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Nanodiamonds (ND) hosting negatively charged nitrogen-vacancy (NV™) color centers have received
attention for applications in magnetic field, electric field, chemical, and bio-sensing. The versatility of
these probes is their excellent room-temperature optical and spin properties, along with their small size,
functionalized surfaces and resistance to bleaching, making them ideal as nanoscopic sensors in picoliter
volumes (e.g. single cells, but also microcompartments and aerosols). For quantitative ND-NV™ sensing
of paramagnetic analytes in such contexts, however, there remains an incomplete understanding of how
factors related to the aqueous phase environment control detection efficiency. To address this, optically
detected magnetic resonance (ODMR) is measured in bulk macroscale solutions and single levitated
microdroplets as a function of Gd*®> concentration (340 nM to 1.5 mM), nanodiamond size, pH,
competitor ions, and ligands. The ODMR response to [Gd*?] is found to be nonlinear, and pH, ND and
sample volume dependent; indicating the detection of Gd*® requires efficient adsorption of the analyte
to the diamond surface. Langmuir adsorption isotherms embedded in a quantitative photophysical
model links the ODMR response to adsorption thermodynamics of Gd™>. The equilibrium constant for
Gd*3 adsorption to a carboxylated ND surface is determined to be (1 + 0.5) x 10° M~* corresponding to
a free energy of adsorption of (—28 4 1) kJ mol™. These results provide general insight into how
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complex aqueous and microscale environments impact nanodiamond based quantum sensing

rsc.li/chemical-science modalities, and portend their application as quantitative chemical sensors in microenvironments.

electric fields,">"* and paramagnetic species,'*"* with the addi-
tional possibility of deploying nanoscale EPR and NMR
sensors*?® in microenvironments (e.g., cells, aerosol and

1. Introduction

Microdroplets have emerged as unique environments that

dramatically accelerate chemical reactions by many orders of
magnitude compared to bulk macroscale solutions (ie.,
beakers). Reaction enhancement is proposed to involve pH
gradients," surface electric fields,> partial solvation,® reactant
partitioning to the interface,” and spontaneous radical forma-
tion.*® Testing of these proposed mechanisms is limited by the
lack of in situ probes. Negatively charged nitrogen-vacancy
(NV™) centers in nanodiamonds (ND) are promising tools to
measure chemical reactions in these microcompartments non-
destructively and in situ. Their potential arises from their small
size, resistance to photobleaching, chemical inertness, and the
ability to functionalize the ND surface to target key analytes."
Optical readout of ND-NV ™ enables detection of magnetic'* and
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microdroplets) making them ideal probes of chemistry in small
volumes.

We envision that NV~ centers located in nanodiamonds
could help to elucidate microdroplet chemistry; especially in
the sensing of reactions involving radical species. Indeed,
significant debate exists around claims of spontaneous radical
formation in microdroplets, which these probes have the
potential to resolve.”*"?* However, key challenges remain in
correlating the ND-NV ™~ optical response to quantitative analyte
concentrations. For example, kinetic measurements of para-
magnetic species are often not quantitative,"*** due to the
inherent complexity of the sensing mechanism involving a solid
surface or particle in contact with an aqueous solution. As
shown previously,*° there is evidence that low level detection
of analytes by ND-NV ™ occurs via a two-step mechanism; where
the paramagnetic analyte in solution diffuses to and adsorbs to
a ND surface prior to detection. This process is governed by: (1)
the thermodynamics of analyte adsorption to the solid-liquid
interface and (2) the coupling of adsorbed surface spin to NV~
center inside the nanodiamond lattice. It is expected that any
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species in solution that either directly or indirectly enhances or
suppresses adsorption of a paramagnetic species to the ND
surface will have an impact on analyte quantification and
detection sensitivity.

With the eventual aim of quantifying chemistry in micro-
droplets and microemulsions, in this paper, we investigate how
pH, sample volume (e.g. droplet or bulk), nanodiamond size,
shape, and co-solutes influence the adsorption/detection of
Gd*. We use a model system comprised of Gd™ (with 7
unpaired spins) and carboxylated ND particles to understand
how the aqueous phase environment might affect the sensing of
paramagnetic species (e.g., free radicals, O,, metals) using
optically detected magnetic resonance (ODMR). Experiments
are performed in the bulk, and in single levitated micro-
droplets. A colliding droplet scheme, as illustrated in Fig. 1A,
enables the self-referential ODMR measurement within the
droplet, because of the ability to measure ODMR before and
after the addition of Gd*. We quantitatively analyze these
experimental results by embedding a Langmuir adsorption
isotherm into a photophysical model of a ND-NV™ to achieve
a self-consistent description of Gd™ sensing in aqueous envi-
ronments. More generally, these results offer better under-
standing of how the complex aqueous phase environment
encountered in cells and microdroplets containing buffers,
salts, metals, and ligands influence the detection of para-
magnetic molecules and ions.

2. Experimental and theoretical
methods
ND-NV~ are deployed in the bulk aqueous solutions (ie.,

cuvette) and in single microdroplets levitated in a quadrupole
trap (Fig. 1A) as detailed in Sections 2.1 and 2.2. The model
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framework used to interpret these measurements follows in
Section 2.3.

2.1 Droplet measurements

Droplet experiments are performed in a branched quadrupole
trap, which has been previously described*~*° and illustrated in
Fig. 1A. Individual droplets with an average radius of 17 pm are
charged and levitated through electrostatic repulsion in the
environmentally controlled quadrupole trap. To maintain
droplet stability the relative humidity in the trap is held at 80 +
3.5% by flowing nitrogen through a bubbler at a rate of 0.1 SLM.
Droplets, formed by a piezoelectric dispenser (MicroFAB), are
illuminated by a laser (Opto Engine, 532 nm), and their size,
within £0.5 um, is obtained from the Mie scattering pattern
recorded with a line camera (ThorLabs LC100) positioned at
a 90° angle to the laser axis. A second positioning camera fixes
the droplet location with respect to the microwave antenna to
ensure that consistent microwave power is delivered to the
droplet during and between experiments. Stable droplets are
formed from 55% HPLC water (Sigma-Aldrich Lot SHBQ7126)
and 45% glycerol (Sigma-Aldrich Lot SHBH9768), which corre-
sponds to a water activity of 0.8 and matches the relative
humidity in the trap described above.**

Carboxylated (-COOH) red fluorescent nanodiamonds
(purchased from Adamas Nanotechnologies) with nominal
average hydrodynamic diameters of 70, 100, 140, and 750 nm,
and approximately 3 ppm NV centers, are used for all measure-
ments. The average hydrodynamic diameters, size distributions
and associated uncertainties are derived from dynamic light
scattering (DLS) measurements assuming a spherical shape, as
reported by Adamas Nanotechnologies.?* For clarity, here we refer
to the hydrodynamic diameter as the nominal diameter. Since
the diamonds are highly non-spherical, the hydrodynamic
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Fig.1 (A) Microdroplet reaction vessel and cuvette used to measure the ODMR response to Gd*>. Two droplets are collided in a quadrupole trap,
one with Gd*® and one with NDs, and the resulting droplet is illuminated from below by a 532 nm laser. A circular microwave antenna is inserted
into the trap to provide the necessary microwave irradiation for ODMR measurements. (B) Experimental ODMR spectra from a NV~ showing
a decrease in fluorescence at the microwave frequencies corresponding to the ms = 0 to mg = 1 and mg = —1 transitions. The splitting between
the mg=1and mg = —1 levels is due to crystal strain in the nanodiamond. The ODMR response is computed from the ODMR contrast (red arrow)
with (black data points) and without (blue data points) Gd*>. Lines connecting the data points are provided to guide the eye. (C) The energy level
diagram for a NV~ center used in the photophysical model described in Section 2.3.
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diameter likely corresponds only to the major axis, with the
particle height averaging about a third of the reported diameter
as previously discussed.*® As described below, assumptions about
the shape of the ND have large impact on the predicted ODMR
response. Estimates of nanodiamond concentration are shown in
Table S1.** Over the course of an experiment diamonds settle to
the droplet dispenser tip, so we estimate from the total fluores-
cence intensity that the actual concentration could be between 1-
30 times larger. The lock-in signal is normalized to the total
signal intensity to account for differences in diamond concen-
tration between measurements.

To measure the ODMR spectra (illustrated in Fig. 1B),
a microwave antenna is placed inside of the quadrupole trap
(Fig. 1A). A signal generator (Stanford Research Systems Inc.,
Model 384) produces frequencies from 2.825 to 2.925 GHz and
is modulated at 1 kHz for lock-in detection. The benefits of lock-
in detection for ODMR measurements in a similar system of
microfluidic droplets have been previously reported.®® A
microwave amplifier (RF-Lambda #RFLUPA05MO03 GB) is con-
nected to a high-power circulator (Fairview Microwave,
FMCR1030), which is connected to the microwave antenna. A
power meter (Comm-connect) is used to measure the trans-
mitted and reflected microwave power, which averages at ~6 W
and 0.1 W, respectively. A laser (Opto Engine, 532 nm, 0.5 W,
spot size ~1 mm?) is introduced through the bottom of the trap
to excite the NV~ in the NDs, whose fluorescence is measured by
a photomultiplier tube (ThorLabs, PMTSS) equipped with
appropriate filters (>650 nm). A current preamplifier (Stanford
Research Systems Model SR570) records the total fluorescence
intensity, which is sent to a lock-in amplifier (Stanford Research
Systems SR530) to measure the ODMR signal.

Measurements are performed by colliding two oppositely
charged droplets as previously described,””* and measuring the
change in ODMR contrast. The ODMR contrast, shown in
Fig. 1B, is the difference between the signal off and on the
resonance at 2.865 GHz. A droplet with only nanodiamonds
collides with a droplet containing a known concentration of
GdCl; (Sigma-Aldrich MKCR6638). As a strongly paramagnetic
species with seven unpaired electrons, Gd™ decreases the spin
relaxation time (74) of the NV~ center leading to a decrease in
the observed ODMR contrast as shown in Fig. 1B. Here we
report the % change in ODMR response to Gd*™, which is
computed in a self-referential manner from the difference in
ODMR contrast with and without gadolinium,

ODMR response(%) =

ODMR contrast,  ;4+3 — ODMR contrastg s
100 x S (1)
ODMR contrast,, g4+3

Each data point reflects the average of a minimum of three
droplet collisions, with error bars indicating one standard
deviation.

2.2 Bulk measurements

All bulk measurements are performed in a standard cuvette
with 45% v/v glycerol as the solvent, which is the same solvent
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composition used in the droplet measurements described
above. A microwave antenna is attached to the side of the
cuvette (Fig. 1A). An unfocused 532 nm laser (0.2 W, ~1 mm?
spot size) is directed perpendicular to the PMT to measure the
nanodiamond fluorescence. For competitive binding experi-
ments, zinc acetate (Sigma-Aldrich Lot BCBL0315V) and zinc
chloride (Sigma-Aldrich Lot MKCP9816) are added to a 1 mM
Gd " aqueous solution of 140 nm diamonds.

2.3 Theoretical framework

We develop a photophysical model to explain the experimental
data by relating the surface density of Gd™ (¢) to the measured
ODMR response (eqn (1)). In Section 3, we show how analysis of
experimental data using Langmuir adsorption models can be
used to constrain ¢, which is observed to be a function of [Gd*?],
pH, compartment size (i.e., bulk cuvette vs. microdroplet) and
spectator ions. While these Langmuir models account for the
solution phase factors that control ¢, a photophysical model is
required to relate the amount of surface adsorbed Gd* to the
actual optical response observed in the experiment. The pho-
tophysical model framework described below draws on
elements reported in previous studies by Singam et al.,*® Iyer
et al.’® and Tetienne et al* while implementing unique
descriptions of ¢ and diamond shape in order to comprehen-
sibly capture experimental data. A block diagram describing the
organization of the model (Fig. S1), and a glossary of model
parameters (Table S2) are included in the SI.

An energy level diagram for a NV~ center is shown in Fig. 1C. In
the absence of a magnetic field, the lowest energy state (1, m = 0) is
separated by 2.87 GHz from the second lowest level (2, ms =+ 1). In
nanodiamonds, crystal strain lifts the degeneracy of level 2 leading
to a pair of transitions at 2.865 GHz and 2.875 GHz as shown in
Fig. 1B. Optical excitation (W, at 532 nm) from levels 1 — 3 and 2
— 4 is assumed to occur at the same rate and is proportional to
laser power. W is a fit parameter in the model, where W = 1 x 10°
s ' and 2.5 x 10°> s™" is used for the bulk and droplet measure-
ments, respectively. This corresponds to a conversion factor
between laser flux and excitation rate of 5 x 10°> s7' mm> W .

After excitation, the NV~ decays from levels4 — 2and3 — 1
producing red fluorescence (630-800 nm). The rate constant for
these transitions is k; = (66 & 5) x 10° s~ ' as reported in Sin-
gam et al.** Nonradiative decay via intersystem crossing to level
5 reduces the fluorescence intensity and occurs more frequently
from level 4 than level 3 (i.e., k45 > k35). Thus, microwave exci-
tation from 1 — 2 at a frequency of 2.865 GHz will reduce the
total fluorescence intensity of the nanodiamond as illustrated
in Fig. 1B.

The total fluorescence intensity (I) is the sum of all the NV~
(?) centers in the diamond and depends upon the populations
(N) of states 1 and 2,

Ty (1= by)Ny +2(1 = by)N, (2)
where,
ks
b= ——— 3
' ks +ka )

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ks

by = ——— 4
: kas + ky @)

kss, kas, ks1 and ks, are rate coefficients governing the transitions
between the energy levels illustrated in Fig. 1C and described
above. Values for these rate constants are from Singam et al.*®
and are shown in Table S3. Singam et al.,** showed that the
following set of rate equations describe the relevant populations
vs. time needed to compute I in eqn (2),

N
d—;:zkA(Nz—Nl)— Wb1N1+k51N5 (5)
dn.

5 = k(N = Na) = Wy + ke Ns (6)
dN.

cTzS = W(biNy + 2b,N) — (ks) + 2ksy)Ns )

where N;, N,, and Ns are the populations of energy levels 1, 2,
and 5, respectively. The steady state populations of N; and N,,
obtained by numerically solving eqn (5)-(7), are used to
compute the expected fluorescence intensity (I) in eqn (2).

The fluorescence intensity (Z, in eqn (2)) depends upon [Gd ]
via ks in eqn (5) and (6), which governs the transition rate
between levels 1 and 2. In the presence of resonant microwave
excitation, ks, is a function of the spin relaxation time (T;) of the
NV~ center,

1 2x Q/T,

T oy /Ty ¥

where Q is the Rabi frequency between states 1 and 2. We
estimate® Q to be 9 x 10° rad s, with some uncertainty due to
microwave inhomogeneity. However, as we describe below, the
model itself is only weakly dependent on Q. T,,, encompasses all
of the processes responsible for dephasing,
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where we estimate the T, value from ref. 38 tobe 1.5 x 107 s~ 1.

T, depends on the NV~ location within the nanodiamond and

its proximity to Gd** and is,
11

T, T Buik

T,
1 + f27.2

2

+37.B.* (10)

where f = 2 x 2.865 GHz, and B~ is the variance in the
transverse magnetic field in the presence of surface adsorbed
Gd*. T1 pulk is assigned a value of 2 ms following ref. 37. From
Tetienne et al.,”” the correlation time of the magnetic field (z.) in
eqn (10) is,

1 2 A 0.5
- M\/E 7 R (11)

Te 41 2 Fmin2

where (see Table S4) p, is the vacuum permeability, vy, is the
electron gyromagnetic ratio, ¢ is the surface spin density, and
min = 0.15 nm, which is the nearest neighbor distance in the
diamond lattice.?” R;; is the contribution from intrinsic vibra-
tional spin relaxation and is assigned a value of 1 ns™".2%%7 At
concentrations below 1 mM, free Gd*™ ions in solution should
have a negligible effect on the NV~ center, so we consider only
the contribution of ions adsorbed to the surface of the ND.*®
B, ? can be computed by summing over the contributions from
each of the surface spins, ,**¢

2
KoYeh 4
BLZ = E quiz = (2‘.77:) Zﬁcgo'ﬁ (12)

where Cjs is a coefficient related to the spin quantum number.
o . 21 )
For Gd™ with its 7/2 spin state, Cs = R The value of Cs is

specific to the ion being modeled and must be recalculated for
different ions such as Fe™ or Cu*?, using C; = S(S + 1)/3, where S
is the spin quantum number. R is the distance of a surface spin
toan NV~ in the ND as shown in Fig. 2A. ¢ can be related to the
aqueous [Gd"] by a Langmuir isotherm,

o =T.(pH)-0 (13)

1
T, = 1 (9)
—+W
T, +
A) Ellipsoid Equivalent Sphere  B)

Fig. 2
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(A) Ellipsoid and equivalent sphere models of ND with a hydrodynamic radius of r. Blue circles represent NV~ and green circles correspond

to adsorbed Gd*>. R is the distance between a NV~ positioned at s to the surface. d is the exclusion distance of NV~ from the surface. (B) The
ellipsoid shape with an aspect ratio of 3 yields an equivalent ODMR response as a smaller sphere with a radius of r/2.5.
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where the fractional surface coverage (6) is,

Ke [GdP] )

N (1 + Keq. [Gd™] ()
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z =r-sin §-sin ¢ (18)

where z in the height of the ellipsoid and r is the hydrodynamic

radius. Using an ellipsoid shape to solve for R in eqn (12) yields
the following expression for B *:

r*(5 + 4 cos 26)sin 6

A 2
B, = (’We ) 4Co
4

The Langmuir model is one of the simplest adsorption
isotherms that connect the surface coverage with the bulk
concentration of an adsorbate. The model restricts adsorbates
to monolayer coverage (i.e., § = 1) and assumes a set of uniform
non-interacting surface adsorption sites. I’ is the maximum
site concentration, which as will be shown below, is a function
of pH (I'.(pH)). We assume that Gd*® occupies a single site. §
depends upon K., (units of M~ "); the equilibrium constant
governing the partitioning of solution phase Gd* to the ND
surface.

If the ND is assumed to be a sphere, Iyer et al.>* showed that
eqn (12) is,

) (Boreh) r 1 1
B = (W) 2TCCSUE ((r st (r+s)4> (t5)

where s is the location of the NV~ within a sphere of radius, r, as
shown in Fig. 2A. However, approximating the ND as a sphere
using its hydrodynamic diameter, as we show below, leads to
substantial inaccuracies in predicting the ODMR response
observed in our experiments. This is because the interaction of
a spin with the NV~ is short range (nanometers) so the assumed
ND shape governs the average distance R of an NV~ to the
surface of the diamond where the adsorbed Gd** resides.

Indeed, nanodiamonds, in the size range used here, are non-
spherical and have irregular disk or rod-like shapes, which
substantially alter the average NV -to-surface distance relative
to that of a sphere.***** Eldemrdash et al.*® report an average
length-to-height aspect ratio of 3.8 for 140 nm diamonds, and
an average ratio of 3 for all diamond sizes they examined. So,
the average height of the 140 nm ND is on the order of 36 nm.
This suggests that a 140 nm disk-shaped diamond should have
an effective sensitivity equivalent to a much smaller spherically
shaped particle. As a more realistic approximation for the actual
ND shape, we use an ellipsoid to compute R in eqn (12) using
the law of cosines. The ellipsoid, illustrated in Fig. 2, has the
following dimensions in spherical coordinates,

x= g-cos 0 (16)

y =r-sinf-cos ¢ (17)

19332 | Chem. Sci,, 2025, 16, 19328-19341

1 ? . . o o
3 ((s cos b5 — 3" cos 0) + (r cos ¢ sin § — s cos @ sin 05)2 + (rsin @ sin § — s sin @sin 05)2

zdode

(19)

where (s, 05, @;) are the coordinates of the NV~ center. Eqn (19)
is solved numerically in Mathematica.** The total fluorescence
intensity is then computed by averaging the I values calculated
on an evenly spaced grid within the ellipsoid.

Numerically solving eqn (19) is time-consuming, so instead
we use an equivalent sphere approximation to the ellipsoid
geometry shown in Fig. 2A. As shown in Fig. 2B the ODMR
response computed for the full ellipsoid model equates to the
response computed for a sphere with an effective radius that is
approximately 2.5 times smaller than the maximum elliptical
radius, r (Fig. 2A). This scaling is consistent with previous
calculations from Eldemrdash et al** The equivalent sphere
approximation is used to model all experimental data presented
below unless otherwise stated. In both the equivalent sphere
and ellipsoid models, it is assumed that there are no NV~
centers within 6 nm of the diamond surface (d, Fig. 2A), since
these shallow NV~ centers are often in the NV° state.?®3 This is
in agreement with prior studies, which have found this depth to
be between 6-10 nm.>**

3. Results and discussion

The photophysical model described above is used to explain the
ODMR response observed in experiments described below. To
do this, the experimental data is analyzed using a Langmuir
adsorption model to link the solution phase concentration of
Gd ™ to the surface adsorbed population of gadolinium spins (o)
that are detected by the NV~ center. Integrating Langmuir
adsorption isotherms within a photophysical model enables the
ODMR response to be predicted as a function of pH, micro scale
confinement, and competitive binding with results that are
consistent across different experimental set-ups. In the
following section, each experimental data point reflects the
average of a minimum of three trials, with error bars indicating
one standard deviation.

3.1 ODMR response vs. [Gd™] and pH in bulk samples

Shown in Fig. 3A is the ODMR response as a function of [Gd*]
and pH (2.5, 4.1, 6.4, and 11). These curves are highly non-linear
(note log x-axis). For example, at pH = 11 a 1000x change in
[Gd™] (from 0.1 to 10 puM) produces only a ~5x increase in
ODMR response (~15 to 70%). In addition to [Gd*®], the ODMR

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (A) ODMR response at 2.865 GHz vs. [Gd*®] and pH (2.5, 4.1, 6.4
and 11). These measurements used 140 nm diamonds in bulk solution.
Symbols represent experimental data. The ODMR response is modeled
(solid lines: equivalent sphere model) using the photophysical model
with surface spin density modeled by a Langmuir adsorption isotherm
(egn (13)) with an equilibrium constant of 1 x 10° M~ (egn (14)). (Inset)
Normalized ODMR response vs. [Gd*3] with a function representing
the Langmuir isotherm (dashed line). (B) ODMR response at [Gd*] =
1 mM vs. pH for 70 and 140 nm nanodiamonds (symbols represent
experimental data). Dashed lines are results from photophysical model
using the equivalent sphere approximation. Nominal diameter refers to
the hydrodynamic diameter obtained in dynamic light scattering
experiments.

response in Fig. 3A is observed to be a strong function of pH. At
pH = 11 the ODMR response saturates at ~80% for [Gd™] > 100
uM, whereas this plateau decreases to 10-15% for pH = 2.5 at
[Gd™] > 100 puM. Despite the differences in where the ODMR
response saturates with pH, the overall shapes of the curves are
nearly identical as illustrated in the inset of Fig. 3A, where the
curves are normalized to the maximum ODMR response at
[Gd™] = 1 mM. Also included in the inset for a qualitative
comparison is the functional form of the Langmuir equation
(eqn (13)) showing that the non-linear behavior is consistent
with a sensing modality that requires physical adsorption of the
gadolinium to the ND surface. The non-linearity of the curves in
Fig. 3A is important when considering the sensitivity of nano-
diamonds for measuring paramagnetic species. For instance,
the optimal sensing range is governed by the location of the
inflection point in the curve where ODMR response is most
sensitive to changes in [Gd"?].

The pH dependence of the ODMR response at [Gd™*] =1 mM
is shown explicitly in Fig. 3B. In addition to pH, the ODMR
response is also observed to be a function of ND size (70 nm vs.
140 nm), which will be discussed in more detail below. At pH =
10 the ODMR response is large and plateaus at 92% and 95% for
the 140 and 70 nm diamonds, respectively. There is little
sensitivity below pH 2.2 for the 140 nm diamonds with an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ODMR response of 13% for [Gd™] = 1 mM. The strong pH
dependence of these curves, also noted in previous studies,
introduces the possibility of this system as a simple pH
probe.*>*

The shape of the 140 nm pH curve in Fig. 3B closely
resembles the measured zeta potential for carboxylated nano-
diamonds shown in Fig. S3. Although the zeta potential
depends on a number of factors such as ionic strength, the
shape of the curve is often used to estimate the pK, of surface
functional groups.**** Prior literature identified a pK, of 4 and
4.5 for carboxyl and hydroxyl groups on the nanodiamond
surface.”*® The inflection point of the ODMR response for the
140 nm diamonds coincides with this pK, range (4.4), whereas
the inflection point in the ODMR response for the 70 nm ND is
shifted to smaller pH values. This difference between the 140
and 70 nm ND is likely due to a saturation in the ODMR
response for the 70 nm diamonds at high pH (>6) distorting the
shape of the curve.

The characteristic shape of ODMR response vs. pH (Fig. 3B)
and its correspondence with the zeta potential implies that Gd*?
sensing depends upon the charge state of the functional groups
on the nanodiamond surface. At lower pH the negatively
charged carboxylate groups (-COO™) protonate (-COOH); no
longer efficiently electrostatically binding Gd** and inhibiting
efficient sensing. Thus, the pH dependence observed in Fig. 3B
is assumed to reflect the change in maximum concentration of
carboxylate binding sites, I'.. (pH). Since the ODMR response
and zeta potential both asymptote at pH = 10-12, it is reason-
able to conclude that this is the region where the surface is fully
deprotonated with a maximum site concentration of I'e®™ = 8.5
x 10" m~2, which is in agreement with Panich et al*” and the
range determined by Tetienne et al.*” and Iyer et al.>* who report
I't™ =4 x10"® m ?and 6 x 10" m™?, respectively.*”* The pH
dependence of I', (pH) in Fig. 3B is parameterized using
a logistic function,

8.5 x 10"
(1+ e%).62-(pH—5.4))1'5

I“lil;ax
I'»(pH) = (1+ e4).62-(pH—5.4))1'5 -

(20)

which is used in eqn (13) to predict ODMR response.

Results of the photophysical model are plotted in Fig. 3A and
B. These model results (Fig. 3A and B) use the equivalent sphere
approximation, which produces nearly identical results to the
full ellipsoid geometry as shown in Fig. S2. The ODMR response
as a function of both pH and [Gd"*] is replicated using Keq = (1
4+ 0.5)x 10° M in eqn (14). The model replicates the trends in
the data using a single value for K.q, which suggests that the
ODMR response at these concentrations is mainly sensitive to
adsorbed Gd™ and not to free Gd™ in solution. This also
confirms that changes in pH mainly control the availability of
surface sites (I',,) rather than the thermodynamics of Gd™
binding to the surface (i.e., K.q) as suggested by the similar
shape and inflection point of the normalized curves shown
regardless of pH (see inset of Fig. 3A). This observation is
consistent with previous studies of the adsorption of Gd** or
other metal cations to the carboxyl and hydroxyl functionalized
nanodiamonds.>***
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Assuming an activity coefficient («.) of 1 and a standard
reference solution concentration of 1 M, K. is related to the free
energy of adsorption (AG®°) by,**°

AG° = —RT-In (Keq-l M>

o

(21)

where T is the temperature (293.15 K) and R is the gas constant.
AG® is computed to be (—28 + 1) kJ mol . The large negative
value of AG° shows that the adsorption of Gd™ to the carbox-
ylated nanodiamond surface is quite thermodynamically
favorable and spontaneous. This value is similar in magnitude
to the AG°, recomputed using eqn (21), determined for the
adsorption of cationic malachite green dye to the surface of
negatively charged polystyrene beads ((—56.2 & 0.4) k] mol *,
((—55.3 £ 8) kJ mol ™ 1)).5%5

It is important to note that the value of K., determined using
the full photophysical model is not equivalent to that obtained
by a fit to the normalized curves shown in the inset of Fig. 3A.
This implies that the ODMR response is not solely determined
by 6, since changes in laser and microwave power and ND size
can shift the inflection point of the curve even when K. is held
constant.

To illustrate this further and to check the broader applica-
bility of our model, we compare our measurements and model
results with those reported by Sarkar et al.*® As shown in Fig. 4,
over a similar range of [Gd™], Sarkar et al.** measured a much
smaller ODMR response than is observed here. At [Gd™] = 10
UM, Sarkar et al.** observed an ODMR response of 16%, whereas
for the same concentration at a similar pH, we observe
a response of 54% (Fig. 4). This difference is explained by the
larger laser flux (~10-40 Watts per mm?), microwave power
(21 W, @ = 1.1 x 10” rad s™') and smaller ND size (hydrody-
namic diameter = 40 nm, corresponding to an equivalent

100
* pH6.4
80 e Sarkar et al. data
X 7 lines = model
o) * T
2 60+
] ¥
(%]
@
< 404
e | T csseeeees
s S
a -
O 204 o
£ ¥
O =R =TT . T
1074 103 102 10! 10° 10! 102 10°

[Gd*3] (uM)

Fig. 4 Measured (points) and modeled (lines) ODMR response vs.
[Gd™3]. The data at pH = 6.4 is measured using ND with a hydrody-
namic diameter of 140 nm (green stars). The data reported by Sarkar
et al.*® (black circles) use ND with an average hydrodynamic diameter
of 40 nm. Solid lines are from the photophysical model using the
equivalent sphere approximation to the ellipsoid. The dashed lines are
model predictions using a sphere whose dimensions correspond to
the hydrodynamic diameters of the ND.
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sphere radius of 8 nm) used by Sarkar et al.** Accounting for
these differences and using the value of K., determined here,
the smaller ODMR response is replicated by our model as
shown in Fig. 4. This agreement between model and their
observations is obtained using W = 1 x 10° s, which is
approximately 5 times larger than the value predicted using the
proportionality constant of 5 x 10° s~ mm? W' described
above, which likely arises from uncertainties in laser flux due to
spot size or other effects arising from the smaller diamond size.
Although Sarkar et al.*> used water as the solvent, rather than
the water/glycerol mixture used here, we found that the ODMR
response is insensitive to these solvent differences as shown in
Fig. S4.

3.2 Effects of nanodiamond shape

As discussed above, the spherical approximation to an ellipsoid
(solid lines, Fig. 4) provides a reasonable accounting of the
140 nm data observed here as well as reported by Sarkar et al.*
using a smaller ND (40 nm). Alternatively, as shown using
dashed lines in Fig. 4, the ODMR response is substantially
underpredicted if we assume instead spheres whose dimen-
sions correspond to hydrodynamic diameters of 140 nm and
40 nm. For the pH = 6.4 data set in Fig. 4, the ODMR response at
[Gd™] = 10 uM, assuming a hydrodynamic diameter, is ~2x
smaller than the observations and model whereas in the case of
Sarkar et al., at [Gd**] = 10 uM the ODMR is underpredicted by
~6x. These comparisons illustrate the importance of ND shape
since the assumed nanodiamond shape controls the average
distance the NV~ is to the surface, which in turn controls the
strength of the interaction between the color center with the
surface adsorbed Gd*™ spins.

3.3 Competitive binding of Gd*"

In any complex aqueous or biological environment there are
likely to be a complex array of molecules (e.g. ligands or other
reactive species) and ions (e.g., buffers) that can directly or
indirectly influence the ODMR response to parametric analytes.
For example, background ions can directly compete with Gd*™
for binding to nanodiamond surface as illustrated above where
the pH dependence is shown to arise from competitive
adsorption/neutralization of surface carboxylate groups by H',
thus preventing Gd™ binding. Alternatively, molecules in
solution (e.g., ligands) complex with Gd* preventing efficient
adsorption to the ND surface and subsequent detection. We
examine this by adding zinc chloride and zinc acetate to a 1 mM
gadolinium solution containing 140 nm ND. As shown in Fig. 5,
the addition of zinc chloride does not alter the ODMR response
indicating that Zn*?, at these concentrations, does not directly
compete with Gd™ for surface binding sites. At much higher
concentrations (>250 mM) this may not be the case, as illus-
trated by Iyer et al.?® for competitive surface binding of Na" and
Gd*™. Competitive adsorption in a Langmuir framework has
been explored previously,** and an equation for # to account for
competitive surface binding is included in the SI (eqn S1).”
The introduction of zinc acetate (Fig. 5), however, produces
a marked decrease in ODMR response over the same

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 ODMR response at [Gd™] = 1 mM as a function of [ZnCl,] and
[Zn-acetate]. This data was collected using 140 nm diamonds at pH 6.6
in bulk solution. For Zn-acetate, the photophysical model uses the
surface spin density computed by the competitive binding model (red
solid line, egn (25)). The blue dashed line corresponding to ZnCl, is the
standard photophysical model that utilizes egn (14).

concentration range, suggesting less binding of Gd™ to the
nanodiamond surface. Since the ZnCl, data clearly shows that
Zn*? does not compete with Gd*? for surface sites, we conclude
that it is the formation of Gd** acetate complexes in solution
that reduce the ODMR response. This is likely because Gd** that
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where GdA is the ligand complex. For simplicity, the exact
speciation of Gd™* ligand complexes with acetate (i.e., Gd**-
(acetate), and Gd"-(acetate);) is neglected in the model since
there is no way to determine the individual binding equilibria of
each of these species to the nanodiamond surface. Thus, we
assume that GdA represents all possible complexes of Gd** with
acetate, which are assumed not to bind to the nanodiamond
surface.

The equilibrium constants, K.q and Ky, for adsorption in
R1 and ligand complexation in R2 are,

_ [Gdaas ™
K = [Ga T (site] - [Gadwe ™)) (2)
GdA
The total [Gd*?], in the system is,
[Gd™]p = [Gd™] + [Gdags "] + [GdA] (24)

where [Gd"?], is known from the initial solution concentration.

[ Gdads+3}

[site]

Solving for § = , in Mathematica,** using Keq, Keq,» and

eqn (24) yields,

0=

2
1+ [Gd*™] Kug + [A]Keqs + [site] Keq — \/ 4[Gd"™] (Keq + [A]Keq2Ke) + (1 — [Gd"] Keq + [AlKeqz + Keq[siteD

2K q[site]

is complexed with the negatively charged acetate ligand does
not efficiently bind to the ND surface. To explain these obser-
vations quantitatively, the competition between acetate ligand
complexation and ND surface adsorption is incorporated into
a modified Langmuir adsorption model. The adsorption equi-
librium of Gd* to a ND surface site to form an adsorbed species
(Gdad;s) iS,
site + Gd*? = Gdpgs P (R1)

where sites is a volumetric concentration. The volumetric
concentration of sites ([site]), rather than simply the average
surface density, is required since the competition for Gd*™ is not
at the ND surface but rather with a species in solution. [site] is
estimated using the average diamond concentration in the
sample, the total surface area and the surface density of
carboxylate groups as shown in Table S1. The estimated value
for [site] is 1 uM.

Gd" adsorption to the ND surface competes with its
complexation with free acetate (A) in solution,

A+ Gd"” = GdA (R2)

© 2025 The Author(s). Published by the Royal Society of Chemistry

(25)

Using the Visual MINTEQ software,* K., is estimated to be
800 M~ "% Assuming that only free Gd™ can bind to the
nanodiamond surface, ¢ is computed using eqn (25). The
photophysical model predicting ODMR response vs. [Zn-
acetate] shows reasonable agreement with the experimental
results in Fig. 5. Gd™ has a much stronger affinity for the
nanodiamond surface than for the acetate ligand (K.q = ~125 X
K.q,2) and explains why it requires 0.25 M of acetate to induce an
appreciable change in the ODMR response. The predicted shift
in the ODMR response vs. [Gd*®] and as a function of [Zn-
acetate] is shown in Fig. S5. For an ODMR response of 50%,
the presence of 0.02 M Zn-acetate shifts the expected total Gd*>
concentration by a factor of about 100 (SI, Fig. S5). The trend
shown in Fig. 5 would be expected to vary in complex ways since
both the acetate speciation with Gd** and the number of
carboxylate surface binding sites are pH dependent.

The results presented above illustrate how pH, assumptions
about ND shape, and charged ligands in solution alter the
ODMR response to paramagnetic species in solution. The
presence of background ions in solutions can either directly or
indirectly influence the adsorption of Gd™ to the ND surface.
Increasing [H'] reduces the fraction of carboxylate adsorption
sites for Gd*® thus reducing the ODMR response. Alternatively,
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charged ligands (acetate) in solution alter the response by
sequestering free Gd™ and preventing its adsorption to the ND
surface. The magnitude of this competition depends upon both
the difference in equilibrium constants (Keq v5. Keq,») and the
absolute concentration of carboxylate binding sites vs. [acetate].
These two effects are quantitatively explained within a self-
consistent Langmuir framework and by assuming that the ND
are non-spherical and approximately ellipsoidal. These
measurements, conducted in macroscale bulk samples
(cuvette), provide a baseline for examining additional factors
such as ND and compartment size using microdroplets
described below.

3.4 ODMR response vs. ND size in microdroplets

ND are often envisioned as novel probes of paramagnetic
species (free radicals, metals, etc.) in microenvironments such
as cells. Thus, it is important to understand how both the size of
ND and the microenvironment itself alters the ODMR response.
To do this, we measure the ODMR response vs. [Gd**] and ND
size in microdroplets (radius = 17 um) as shown in Fig. 6A. At
a given [Gd"’] the smaller ND produce a much larger ODMR
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§ go.z e L3 —&
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g 604 1641 (uM)
o
a
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404
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Fig. 6 (A) ODMR response vs. [Gd*] and ND size (70, 100, 750 nm) at
a pH = 3.3. Experimental data is represented by symbols. The pho-
tophysical model prediction is shown as lines using egn (27) to
compute the spin surface density (o). (inset) Normalized ODMR
response vs. [Gd*®] and ND size (70, 100, 750 nm). For comparison the
normalized ODMR response for bulk solutions is shown as a dashed
line. (B) ODMR response vs. ND size for Gd** > 100 pM at pH = 3.3 (red
circles). These measurements were performed in droplets. Black solid
line shows a 1/r functional form. Photophysical model predictions for
the four diamond sizes (70, 100, 140, 750 nm) are shown assuming
both an equivalent sphere (blue stars) and ellipsoid (black triangles) for
the ND shape. Green stars correspond to model predictions assuming
a sphere whose dimensions are computed from the hydrodynamic
diameter.
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response. For example, at [Gd"*] = 1 mM the 70 nm nominal
diameter particle exhibits a response (i.e. 70%) that is 2x and
10x larger than the 140 nm and 750 nm ND, respectively.
Furthermore, as observed for the pH dependent studies
described above and shown in Fig. 6A, the value at which the
ODMR response saturates (ie., [Gd™] > 100 pM) is size
dependent.

The normalized ODMR response vs. [Gd*?] is shown in the
inset of Fig. 6A. For each particle size, these curves are
normalized by the maximum ODMR response observed at
saturation (i.e., [Gd**] > 100 uM). The normalized size depen-
dence collapses onto a common curve whose shape resembles
that of a Langmuir isotherm (inset Fig. 6A). This comparison
shows the overall shape of the ODMR vs. [Gd "] is independent
of ND size and that the key difference observed in Fig. 6 is the
level at which the ODMR response saturates. This similarity in
shape for different sized ND suggests that the thermodynamics
of Gd" adsorption (i.e., K.q) does not depend upon size.
However, as shown in the inset of Fig. 6A, there is a substantial
difference between the normalized ODMR response vs. [Gd™]
for bulk cuvette and droplet measurements. This difference can
be clearly seen by noting the concentration where the normal-
ized ODMR response is 0.5. For the bulk measurement this
occurs at 1 pM, which is nearly a factor of 10 smaller than for the
microdroplet case, which occurs at [Gd**] ~10 uM.

The shift in Gd™ sensitivity between the cuvette and
microdroplet cannot be rationalized by a change in K, since
for bulk measurements a single value of K.q replicated the ND
size dependence shown in Fig. 3B. Thus, we conclude that this
shift in sensing is due to the microenvironment itself. As di-
scussed previously by Wilson and Prophet,* on average only
a small fraction of the total number of solute molecules reside
at interfaces (e.g., gas-liquid or ND-liquid) in beaker-scale
aqueous solutions, which is often not the case for micro-
droplets where, depending on the concentration and compart-
ment size, a substantial portion of the total molecules in
a droplet reside at the interface. This is simply a consequence of
the small volume of microdroplets, which require fewer
numbers of solute molecules to achieve the same concentration
as in a macroscale beaker or cuvette. As will be shown below, the
high surface area of the ND relative to the total number of Gd**
in a microdroplet leads to substantial change in bulk [Gd**]
upon adsorption.

The volumetric diamond site concentration in the droplet is
on average 10 uM and ~10x larger than in the bulk sample
discussed above (see Table S1). This large site concentration can
lead to solute depletion within the droplet where free Gd*™ is
depleted from the solution by its adsorption to the diamond
surface; a consequence of the finite droplet volume as discussed
previously.***¢ For this case, the simple Langmuir isotherm
(eqn (13)), which explicitly assumes that adsorption does not
alter the bulk concentration of the adsorbate, is no longer valid.
Allowing the concentration of free Gd™ to decrease as it adsorbs
to the surface of the diamond requires a modified equation for
6.

The rate law based upon the Langmuir equation is,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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d [Gdya, ™ .
%]y (1607, - [0 (sie] - [Gda™])
- k—l [Gdads+3]

(26)
k
where Koq = k—l and k; and k_, are the rate constants governing
-1
adsorption and desorption, respectively. [site] is the total
concentration of surface sites, so [site] — [Gdags™] is the
concentration of free sites. Likewise, [Gd™ ], is the total
concentration of Gd™, so [Gd™®], — [Gd.qs "] is the concentra-
d[ Gdags )

is set to zero to
dt

tion of Gd** in solution only. Finally,
[Gdads+3]

———— which
[site]

compute the steady state [Gd,qs"]. Solving for

is equivalent to ¢ yields,
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a droplet (3.9 + 0.2). This is not entirely unexpected, since
droplet pH can vary from bulk pH, is difficult to measure, and in
some cases gradients are reported to exist."*

Relative to the 70 and 750 nm data sets, the model over-
estimates the ODMR response for the 100 nm diamonds. This
may be a result of the larger uncertainty and/or broader size
distribution in this size range. This reflects a current limitation
of our model, which assumes a single ND size rather than
a distribution. Future model improvements will include more
realistic representations of the ND size distribution. The
normalized photophysical model is shown in Fig. 6A (inset) for
both the bulk and droplet samples. Using a single value of K,
the model correctly predicts the rightward shift in the droplet
calibration curves by taking Gd** depletion into account. The
model in both cases correctly predicts the absolute magnitude
of the ODMR response vs. size and pH shown in Fig. 6B and 3B,

) 14K ([Gd”) + fite) - VG K — 2[Gd " Keg (Keglsite] — 1) + (1 + Keglsite])’ o)

2K, [site]

The magnitude of K.q should not differ between the droplet
and bulk environments since the energetics of adsorption to the
nanodiamond surface should be identical. Thus, K.q extracted
from the bulk data (1 & 0.5) x 10> M ") is used to model the
microdroplet data in Fig. 6.

As shown in Fig. 6A, the absolute value of the ODMR
response also depends upon ND size. This is further illustrated
in Fig. 6B where the ODMR response at [Gd™] ~1 mM is
a function of nominal ND diameter. The ODMR response at
70 nm is 72% and dramatically decreases to 6% for 750 nm ND.
The overall trend follows a 1/r dependence, suggesting surface-
to-volume scaling. This scaling behavior can be understood
conceptually if one assumes that the NV~ centers are evenly
distributed through the nanodiamond volume; a reasonable
assumption given current fabrication methods.> NV~ centers
located nearer to the diamond surface exhibit greater sensitivity
to Gd** compared to those near the core due to the R~° scaling
of the interaction strength.”” Consequently, 70 nm diamonds,
which have a larger fraction of their overall NV~ centers closer
to the surface relative to a 140 nm particle, display a larger
observed ODMR response. However, NV~ centers near the
surface of the diamond to a depth of <10 nm are likely to be in
the NV° charge state and therefore unable to sense Gd™.55- In
our model, we assume that all NV~ centers in a shell that is
6 nm deep on the surface of the diamond are in this state and
insensitive to Gd*® as shown in Fig. 2.%

The expression for 6 in eqn (27), which explicitly accounts for
the solution phase depletion of Gd** is used to compute o (eqn
(13)) in the full photophysical model. The model replicates the
ODMR response vs. [Gd™®] and nominal ND diameter observed
in microdroplets using a pH of 3.3, which is slightly smaller
than the measured solution pH prior to dispensing it to form

© 2025 The Author(s). Published by the Royal Society of Chemistry

respectively. It should be pointed out that whereas various
assumptions about ND shape (sphere vs. ellipsoid) all produce
1/r scaling, it is only the ellipsoid/equivalent sphere model that
replicates the actual ODMR response observed in the experi-
ment as illustrated in Fig. 6B and 4B. The ODMR response
assuming the hydrodynamic diameter of the ND is smaller than
the observations by factor of 2-3 as shown in Fig. 6B.

The results presented above show that the presence of ND
itself can perturb analyte sensing in solutions. This is common
in microcompartments due to finite size effects, but can also
occur in beaker scale samples when the analyte concentration is
very low and nanoparticle concentration is high, as illustrated
by Eisenthal and coworkers.*® To account for these bulk deple-
tion effects a modified Langmuir equation is developed that
successfully accounts for the influence of compartment size.
Finally, not surprisingly, smaller ND exhibit a much larger
sensitivity to Gd™* due to the enhanced proximity of the NV~ to
the surface. There is a trade-off, however, when probing
chemistry in microcompartments, where although the sensi-
tivity of small ND might be larger their overall signal levels are
smaller requiring a higher concentration that may in turn lead
to bulk phase depletion of the analyte.

4. Conclusions

We measured the ODMR response in microdroplets and bulk
solutions containing GdCl;. The ODMR response curve is found
to have the characteristic shape of a Langmuir adsorption
isotherm, which indicates that the Gd™® must adsorb to the
surface of the nanodiamond prior to efficient detection. We
investigated pH, ligands, salts, and compartment size to
understand how each of these solution phase factors impact
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Gd™ binding and therefore quantitative measurements of
paramagnetic species using ND.

Bulk measurements show that the Gd** sensing has a strong
dependence on pH due to the change in protonation state of the
carboxyl groups on the diamond surface. At low pH, when many
of the surface sites are protonated, there is a decrease in Gd™
sensitivity. In the presence of zinc chloride there is no loss in
sensitivity suggesting that Zn*> does not strongly compete with
Gd** for surface sites at millimolar concentrations. Alterna-
tively, adding Zn-acetate to a Gd*™ solution decreases ODMR
response indicating that Gd™-acetate complexes do not effi-
ciently bind to the nanodiamond surface. Langmuir models are
developed to quantitatively account for how these environ-
mental factors (i.e., pH, [Gd"™] depletion and complexation)
impact ODMR response as demonstrated in Fig. 3-6.

The ODMR response to Gd** depends upon nanodiamond
shape and size as illustrated in Figs. 3B, 4 and 6. Assuming that
ND are spheres using the hydrodynamic diameter under
predicts the observed ODMR response to Gd'®. Instead,
approximating ND shape as ellipsoid or its equivalent sphere
captures the 1/r scaling of the ODMR response with ND size
quantitatively. The photophysical model reveals that this size
dependence arises from the higher sensitivity of surface NV~
centers to surface bound Gd*>.

Gd* concentrations as low as 10 nM are measured in bulk
solutions. Larger [Gd™®] (0.34 uM to 1.5 mM) are detected in
droplets. This reduced sensitivity in microdroplets is due to the
solution phase depletion, which reduces the limit of detection
relative to macroscale solutions. This limitation could poten-
tially be addressed by improving the signal-to-noise ratio, for
example through enhancements to the experimental setup or by
increasing the NV center density in the nanodiamonds.®” These
improvements would reduce the number of NDs required to
probe in-droplet chemistry. This example shows how Gd™
sensitivity is controlled most strongly by the location of the
inflection point in the Langmuir adsorption isotherm. Outside
of this small concentration range, the ODMR response is not
sensitive to changing [Gd™].

The photophysical model developed here is generally appli-
cable to sensing of paramagnetic species that bind to the ND
surface. However, any change in surface functionalization or
target ion would necessitate new measurements of relevant
equilibrium constants governing surface adsorption. The
general inhomogeneity in nanodiamond surface functionaliza-
tion, depending strongly on the synthesis method and often
consisting of a variety of oxygen-containing groups,*® may
require a new measurement of K., for each ND sample. Func-
tionalizing the surface with groups that more efficiently bind
Gd™ could significantly increase K.q and decrease the detection
limit. Extending this sensing approach to more complex
matrices would also necessitate characterization of how each
competing species in solution, such as acetate, influence Gd**
binding to the surface, potentially complicating quantitative
determination of Gd** concentration.

In summary, our work expands the foundation of in situ
nanodiamond-based quantum sensing within micro-
compartments. Unlike electrospray mass spectrometry (ESI)
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which is a common method to study reactions in microdroplets,
these sensors can serve as nondestructive probes in single
droplets which provides more accurate control of droplet size,
charge, and concentration.®® Our results indicate that quanti-
tative measurements of paramagnetic species require a thor-
ough understanding of all solution conditions as even small
changes in pH or co-solute concentration can change the ODMR
response significantly.
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