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PEG-based passivation and functionalization of the diamond surface enable practical and specific nitrogen—vacancy center-based
quantum sensing of biomolecules.

Public summary

m We systematically tailor and optimize polyethylene glycol (PEG)-based treatments for diamond surfaces to establish a
standardized method that effectively reduces nonspecific binding (NSB) while producing sufficient specific binding sites
for nitrogen-vacancy (NV)-based biomolecular quantum sensing.

m Our results showed that either a mixture of 5 kDa PEG and biotin-PEG ina = 5 : 1 ratio (PEG to biotin-PEG) or 20 kDa
biotin-PEG alone achieved an optimal balance between NSB suppression and efficient specific binding of biomolecules
and nanoparticles.

m The PEGylation process preserved the magnetic-sensing properties of NV centers, and we validated the method via an
immunomagnetic assay of antibodies in human serum samples.
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Abstract: The reduction of nonspecific binding (NSB, or passivation) and functionalization of the diamond surface are
crucial for nitrogen-vacancy (NV) center-based quantum sensing in biomedical systems, especially for biomolecular detec-
tion. In this work, we systematically investigated polyethylene glycol (PEG)-based treatment technologies for the passiva-
tion and functionalization of diamond surfaces. Specifically, we evaluated the passivation and functionalization effects of
PEG with different chain lengths and then the impact of streptavidin proteins on these treatments. Our results show that
either a mixture of 5 kDa PEG and biotin-PEG in a = 5 © 1 ratio (PEG to biotin-PEG) or 20 kDa biotin-PEG alone co-
ordinated the suppression of NSB and efficient specific binding of biomolecules and nanoparticles. In addition, we con-
firmed that the magnetic-sensing-related properties of NV centers were not affected by the PEGylation process and veri-
fied the applicability of our diamond treatment scheme with an immunomagnetic assay of antibodies in human serum
samples. Overall, our study provides an effective biocompatible treatment strategy and practical protocols for diamond sur-

faces, promoting NV center-based quantum sensing of biomolecules.

Keywords: diamond surface; PEGylation; nonspecific binding; functionalization; quantum sensing
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1 Introduction

The nitrogen-vacancy (N'V) center in diamond is a promising
sensitive quantum sensor for magnetism, temperature, and
electric charge!!. Recent advances have expanded its applica-
tions in biomedical fields™", including the detection of single
molecules™, single cells™", tumor tissues", and physiologic-
al processes!'”. Among them, NV center-based biomolecular
detections are impressive, such as detecting single-molecule
nuclear magnetic resonance (NMR) and electron paramagnet-
ic resonance (EPR) spectroscopy"! and biomolecular interac-
tions"", and highly sensitive assays of biomolecules*"!. In
these detections, which are limited by the detection region of
NV centers, analytes should be prepared on or near the dia-
mond surface. However, nonspecific binding (NSB) at the
surface compromises the detection specificity and sensitiv-
ity —a pervasive challenge for interface-based sensing
technologies'*'“. Therefore, it is critical to develop treatment
techniques for diamond surfaces to minimize NSB and pro-
mote specific binding of biomolecules.

Prior to the advent of NV center-based quantum sensing,
diamond surface treatment for traditional applications relied
mainly on hydrogen termination via high-temperature plasma
processes''”, followed by electrochemical"*" or photochemical!'***!
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functionalization. However, these hydrogenation methods
severely degrade NV center performance by diminishing the
fluorescence intensity or even eliminating detectable emis-
sion™*, concurrently increasing the degree of technical com-
plexity. For diamond quantum sensing, recent advancements
employing ammonia plasma™, atomic layer deposition
(ALD)"™, and optimized photochemical techniques”” have at-
tempted to address the above issues. Unfortunately, these
treatments face critical trade-offs. For instance, for single-
molecule detection, the ALD layer adds to the spatial separa-
tion between NV centers and target molecules while reducing
NV coherence times™. Most importantly, most of the above
efforts prioritize maximizing molecule-binding efficiency, ig-
noring the need to minimize background signals from nonspe-
cific interactions—a barrier that fundamentally limits sensor
specificity in complex environments.

Polyethylene glycol (PEG) is a biocompatible and versatile
polymer widely used in various biomedical fields, such as
molecular studies, functional biomaterials, and drug
delivery™. In single-molecule studies, PEG/biotin-PEG is
usually used to passivate detection interfaces and prepare
single-molecule samples™ ", suggesting that PEG is a poten-
tially suitable material for diamond treatments. In our previ-
ous work, we utilized PEG to treat the diamond surface for
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magnetic detection of biomolecular interactions". However,
a comprehensive investigation of PEG-based modification
techniques for diamond surfaces has not yet been conducted.

In this work, we systematically tailor and optimize PEG
treatments to establish a standardized method that suppresses
NSB while providing appropriate specific binding sites on
diamonds, enabling practical NV-based biomolecular
quantum sensing. Our results show that, on diamonds, gener-
ally, 5-20 kDa PEG (PEG/biotin-PEG) can fulfill the require-
ments of minimizing NSB and specific binding. However,
streptavidin (SA) binding to 5 kDa biotin-PEG severely dis-
rupted NSB suppression, which was mitigated by using 20
kDa biotin-PEG or a 5 kDa PEG mixture with a = 5 : 1 ratio
of PEG to biotin-PEG. Finally, the basic properties of NV
sensors are not affected by PEGylation, and we specifically
examined SARS-CoV-2-induced antibodies in the serum of a
convalescent patient with COVID-19.

2 Materials and methods

2.1 Diamond sensors

The diamonds with or without NV centers used in this work
were prepared and described in our previous work'". In brief,
the bulk diamonds grown via chemical vapor deposition
(CVD) were purchased from Element Six. These electronic-
grade [100] diamonds were 2 mm x 2 mm X 0.5 mm in size.
In NV-property measurements and single-particle magnetic
imaging, NV-containing diamonds have an NV ensemble
layer with an NV density of ~1.7 x 10" cm™ and a depth of
~20 nm.

2.2 PEG treatments of diamond surfaces

First, the diamonds were soaked in freshly prepared piranha
solution (H,SO, : H,O, =3 1 v/v) at 180 °C for 2 h. After
treatment, they were thoroughly rinsed with deionized water
and methanol. (3-aminopropyl)triethoxysilane (APTES,
Sigma—Aldrich, 440140) was then added to the diamonds,
which were subsequently incubated at room temperature for 1
h. The aminated diamonds were rinsed three times with meth-
anol and five times with deionized water.

For PEG-based passivation and functionalization of dia-
mond surfaces, methyl-terminated NHS (N-hydroxysuccinim-
ide)-ester PEG with a molecular weight (MW) of 550 Da, 1
kDa, 2 kDa, 5 kDa, 10 kDa, or 30 kDa (mPEG; Shanghai
Pengsheng Biological or Laysan Bio. Inc.), biotinylated NHS
(N-hydroxysuccinimide)-ester PEG with a (MW) of 2 kDa, 5
kDa, 10 kDa, or 20 kDa (biotin-PEG; Shanghai Pengsheng
Biological or Laysan Bio. Inc.), and a mixture of mPEG and
biotin-PEG with a given ratio were used. For the treatment ef-
fect of different chain lengths, PEGs were purchased from
Shanghai Pengsheng Bio. For the effect of streptavidin and
biomolecular detection experiments, PEGs were purchased
from Laysan Bio. The PEG solution (~200 mg/mL in 0.1 M
NaHCO;, pH 8.3) was prepared and immediately added to the
diamonds. The reaction systems were placed in a light-
shielded humidified box and incubated for 3 h at room tem-
perature or overnight at 4 °C. To increase the passivation effi-
ciency, the PEG treatment can be repeated. After the reaction,
the PEGylated diamonds were rinsed five times with water.

1002-2

2.3 Preparation of biomolecules and magnetic nano-

particles on diamonds

For streptavidin (SA) impact evaluation and receptor-binding
domain (RBD) antibody detection, SA (0.6 mg/mL,
Sigma—Aldrich, S0677) was preimmobilized on biotin-PEG-
functionalized diamonds by incubating for 30 min. Biot-
inylated RBD proteins (0.1 mg/mL, Sino Biological, 40592-
V08B-B) were then added to SA-modified diamonds and in-
cubated for an additional 30 min. To evaluate nonspecific
binding (NSB) and molecular binding efficiency on PEG-
modified diamonds, 1-2 uL of BSA-TRITC (~1 mg/mL, Xi’an
RuiXi Biotechnology) or Alexa Fluor 488 (AF488)-labeled
SA-MNPs (4 pM) were added onto the diamond surface and
incubated for 1 h. To assess the impact of SA, 1-2 uL of
AF488-labeled 1gG-MNPs was incubated on SA-modified
diamonds for 30 min. For spike-RBD antibody detection,
RBD-modified diamonds were incubated with blood samples,
approved by the Ethics Committee of the First Affiliated Hos-
pital of USTC (2023-KY (H)-006), for 30 min. Then, AF488-
I1gG-MNPs (4 pM) were added and incubated for 15 min. The
MNP conjugation followed our prior protocols''. All the dia-
monds were rinsed with PBS before imaging.

2.4 Fluorescence imaging

To balance experimental efficiency with practical applicabil-
ity, passivation and functionalization effects were assessed
via wide-field fluorescence imaging. The fluorescence ima-
ging was mainly performed in an inverted fluorescence mi-
croscope (Olympus 1X73), which was equipped with an
EMCCD camera (Andor, iXon Ultra 897) and an oil-immersion
objective (Olympus; PLAPON 60x, numerical aperture (NA)
1.42). The exposure times ranged from 0.1 to 0.5 s. Other
imaging was performed in an upright microscope (Olympus
BX53) with an SCMOS camera (Andor, Neo5.5) and a 100%
objective (Olympus MPLFLN 100x, NA 0.9).

2.5 Single-particle immunomagnetic assay of anti-spike
RBD antibodies

Single-particle magnetic imaging was performed in our
custom-built diamond magnetic microscope'’. In brief, we
mapped the magnetic field by acquiring the continuous-wave
(CW) spectrum of NV centers. The microwave frequencies
were swept (1 MHz step, 25 MHz range) across [0) — |-1)
and [0) — |[+1 ) transitions, with fluorescence captured via
sCMOS (0.1 s exposure). A 50-sweep average ensured a high
signal-to-noise ratio (SNR). Spectral fitting and baseline de-
trending were performed via our custom-built program in
MATLAB R2018b.

2.6 Statistical analysis

The fluorescence intensity and MNP count were analyzed in
ImageJ and a custom MATLAB program"”, respectively. The
data presented in the histograms are expressed as the mean
value + standard error of the mean (SEM). Two-sample ¢ tests
and statistical analyses were performed in Origin 2020.

3 Results and discussion

3.1 Basic procedures of PEG-based passivation and
functionalization

The workflow of PEG-based passivation and functionalization
CSTR: 32290.14.JUSTC-2025-0047
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of the diamond surface is shown in Fig. I (see Section 2 for
detailed procedures). First, the bare bulk diamond is soaked in
piranha solution to generate a surface with hydroxyl groups.
Then, (3-aminopropyl)triethoxysilane (APTES) is added to
form an aminated surface. After that, PEG is immobilized on
the surface via the covalent reaction of amino and carboxyl
groups (NHS is used as the activated carboxyl group). This
process, also known as surface passivation, eliminates NSB
on the diamond surface by introducing PEG/biotin-PEG mo-
lecules. In our experiments, methoxy-terminated PEG
(mPEG) was used as the normal PEG, and biotin terminated
PEG (biotin-PEG) was used as the functionalized PEG. By
adjusting the ratio of mPEG to biotin-PEG, we can also con-
trol the density or average spacing of binding sites at the in-
terface. Subsequently, streptavidin (SA) binds to the surface
via the biotin-SA interaction. Finally, biomolecules are cap-
tured on the SA-coated diamond for molecular-level quantum
sensing. The diamond can easily be cleaned and recycled in
piranha solution. As an alternative way for hydroxylation®",
the alkali solution treatment was less efficient at generating
hydroxyl groups and eliminating NSB on the diamond sur-
face (Fig. S1 in Supporting information).

3.2 The chain length of PEG determines the treatment
effect on the diamond surface

The chain length of PEG usually affects the results of both
surface passivation and functionalization®”. As shown in our
previous study, there were also obvious NSBs of various pro-
teins on the bare diamonds!". Here, we evaluated the effect-
iveness of mPEG with different MWs in eliminating NSB on
the diamonds by examining fluorescent bovine serum albu-
min (BSA-TRITC). The chain length and physical size of
PEG are proportional to its MW. To match the polymer
dimension with the surface coverage on the diamonds and re-
ferring to studies on glass substrates™ !, we selected 550 Da
to 30 kDa PEGs for the diamond experiments. As shown in
Fig. 2, NSB was obvious on the surface of the low-MW (550
Da) mPEG-treated diamond. As the PEG weight increased to
2 kDa or greater, the NSB was significantly reduced. Notably,

(a) (b)
NV E:_eﬁter QH
OH iOH
Piranha solution : :
—eee
Diamond
A
1
'
(f) (e)
*; * - Protein x 52
-
Microwave
Laser

surface modification with 10 kDa mPEG presented the low-
est level of NSB. However, with further increases in the MW,
such as 30 kDa, NSB resurgence was observed. Overall,
mPEGs with different chain lengths have distinct passivation
effects on diamonds. Among them, PEG, with MWs ranging
from 2 kDa to 30 kDa, can significantly inhibit NSB (Fig. 2b
and c). As a contrast, on glass substrates, 5 kDa PEG achieves
an optimal balance between moderate chain length (provid-
ing adequate thickness for steric repulsion) and sufficient
packing density (minimizing interchain gaps), thereby enhan-
cing both steric and hydration barriers™. The results for the
diamond surfaces followed a similar MW-dependent trend,
with slightly different optimal MW (10 kDa PEG) for NSB
suppression (Fig. 2). We explain here that our supplier lacks
20 kDa mPEG and 30 kDa biotin-PEG related to the follow-
ing experiments in the next paragraph.

Biotin-PEG serves not only as a tool for eliminating NSB
but also as an anchor for biomolecule binding at the detection
interface. To evaluate the efficiency of molecule or nano-
particle binding, we applied streptavidin (SA)-coated magnet-
ic nanoparticles (MNPs) with the fluorescent label Alexa
Fluor 488 (AF488-SA-MNP) to diamond surfaces treated
with biotin-PEG with various MWs. The single-particle fluor-
escence images indicated that, on the diamonds coated by
biotin-PEG with MWs of 2 kDa, 5 kDa, 10 kDa, or 20 kDa,
there were the fewest MNPs in the 2 kDa group and the most
MNPs in the 5 kDa group (Fig.3). Consequently, 5 kDa
biotin-PEG was determined to be the most suitable for func-
tionalizing diamond surfaces in terms of biomolecule binding
efficiency. Considering the two factors of eliminating NSB
and increasing the molecule binding efficiency, we conclude
that each of 5 kDa, 10 kDa, and 20 kDa PEG (mPEG/
biotin-PEG) is able to achieve a good modification effect on
the diamond surface.

3.3 Impact of streptavidin binding on surface
modification

The biotin-streptavidin (SA) system usually serves as a mo-
lecular bridge at the detection interface®™. For instance, in

NH,
NII-|2 (c) CH,0-§i=CH,0
OH C,H,0=8i=C,H,0 0
: CH.0 :
APTES ’
} mPEG-NHS
> Biotin-PEG-NHS
(d)
X 3 streptavidin >} ? }
- 85

Fig. 1. Workflow of polyethylene glycol (PEG)-based passivation and functionalization of a diamond surface. (a) Bare diamond. A shallowly embedded
NV layer is present in the diamond. (b) Hydroxyl-terminated diamond after piranha solution treatment. (c) Aminated terinated diamond after APTES
treatment. (d) PEGylated diamond. (¢) Diamond with immobilized streptavidin. (f) Biomolecules on diamond for quantum sensing.
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Fig. 2. PEGs with different molecular weights have different efficiencies for eliminating NSB on the diamond surface. (a) Schematic of the NSB examin-
ation. BSA-TRITC was employed to evaluate the extent of NSB. (b) Fluorescence images of BSA-TRITC on diamonds treated with 100% mPEG with
different MWs. The MWs of mPEG are indicated in the figure. The PEGs were used at the same excess concentration of 200 mg/mL in all the experi-
ments in this work. Scale bar, 20 um. (¢) Quantification of the fluorescence intensities in (b). Data are presented as the mean + standard error of the mean
(SEM), n = 10 areas for each group.
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Fig. 3. Binding efficiency of SA-MNPs on diamond surfaces functionalized with biotin-PEG with different MWs. (a) Schematic of the experiment. 100%
Biotin-PEG with different MWs was preimmobilized on the diamond, followed by the binding of SA-MNPs via the biotin-SA interaction. The fluoro-
phore Alexa Fluor 488 (AF488) was conjugated to SA for fluorescence examination. (b) Single-particle fluorescence images of AF488-SA-MNPs on dia-

monds. The MWs of biotin-PEG are indicated in the figure. Scale bar, 10 pm. (¢) Quantification of MNP densities in (b). Data are presented as the mean +
SEM, n = 3 areas for each group.
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diamond quantum sensing of biomolecules, SA connected to
biotin-PEG on the sensor serves as a specific binding site of
molecules!''*. However, we found that the SA at the end of
biotin-PEG affects the elimination of NSB on the diamond
surface (Fig. 4). In the examinations, we compared the NSB
with SA or without SA in the systems. Antibodies are usually
introduced as molecular tools in biomolecular studies and
biomolecular assays in clinical diagnosis. Here, we selected
the immunoglobulin G (IgG)-coated MNP with AF488
(AF488-1gG-MNP) as a typical biomolecule or nanoparticle
to determine the NSB on the diamond surface (Fig. 4). Unex-
pectedly, as the best overall performance group in the previ-
ous section, the passivation of 5 kDa biotin-PEG was severely
disrupted by SA. These results suggest that the polymer archi-
tecture of 5 kDa biotin-PEG was altered by the bound SA,
thereby reducing the passivation effect. However, 20 kDa
biotin-PEG steadily eliminated NSB, regardless of the pres-
ence of SA. We explain that the 20 kDa biotin-PEG chain is
longer, the SA at the end of the chain has less impact, and the
PEG polymer still exerts a significant effect on eliminating
NSB.

In addition to the use of longer biotin-PEGs to eliminate
the impact of SA binding, another straightforward strategy is
to dilute the binding sites of SA by mixing biotin-PEG with
nonbiotinylated mPEG. Similarly, in single-molecule studies,
PEG/biotin-PEG doping is commonly used to prepare single-
molecule samples. Next, we evaluated NSB when different
ratios of 5 kDa mPEG to biotin-PEG were used (Fig. 5a). We
found that the particle density decreased as the proportion of

mPEG increased (Fig. 5b, c¢). NSB was significantly
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inhibited when the mPEG-to-biotin-PEG ratio was equal to or
greater than 5! 1. When the mPEG-to-biotin-PEG ratio
reached 20 : 1, the MNP density was comparable to that ob-
served in the control group (biotin-PEG-treated diamond
without SA).

In summary, the presence of SA interferes with NSB elim-
ination of biotin-PEG on diamond surfaces, reflecting the im-
pact of binding biomolecules at the end of PEG. Nevertheless,
this problem can be largely mitigated by using 20 kDa or lar-
ger biotin-PEG or a 5 kDa PEG mixture (mPEG : biotin-PEG
>5:1).

3.4 Biomolecular assay with passivated and functional-
ized diamonds

Implementing NV center-based highly specific and sensitive
quantum sensing of biomolecules is the primary aim of pas-
sivating and functionalizing diamond surfaces. As a demon-
stration, we carried out single-particle immunomagnetic as-
says (SPIMAs) based on single-particle magnetic imaging
(SiPMID)'"" for antibodies against the receptor-binding domain
(RBD) of SARS-CoV-2 spike proteins to assess the efficacy
of PEG-based surface modifications (Fig. 6a). Before the
SPIMA experiments, we measured NVs’ comparable
fluorescence intensities and continuous-wave (CW) spectra in
the bare diamond and PEGylated diamond (Fig. S2), exclud-
ing negative effects from PEG treatments on the diamond
magnetic-field sensors. Moreover, the robustness and repeat-
ability of the PEGylation processes were verified by the com-
parable single-particle fluorescence results of purified anti-
RBD-antibody samples on the diamonds in two independent

Biotin-PEG (5k)

Biotin-PEG (20k)

Fig. 4. The NSB of antibody-MNPs on biotin-PEG-functionalized diamonds bound by SA. (a) As shown in the schematic, the antibody-coated MNP was
employed to evaluate the extent of NSB on the biotin-PEG-functionalized diamond with SA. The group without SA served as the control. (b) Fluores-
cence images of AF488-antibody-MNPs on biotin-PEG-functionalized diamonds with SA [streptavidin (+)] or without SA [streptavidin (-)]. The MWs of
biotin-PEG were 5 kDa and 20 kDa, respectively. Scale bar, 20 um. (¢) Quantification of MNP densities in (b). Data are presented as the mean + SEM, n =

5 areas for each group. ***P < 0.001, ¢ test.
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Fig. 5. NSB of antibody-MNPs on diamond treated with a 5 kDa mPEG/biotin-PEG mixture. (a) The schematic shows a diamond surface PEGylated by
an mPEG/biotin-PEG mixture, followed by SA binding. (b) Fluorescence images of AF488-antibody-MNPs on diamonds treated by PEG mixtures with
different mPEG-to-biotin-PEG ratios. Scale bar, 20 um. (c) Quantification of MNP densities in (b). Data are presented as the mean = SEM, n
for each group. *P < 0.05, ***P < 0.001, ns: not significant (P > 0.05), # test.
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Fig. 6. Single-particle immunomagnetic assays (SPIMAs) of splke RBD antibodies. (a) The diamond surface treated by 20 kDa biotin-PEG is preimmob-
ilized with biotin-RBD proteins. The target molecule, the anti-RBD antibody, is captured via the specific antigen—antibody interaction. Secondary
antibody-conjugated MNPs are introduced to identify anti-RBD antibodies. Single MNPs are detected by SiPMI. (b) Single-particle magnetic images of
the IgG-positive serum group and the negative control group. The human serum samples were examined without dilution. More details of the serum
samples can be found in the Materials and methods section. The magnetic images were denoised via the wavelet threshold denoising method. Scale bar,
10 um. (c) Quantification of MNP densities in (b). Data are represented as the mean = SEM, n = 5 areas for each group.

experiments (Fig. S3). For human serum samples, the SiPMI
results showed that SPIMA specifically detected the RBD
antibodies (Fig. 6), confirming the specificity of our PEG-
based functionalization scheme in real clinical samples. Col-
lectively, these results confirm that PEG-based surface
modification is highly specific and compatible with diamond
quantum sensing of biomolecules.

4 Conclusions

In this work, we systematically explored PEG treatment con-
ditions on NV-hosted diamond for biomolecular quantum
sensing. PEGylation and functionalization were achieved in
less than 24 h through routine mild chemical reactions. The

1002-6

optimal PEG treatments, which involve the use of a 5 kDa
PEG mixture with an mPEG-to-biotin-PEG ratio greater than
5 ¢ 1 or pure 20 kDa biotin-PEG, significantly reduce nonspe-
cific binding on the diamonds and allow specific streptavidin-
mediated immobilization of the target molecules without de-
grading the NV sensors. On the diamonds, we can control the
distance between biomolecules and even prepare single mo-
lecules by adjusting the mPEG-to-biotin-PEG ratio, and con-
trol the molecule-NV longitudinal distance by changing the
PEG chain length. The PEG polymer can also be extended
as a nanoscale force transducer, integrating mechanical
readouts with quantum measurements®”. In conclusion, this
PEG-based method provides a versatile and biocompatible
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platform for efficient and specific quantum sensing of bio-
molecules, and will provide new opportunities for biomolecu-
lar studies and ultrasensitive assays of biomolecules in clinic-
al diagnosis.

In future studies, refined silanization treatments™ and
plasma treatments™, and hydrogel coats” on diamonds can
be introduced to improve the functionalization efficiency and
scalability. In  addition, FRET-driven site-directed
modification”” could support spatially accurate molecular at-
tachment on diamonds for nanoscale sensing.

Supporting information

The supporting inforamtion for this article can be found on-
line at https://doi.org/10.52396/JUSTC-2025-0047. The sup-
porting information includes three figures.
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