of this method to 31P species with lower

CSA will prove more fruitful. In fact, an ongoing study in our group on the assembly of

phosphorylated proteins show that the minimal CSA of phosphate groups makes spin count-

ing of a high MQCO of a vitrified protein fibril feasible. We will next showcase a proof of

principle study that achieves the detection of transiently formed phosphate prenucleation

clusters upon vitrification in solution by DNP-enhanced MQ-SC.

In the pursuit of a system with a prenucleation cluster which would likely exhibit less

CSA81 than molecular ATP, we set out to arrest calcium phosphate prenucleation clusters.
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Figure 3: MSBF solution (A) and vitrified sample (B). In A), direct 31P solution NMR time
evolution of mSBF solution in 90 % water and 10 % D2O by volume, with total solution
concentration of 1.32 mM and 0.6487 mM phosphate and calcium respectively (other salts
found in Supporting Information Materials). These spectra were chemical shift corrected to
a phosphoric acid coaxial insert sample. An aliquot was taken at 3 hours after addition of
calcium for DNP juice preparation and subsequently vitrified, found in part B. When left
to react over a time period of 24 hours, the peak continues to shift left and sharpen, likely
forming HAp. In B), the 1H to 31P CP 1D spectra of vitrified mSBF (referenced to phosphoric
acid) in 60 % volume glycerol with a 1:9 total solution volume dilution factor, resulting in
final concentrations of 0.147 mM phosphate and 0.072 mM calcium (complete preparation in
Supporting Information Materials). The 31P T1 relaxation exceeded 100 s. The three blue
regions are analyzed in part C. (C) Spin counting of vitrified mSBF sample with multi-cosine
function curve fitting methodology (conventional SC analysis found in Figure S12) using a
mixture of frequencies 0 through 6 for both even and odd MQ-SC data sets (Supporting
Information Section VI). For each even or odd experiment, the corresponding extracted
MQCOs not filled in represent the opposite integer noise. Even and odd SC experiments
were taken with a relaxation of 5 s and optimal excitation time of 4.8 ms at 10 kHz MAS.
The right chemical shift environment suffered from low signal for even and odd SC, even at
256 and 512 scans respectively. 17
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The nucleation pathway for calcium phosphates is an important topic that many scientists

are interested in, but also grappling with. As a result, there is no agreed upon method to

control the nucleation pathway to date. We have experienced ourselves that a multitude of

factors influence this pathway in unexpected ways, such as the order of mixing components

and the angle at which one pipettes. We decided to reproduce the calcium phosphate clusters

studied by Epasto, et al7, however due to the inherent delicate nature of these processes,

a few small modifications of the Kurzbach sample preparation method were necessary to

observe PNCs under our laboratory conditions (Supporting Information Methods). Our

replicate mSBF 31P solution NMR experimental conditions (Figure 3A) exhibit a faster

transition timescale, where the splitting of the 31P solution NMR lineshape offers evidence

for the formation of approximately 2 nm size PNCs exchanging with free dissolved phosphate

according to Kurzbach and coworkers7. We could not perform DLS on our mSBF recipe due

to the presence of HEPES agent, which obscures other similar or smaller sized particles

around 1 nm. It is well known among groups that study these processes that PNC formation

is a kinetic process that is highly sensitive to any experimental variation, including the

choice of buffer, temperature, certainly the exact composition of the mSBF and even the

order and method of salt mixing. Further complicating interpretation, the solution 31P NMR

chemical shift of monophosphate salt is dependent on the total ionic strength of the solution

in a nonlinear relation (likely due to effects such as water hydration structure and extent of

hydration), while conversely related to the pH and temperature20,21 of the solution in a linear

relation (Figure S17). Given the complexity of these processes that require more scrutiny,

the elucidation of PNC formation pathways is beyond the scope of our study. Instead, we

present a proof of principle study of MQ-SC under DNP conditions of PNCs to showcase the

feasibility of such an approach, especially of solution state clusters in vitrified solution.

We were able to extract an approximate 31P solution NMR T2 relaxation for the splitting

time point of 6.14 ms and a T1 of 7.4 (monoexponential fit) 95% 7.94 s and 5% 0.47 s

(biexponential fit) with an error of 0.5 s. We arrested the solution at three hours when there
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was explicit NMR splitting that had been stable across a formation time of a few hours, by

adding AMUPol already dissolved in D2O, then glycerol-d8, and lastly plunging the sample

in liquid nitrogen. The resulting final vitrified sample consisted of 0.147 mM phosphate and

0.072 mM calcium total. A 1D ssNMR spectrum was acquired of this sample. Four distinct

31P NMR chemical shifts appeared (Figure 3B). We completed even and odd spin counting

experiments on this sample and analyzed these chemical shift environments (Figure 3C),

where the middle peak two environments were combined into one due to their very closely

overlapping chemical shifts. We extracted even ordered experimental minimum MQCOs of

2, 6, and 2 for the left, middle, and right peaks respectively with the conventional MQ-SC

Fourier transform analysis (Figure S12), which agreed very closely with our multi-cosine

fitting method extracted MQCOs of 2, 6, and 0. The odd spin counting experiments show

MQCOs of 1, 5, and 1 for the left, middle, and right peaks respectively for both fitting

methods. Both odd and even spin counting experiments have different experimental noise

levels due to acquiring disparate scans because of limited signal; noise levels for even and odd

MQCO experiments should be extracted from the same experiment type. For an even MQ-

SC experiment, one should examine the even experimental noise in the unfilled adjacent bar

(dark blue for traditional Fourier transform method in Figure S12) for the odd coherence

orders. The left peak exhibits a very small MQCO of 2 for all excitation times (Figure

S14) and has significant overlap with the CS of monophosphate control sample. The right

peak environment was difficult to distinguish from noise during analysis and as evidenced

by the even and odd SC profile showing no discernible cosinusoidal shape or meaningful

Fourier transform. This might be due to the presence of a significant population of isolated

phosphates present, not enough scans acquired, or due to a different optimal excitation

time of 3.2 ms / mixing time of 6.4 ms (Figure S16, MQCO of 2 is clearly extracted with

conventional Fourier transform method). This middle merged peak environment has a T2

relaxation of 14.17 ms (which is more than the experimental mixing time of 9.6 ms) and

exhibits a lower CSA than most environments for ATP in DNP juice, and yielded an extracted
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MQCO of a minimum of 6. Considering the MQ-SC results of model systems and fully

formed HAp crystals and ACP solids, the observation of such a high and distinct MQCO of

6 is unexpected and significant. The results of different analysis methods are consistent in

yielding a MQCO of 6; the incorporation of additional cosine frequencies 7 and 8 did not

exceed their respective error bars (Figure S21). The species giving rise to MQCO of 6 could

be small ACP solids or likely a calcium phosphate prenucleation cluster (or both due to the

presence of two peaks), potentially even including the Posner cluster which is proposed to

be made of six phosphate atoms81–83. These exploratory results can be expanded upon with

further structural analysis in the future.

In summary, the successful counting of 31P nuclei clustering in vitrified solutions pro-

vides a novel structural analysis approach to characterize nonclassical growth pathways that

include pre-nucleation clusters as intermediate species. In the future, these MQ-SC ex-

periments can be optimized to better resolve the higher order coherences using finer phase

increments to better resolve their higher precession frequencies compared to that of lower or-

der coherences. It should be possible to see a more distinct transition from higher coherence

orders that are present vs those below noise levels to figure out the upper bound quantum

number by sampling the precession frequencies with increasingly finer phase increments.

MQ-SC might be one of the few techniques that can identify the formation of clusters made

of the same species, here phosphates, that do not have distinguishable spectroscopic signa-

tures between the coupled species. For clusters that cannot be isolated and/or are too small

or with too little contrast to be captured by electron microscopy or various light scattering

techniques, MQ-SC might in fact be the only approach to identify the minimal number of

coupled phosphates in the cluster. MQ-SC is not a perfect experiment for ultimate quan-

tification, but when it comes to a cluster of species with identical signal in solution state,

there is no good alternative option. We have shown a great improvement in the method for

analyzing MQ-SC data; by using more catered multi-cosine fitting, improved confidence in

the minimum bound, highest visual MQCO can be achieved. In future studies, performing
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spin counting experiments on prenucleation cluster species at lower concentrations than as

found in this paper would require conducting more scans. In this study we showed that

increasing the molecular order increased the measured MQCOs for both powdered and vit-

rified solutions. Asymmetric molecular systems may require additional sample preparation

optimization under vitrified conditions in order to mitigate CSA relaxation effects, such as

electric field exposure for aromatic systems as demonstrated here. We show that one can go

down to sub milimolar concentrations for a proposed calcium phosphate prenucleation clus-

ter and still extract an MQCO order of 6. MQ-SC opens the door for extracting quantitative

information at newfound atomic-scales in dynamic systems. Spin counting experiments can

be applied in the future to test various nonclassical growth models, such as further examina-

tion of the calcium phosphate nucleation pathway with simplification of our simulated body

fluid recipe. Shedding light on calcium phosphate assembly will pave the path for future

bone and biomimetic material technologies and potentially identify a source of mammalian

information storage81,84.
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