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Quantum-enhanced diamond molecular tension
microscopy for quantifying cellular forces

Feng Xu'2, Shuxiang Zhang1’21', Linjie Ma?, Yong Hou?, Jie Li3, Andrej Denisenko?, Zifu Li°,
Joachim Spatzﬁ'7, Jorg Wrachtrup4'8, Hai Lei®, Yi Cao®, Qiang Wei'*, Zhiqin Chu?10"=

The constant interplay and information exchange between cells and the microenvironment are essential to their
survival and ability to execute biological functions. To date, a few leading technologies such as traction force
microscopy, optical/magnetic tweezers, and molecular tension-based fluorescence microscopy are broadly used
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in measuring cellular forces. However, the considerable limitations, regarding the sensitivity and ambiguities in
data interpretation, are hindering our thorough understanding of mechanobiology. Here, we propose an innovative
approach, namely, quantum-enhanced diamond molecular tension microscopy (QDMTM), to precisely quantify
the integrin-based cell adhesive forces. Specifically, we construct a force-sensing platform by conjugating the
magnetic nanotags labeled, force-responsive polymer to the surface of a diamond membrane containing nitrogen-
vacancy centers. Notably, the cellular forces will be converted into detectable magnetic variations in QDMTM. After
careful validation, we achieved the quantitative cellular force mapping by correlating measurement with the
established theoretical model. We anticipate our method can be routinely used in studies like cell-cell or cell-

material interactions and mechanotransduction.

INTRODUCTION

Biochemical factors in the environment are known to affect living
organisms and have been investigated for quite a long time (1, 2).
Recent evidence has also shown that physical cues such as mechanical
forces can constantly be generated inside biological systems and get
transmitted to their surroundings (3-5). The involved mechanical
information not only results in deformation and motion but also
stimulates physiological functions of lives (6-8). Normally, the forces
associated with a single cell can range from piconewtons to several
nanonewtons, corresponding to molecular and cellular levels, respec-
tively (9, 10). In this regard, inventing a reliable tool to quantify the
mechanical interactions between the cell and substrate, especially at
the single cellular level, is crucial for our basic understanding of
many important biological processes such as morphogenesis, tissue
repair, and tumor metastasis (5, 11).

Various methods have been successfully developed for measuring
cellular adhesive forces in the past few decades. In general, these
approaches can be divided into three categories: (i) The first type
relies on monitoring the deformation of the substrate to estimate the
force, with prime examples being the so-called cellular traction force
microscopy (TFM) and micropillar-based force measuring apparatus
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(12); (ii) the second category is the single-cell force spectroscopy by
using an instrument like atomic force microscopy (AFM) or magnetic/
optical tweezer systems (13); and (iii) the third kind is the molecular
tension-based fluorescence microscopy (MTFM) or similar tension
gauge tether (TGT) systems with the help of force-sensitive fluoro-
phores (14, 15). Although these techniques have been well established
as standard tools in mechanobiology study, several issues have also
been raised during their implementation in actual cellular measure-
ments. For example, the intrinsic experimental caveats of conventional
TFM are known to be computationally intensive and, furthermore,
such a method can mainly sense the shear tractions at the nanonewton
level (16, 17). In addition, the MTFM and TGT suffer from photo-
bleaching of fluorophores with a stochastic nature (18, 19). Therefore,
the development of a technique to accurately measure the cell adhesive
forces, preferred in a fluorescent label-free manner, is vital to the
development of mechanobiology.

The nitrogen-vacancy (N'V) centers, a kind of photoluminescent
defect in diamond, display a number of attractive features, including
unlimited photostability, unique spin properties with optical readout,
chemical inertness, flexible modalities, and excellent biocompatibility
(20-22). Specifically, the electronic spin-dependent photoluminescence
associated with a negatively charged NV center (NV™) can facilitate
optical readout of various physical quantities [e.g., magnetic fields
(23), electric fields (24), and temperature (25)] at ambient conditions
via conventional fluorescence microscopy, namely, quantum sensing.
The NV-based nanoscale quantum sensors, hosted in biocompatible
and robust diamond materials, show great promise for applications
ranging from fundamental to applied sciences (26-28). In particular,
a set of promising biosensors have been developed in recent years,
including intracellular thermometers (29-33), intracellular orientation
tracking agents (34, 35), intracellular free radicals detectors (36-40),
monitoring of physiological species (41-43), detection of neuronal
action potential (44, 45), and magnetic imaging of biomolecules
(46-54). Despite all these exciting progresses, to the best of our
knowledge, the direct sensing of weak mechanical signals in living
systems has never been achieved yet.
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Here, by combining next-generation quantum measurement
platforms, with innovative biointerface engineering technologies,
we have developed an effective method, termed quantum-enhanced
diamond molecular tension microscopy (QDMTM) for the accurate
measurement of cellular adhesion forces (Fig. 1). By coupling
mechanical signals to the fluorescence of NV centers, the minute
cellular forces induced changes of the polymer will be properly
quantified through well-established quantum sensing protocols. We
experimentally verified the QDMTM in a series of carefully designed
control experiments and further showcased the semiquantitative/
quantitative mapping of cellular forces at the single cellular level.
Our experimental results agreed well with theoretical calculations,
suggesting that the proposed platform could be, in principle, upgraded
into a standardized toolkit.

RESULTS

Construction of a robust quantum diamond

biosensing platform

The key of our sensing platform, namely, the QDMTM, was to cor-
relate (as shown in Fig. 1) NV spin relaxometry with force-induced
polymer stretching, which was documented using the well-known
worm-like chain (WLC) model (55). In the case where the magnetic
labels (Gd** ions) were attached to the diamond surface through a
spring-like polymer, the relationship between the relaxation rate I';
and NV-Gd** distance h has been known to obey the following re-
lationship (56)

I «h™ (1)

We adopted our previously developed single-crystalline ultrathin
diamond membrane (~30 pm) with shallow implanted NV centers
to work as a widefield quantum sensing substrate. To enable the NV-
based measurement of the integrin-based cell adhesive force, such
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mechanical signals can be converted to magnetic ones using a trans-
ducer, i.e., the tailor-made force-responsive polymer (Fig. 2A and figs. S1
and S2). Specifically, it contained an integrin ligand Cyclo(RGDfK)
(RGD, arginine-glycine-aspartic acid) and a paramagnetic molecule
Gd’* on one side, the main molecular chain polyethylene glycol (PEG)
serving as the spring element in the middle, and a silane anchor on
the other end for immobilization (fig. $3). The PEG chain serving an
entropic spring was capable of sensing forces on the order of a few
tens of piconewtons (19) and provided a bioinert background to
avoid nonspecific interactions with cells (57). The deformation of
the PEG chain altered the distance between the Gd** ions and the
NV centers, leading to the change of NV spin relaxation time T (1/T";)
which can be quantitatively measured (43).

Anchoring these force-responsive polymers within the effective
sensing range of NV centers [~25 nm above the diamond surface (58)],
meanwhile, minimizing the thickness of any functionalization layer
while retaining excellent surface morphology and coverage is crucial
for the T) test. To enable the conjugation of the designed polymers
to the chemically inert surface of the diamond, we first managed to
deposit a stable layer of hybrid silica, and such an interface with high
reactivity without further activation was sufficient to enhance intra-
layer interactions (59), and stabilize the PEG coating. Benefitting from
this silica layer, the polymer could be easily immobilized onto the
diamond surface to construct the desired force-sensing platform in
mild conditions to avoid detrimental influence on the spin property
of NV centers (fig. S4).

The x-ray photoelectron spectroscopy (XPS) results confirmed
the successful conjugation of the force-responsive polymers onto
the diamond surface (fig. S5 and table S1). The length of the immo-
bilized PEG polymer was ca. 6 nm in ambient conditions as detected
by ellipsometry on the silica surface, while the thickness of a hybrid
silica layer was about 2.9 nm (fig. S6). The functional diamond
surfaces were analyzed by AFM to confirm the homogeneity of the
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Fig. 1. Schematic diagram illustrating the design of QDMTM. Left: The working principle of the widefield quantum diamond microscope. The inset shows how the
exerted cellular forces can be quantified by measuring NV centers. Right: The exact force sensing mechanism. MW antenna, microwave antenna; OBJ, objective; DM, dichroic

mirror.
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Fig. 2. Diamond-based quantum sensing platform. (A) Schematic illustration of overall chemical functionalization architecture. (B) AFM characterization of the pristine
diamond, silica-coated, and PEGylated surfaces of the diamond sensor. (C) Cell spreading area [n = 40, three technical replicates, P values were obtained by one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test, mean with SD] and (D) representative enlarged images of NIH 3T3 stained with the cytoskeleton (phalloidin,
red) and nuclei [4',6-diamidino-2-phenylindole (DAPI), blue] after culturing for 16 hours. Scale bar, 100 pm. (E) Attachment density of cells on diamond surfaces with dif-
ferent functionalization architectures after incubation for 1, 2, 3, and 7 days (means with SD). TCPS, tissue culture polystyrene.
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deposited hybrid silica layer (Rq = 332.1 p.m.) and the polymer coating
(Rq = 739.6 p.m.), and the typical aggregates of polymer brushes
(60) could also be observed (Fig. 2B and fig. S7). These results further
confirmed the successful conjugation of customized force-responsive
polymers on diamond surfaces. In addition, the immobilized amount
of the 2,2',2"-(10-(4-((2-(3-((3-((4-(14-benzyl-11-(carboxymethyl)-5
-(3-guanidinopropyl)-3,6,9,12,15-pentaoxo-1,4,7,10,13-pentaazacycl
opentadecan-2-yl)butyl)amino)-2-(((((1R,8S,9s)-bicyclo[6.1.0]non-
4-yn-9-yl)methoxy)carbonyl)amino)-3-oxopropyl)thio)-2,5-
dioxopyrrolidin-1-yl)ethyl)amino)-1-carboxy-4-oxobutyl)
-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (BCN-
RGD-DOTA (BRD)) reached 236 ng/cm® as detected by quartz crystal
microbalance (QCM) with dissipation (fig. S8A). This density was
sufficient to support cell adhesion and focal adhesion formation (61).
The stability of the immobilized polymer on the diamond surface
was directly examined in cellular environments. The introduced
polymers well supported the adhesion of NIH 3T3 fibroblasts during
the whole cell culture period (Fig. 2, C and D, and fig. S9) while
preventing the nonspecific adsorption of bovine serum albumin
(fig. S8B). Meanwhile, no cells could adhere to the polymer coatings
without RGD ligands for at least 7 days (Fig. 2E and fig. S10). These
results demonstrated that the polymer coating only interacted with
cells through integrin-RGD adhesion and could keep stable for at
least several days in cell incubation conditions. This was actually
consistent with our reference test with the same polymer brushes on
a silicon wafer, i.e., the thickness of the PEG-coated layers (containing

hybrid silica layer) kept constant after 5 days of immersing in
phosphate-buffered saline (PBS) buffer (fig. S6).

Validation of quantum-enhanced force sensing
To demonstrate the sensing capability of our customized widefield
quantum diamond microscope (detailed in Materials and Methods),
we first investigated the influence of ferritin [a kind of paramagnetic
species (62) as shown in Fig. 3A] solution on the NV spin relaxation
in constructed PEGylated sample (without RGD ligands and magnetic
labels). As shown in Fig. 3 (B and C), the AFM image clearly indicated
that there has been a dense packaged layer of ferritin formed on top
of the diamond surface [after immersing in aqueous ferritin solution
(1 mg/ml) for 2 hours without rinsing]. In the corresponding T map-
ping images and histogram (Fig. 3, D, left and middle, and E), we found
that the ferritin-deposited diamond surface showed a notably shorter
T, value (approximately tens of microseconds), i.e., almost one order
of magnitude lower than that in PBS cases (approximately hundreds
of microseconds). These findings indicated that the presence of ferritin
molecules (or gadolinium ions as shown in fig. S11) affects the NV
spin relaxation as revealed by T values (62). We have actually found
that the T value could be recovered after gently washing with PBS
(Fig. 3, D, right, and E), indicating that the coated PEG chains success-
fully prevented the nonspecific adsorption of proteins.

To validate the designed QDMTM, we first managed to alter the
conformation (collapse-extended) of force-responsive polymers in
model conditions, which mimics the polymer chain stretched by

A B C
‘ 11.5 nm T
? 3
- E 2
£ £
N 14
-2.5nm 1
-14
00 20 40 60 80 100
(nm) X (nm)
D E
r—— - - - — — — — /" - 14 Immersed in PBS
1200 =
| . . . | <=o5
Immersed in Immersed in Washed with g
PBS ferritin PBS 1000 = 0
Qo 4 . .
| 800 | % 1 Immersed in ferrtin
] 600 2 .f; 05
=8 o
| 400 | % 11 = washed with PBS
£
S 0.51
I 2002 , :
0 S -
L_________O_J 0 200 400 600 800
T1 (Ms)

Fig. 3. Sensing of magnetically labeled proteins using QDMTM. (A) Top: Schematic illustration of ferritin, the black arrows depict the paramagnetic Fe** ions. Bottom:

Schematic diagram of ferritin adsorption on PEGylated surface of diamond membrane.

(B) AFM image of ferritin adsorbed on PEGylated surface and (C) the corresponding

height profiles of ferritin adsorbed on PEGylated surface [positions marked in (B)]. (D) T; mapping image of PEGylated diamond membrane immersed in PBS (left), ferritin
(1.0 mg/ml; middle), and washed with PBS afterward (right). (E) Corresponding histogram of T; mapping in (D). a.u., arbitrary units.
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cellular forces. Specifically, it is well known that the hydration (e.g.,
sample immersed in water) could extend the PEG chains, while
dehydration (e.g., sample exposed to air) would collapse the PEG
chains (63). Therefore, the distance between the Gd** magnetic labels
and the NV centers can be modulated by placing the constructed
diamond force sensor sample in different environments like water
and air. The influence of solvents on the force sensor was confirmed
by AFM, which exhibited a relatively homogenous microstructure
with a surface roughness of 1198.0 pm for the decorated surfaces
(water) (fig. S7). Figure 4 (A and B) shows typical topographies of
the polymer-modified diamond surface in air and water, disclosing
the morphologies at the collapsed and extended states, respectively
(the relative height increases by ~5.27 nm). The corresponding line
profiles (positions marked in Fig. 4, A and B) were plotted in Fig. 4C,
demonstrating a general tendency for molecular chain stretching
caused by solvent effects. In addition, one end of PEG molecules is
linked with Gd** ion complexes and another end is attached to the
diamond surface through a very thin “active” layer of hybrid silica.
Therefore, extending or collapsing the polymer shell layer changes
the NV-Gd®** distance and thus affects the measurement of NV spin
relaxation time (T7) (43). From the measured T; mapping of the
force sensor diamond samples (Fig. 4, D and E), there have been
much smaller T} values in air (collapsed status: shortened NV-Gd**
distance), compared with that measured in ultrapure water (extended
status: prolonged NV-Gd** distance). The same trend was found to
maintain the same even after another cycle (fig. S12, A and B). Thus,
the measured T} values were highly correlated with NV-Gd** distance
changes modulated by the PEG entropic spring, demonstrating the
feasibility of our proposed QDMTM.

A A|r (coIIapse state)

B  Water (extended state) Cc

Semiquantitative mapping of cell adhesive

forces I'yx(B?)xh™3

By seeding the maturely adhered NIH 3T3 cells on a diamond sur-
face modified with force-responsive polymers, we started to demon-
strate the detection of cellular adhesion forces using QDMTM. Cell
adhesive force is transmitted to the environment through integrin-
ligand interactions (64), and the force-responsive polymers were used
to convert the mechanical input to the magnetic output. As illustrated
in Fig. 1, the RGD end of the polymer was assumed to be recognized
by integrins and dragged by the cellular traction force. The PEG en-
tropic spring was stretched, and the Gd** magnetic labels, located
just next to the RGD ligands, were moved away from the diamond
surface. This distance change could be quantitatively detected via
the NV spin relaxometry, i.e., the larger force-induced conformation
changes (of polymer) the longer the T value is (of NV centers).

On the basis of the experimental results above and the theoretical
analysis, we verified whether the variation in the distribution of T;
was correlated with cellular regions. The adhered cells were detached
by the treatment with 1% SDS, and the T; value of the cell adhered
region was recovered to the original level after cell removal (Fig. 5,
A and B). This result confirmed that T distribution was influenced
by the adherent cells.

Meanwhile, as shown in Fig. 6, A to C (i.e., a few typical examples),
the relative T; changes (with respect to that measured in water as
shown in Fig. 4) were larger in the peripheral area of the cells and
sharped near the cell edges, where the pseudopodia and focal ad-
hesions were enriched (fig. S13). This was consistent with the fact
that the actomyosin stress fiber, the generator of cell traction force
(65), mainly connected the two sides of the spread cells, thus the
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Fig. 4. Validation of the designed QDMTM using the polymer conformational changes caused by solvent effects. AFM images of the constructed diamond force
sensor in (A) air and (B) water, respectively. (C) Line profile of images shown in (A) and (B). (D) Ty mapping of the constructed diamond sensor in different states. (E) Corresponding

histogram of T; mapping in (D).
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traction force concentrated at the cell edges, especially the edges of
the polarized sides (66). For well-spread cells, the T; values in the
polarized region of the cell (Fig. 6A, marked i) are greater than the
region of the bridged edges of the cell (Fig. 6A, marked ii) and T;
values in region ii are similar to those in region iii (Fig. 6D). Mean-
while, the relative T} changes in the region of the well-spread cells
(Fig. 6, A and D) were larger than that of the less-spread cells (Fig. 6,
B and D), indicating the larger adhesive force generated in the well-
spread cells. This result matched the previous conclusion that the cell
adhesive force was positively related to the cell spread area on the rigid
or elastic substrates (67). Compared with single-cell measurements
(Fig. 6, A and B), fewer T} changes were found in measurements
with multiple cells (Fig. 6C, marked iv). This was probably due to the
cell-cell interaction decreasing the integrin-based adhesive forces, as
part of the actomyosin-integrin linkage was disassembled to build
the cell-cell adhesion (68, 69). The adhesive region of the less spread
cells, which were contacted with neighbor cells (cell-cell contact),
showed the lowest T value (Fig. 6D), suggesting the smallest force
of integrin adhesion. These experiments further validated the capa-
bility of QDMTM in measuring cell adhesive forces.

Quantitative mapping of cell adhesive forces

The force exerted on the QDMTM can be further quantified, as the
cell adhesive forces could be revealed by relative T} changes (Fig. 6).
On the basis of the model built above for measuring the cellular force
(Fig. 7A), the distance between Gd** molecules and NV centers plays
a key role in determining T} values, and the quantitative relationship
between them can be derived from Monte Carlo numerical simulation
(more details shown in Materials and Methods). Meanwhile, PEG
extending and collapse under cellular forces is unregulated, but the
vertical distance between Gd and NV has the most substantial effect
on T, so here we consider the change of PEG length in the vertical
direction. By combining the extended WLC model, the relationships
between cellular traction force and T, can be obtained as shown in
Fig. 7B. According to the relationships, we have reconstructed the
cellular force of the cell exerted on the PEG molecules, and the T
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map can be converted into PEG extension map (Fig. 7C) and cellular
force map (Fig. 7D). Note that the effective measurement range of
cellular force is corresponding to the T} values between 391 and 795
ps (Fig. 7B). The T reference value of 410 ps was obtained according
to Fig. 4E. Thus, T below the reference value is considered a force-
responsive polymer being compressed by the cell and conversely
extended. However, only the extension of the polymer fits the WLC
model, and the compression of the polymer can subsequently be in-
vestigated with a suitable model.

PEG length is an essential parameter both in experiments and
simulations. PEG length influences the force-extension curve during
the extended process. They determine the sensitivity and dynamic
range of the sensor. In our experiment, the PEG [Molecular weight:
~1000 g/mol] full contour length is 6.20 to 7.98 nm. It is more sensitive
to the force range from several piconewtons to around 30 pN (more
details shown in Supplementary Materials simulation). On the basis
of the simulation result, extensions of PEG range from 3.5 to 5.5 nm,
and the tension loaded on a single PEG is around 10 pN, which
agrees with the previous study (19, 70). This semiquantitative model
can guide choosing a suitable PEG length to tune the “most sensitive
range” of our sensor, making it competent for sensing different force
ranges, and enlarging the application scenarios of this development kit.

DISCUSSION

In contrast to traditional optical methods using diverse fluorophores
with a stochastic nature (71-73), our strategy is to use robust atomic
defects in diamond, i.e., NV centers. This is achieved by coupling
mechanical signals to the spin states of diamond defects through
our designed force-responsive polymers (Fig. 1). It must be pointed
out that the unprecedented sensitivity and precision of the proposed
QDMTM are inherently guaranteed by the quantum nature of elec-
tronic spins of NV centers. This in conjunction with the fact that
such an approach is totally fluorophores label-free can, in principle,
overcome various difficulties, such as photobleaching, limited sensi-
tivity, and ambiguities in data interpretation. Meanwhile, we believe
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Fig. 5. Validation of the designed QDMTM by living cells. (A) Top: Transmitted light images of the selected regions in a typical NIH 3T3 cell grown on a diamond force
sensor before (left) and after (right) 1% SDS treatment. Bottom: T; mapping of the corresponding regions. (B) Corresponding histogram of T; mapping in the lower panel

of (A). White dashed lines indicate the edge of the selected cell.
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Fig. 6. Demonstrated detection of the traction forces of the adhered cells. Three typical cells, namely, the (A) well-spread cell, (B) less-spread cell, and (C) cell-cell
contacted cells were chosen to demonstrate the measurements: The first two columns show the transmitted light images and corresponding marked images (left, green
represents the cell body, while other colors represent the selected edges of cells); the third column shows the T; mapping and the last column shows the line profile, as-
marked in the second and third column, of T; value across the cell body. (D) T; values change in selected areas of cells [denoted as i, ii, iii, and iv as shown in (A) to
(C), P values were obtained by one-way ANOVA followed by Tukey’s post hoc test, means with SD. The detailed calculation of AT; was described in the experimental section].

that our method could serve as a good complement to the existing
toolbox of TEM cellular forces measurements, as this method is intended
to measure shear forces (being parallel to the substrate).

The presented QDMTM successfully distinguishes the various
mechanical states of the adhered cells, including the well-spread cell
edges, the bridged cell edges, as well as the cell-cell contact region.
The results of cell force in different regions are in line with the pre-
sented knowledge that the integrin adhesive force is concentrated in

Xu et al., Sci. Adv. 10, eadi5300 (2024) 24 January 2024

the cell-polarized area and weakened by cell-cell interaction (66,
68). These applications indicate the effectiveness and precision of
QDMTM for cell force measurement. The current method can be, in
principle, extended to nanoscale diamond particles, facilitating
arbitrary cellular forces sensing as expected.

We have to admit that there is still room for improving QDMTM:
(i) The stability of the optical system could be improved by introducing
a fast autofocusing module (74) as any sample drift might affect the
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Fig. 7. Simulation-assisted extraction of cellular forces from T; mapping. (A) The schematics show the simplified model: A layer of NV centers is randomly distributed
underneath the upper surface of a diamond membrane with a given depth and fixed density; a layer of the Gd** complexes attached to the PEG acts as a randomly fluctuating
spin bath; the aforementioned two layers are separated by spring-like PEG molecules and their force-induced extension is described by worm-like chain model. The red
rectangular area represents the minimum sensing area adopted (600 nm by 600 nm). (B) The simulated relationship between cellular forces and T; value. The extracted
(C) PEG extension map, and (D) cellular traction force map of the cell body in one chosen cell (the same one in Fig. 6B). The inset is the enlarged view of the selected
rectangular area. (E) Force profile along the blue line drawn in (D). The direction of the cellular force exerted on the PEG polymer is normal to the diamond surface.

T; measurements. (ii) It is doable to adopt MW-free (75) and/or
fixed-tau (43) schemes for speeding up the T; measurements. (iii)
The pressure of the cell bodies exerted onto the sensors can be calcu-
lated according to a suitable model, which may be helpful in under-
standing the cell membrane tension.

Overall, this force-sensing tool, namely, the QDMTM, will allow
enhanced sensitivity as well as resolution in time and space in com-
parison to available TFM. Also, quantum tension sensors may be
reused after cleaning which will also enhance the absolute precision
of sensors for comparing different samples. It can fundamentally
change the way how we study important issues like cell-cell or cell-
material interactions and hence bring impact to the field of biophysics
and biomedical engineering. In addition, the data on the cellular
forces transmitted through cell adhesions to be generated by this
study are also expected to be useful in guiding and assisting the
development of future theories on mechanosensing and mechano-
transduction.

MATERIALS AND METHODS

Materials

(3-Isocyanatopropyl)trimethoxysilane (MeO);-Si-NCO), trieth-
ylamine, tetraethyl orthosilicate (TEOS), 1,2-bis(triethoxysilyl)ethane
(BTSE), GdCl3-6H,0, EDTA disodium salt (EDTA-2Na), (1R,8S,9s)-
Bicyclo[6.1.0]non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN-
NHS) were purchased from Sigma-Aldrich (Shanghai, China). 2,2",2"
-(10-(1-Carboxy-4-((2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)
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amino)-4-oxobutyl)-1,4,7,10 tetraazacyclododecane-1,4,7-triyl) triace-
tic acid (maleimide-DOTA-GA) were purchased from Chematech
(France). The peptide NH,-cyclo(-Arg-Gly-Asp-D-Phe-Lys)-SH (Cy-
cloRGDfK) was synthesized by GL Biochem Ltd. (Shanghai, China).
N;-PEG-NH,; (Molecular weight: ~1000 g/mol) was synthesized by
JenKem Technology (Beijing, China). All organic solvents are pur-
chased from Acros (Germany) unless otherwise stated. The single
crystalline diamond plates (2 mm X 2 mm X 0.03 mm, Applied
Diamond Inc., Electronic Grade) were used to force the sensor dia-
mond by implanting ’N* ions into the diamond with 5 keV per
atom. The implanted nitrogen atoms have a mean depth of 5 + 2 nm
and are then annealed in a vacuum tube furnace to 800°C to form
NV centers.

Construction of sensing platform based on

diamond membrane

Detailed information on the synthetic force-responsive polymers
and constructed diamond force sensor are provided in the Supple-
mentary Materials (fig. S4). Briefly, the single crystalline diamond
plates (2 mm X 2 mm X 0.03 mm, Applied Diamond Inc., Electronic
Grade; 3 mm X 3 mm X 0.25 mm, Element Six, Optical Grade) were
chemically activated using freshly prepared piranha solution. A thin
layer of hybrid silica was then covalently modified onto the pristine
oxygen-terminated diamond surface. Subsequently, Silane-PEG-Nj3
was grafted onto the silanization diamond surface, followed with mod-
ification with BRD molecules by the SPAAC reaction. Last, Gd** ions
were loaded, and force-sensing platform can be established. To further
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regenerate the surface and promote recyclability, the force-responsive
polymer modified diamond is easily cleaned by NaOH solutions and
piranha washes. In addition, the synthesis of BCN-RGD-DOTA molecule
required two steps: first, CycloRGDfK reacted with Maleimide-DOTA-
GA by click reaction; second, condensation of BCN-NHS reacted with
the product of RGD-DOTA (fig. S1). Last, it is modified to the surface
by the SPAAC reaction of the azide group on PEG and Gd** ions were
loaded by chelation.

Characterization of constructed sensing platform
Constructing a quantum sensing platform is essential for cellular
forces measurements. Characterizing its elemental composition,
morphology, ligand density, and functional surface thickness can be
achieved using techniques like XPS, AFM, QCM, and ellipsometry,
correspondingly. As it was difficult to evaluate the thin layer coating
on the diamond surface via standard ellipsometry, the polymer im-
mobilization was analyzed on a silicon model deposited with the
silica layer (purchased from Ted Pella, Inc., 5 X 5 mm diced silicon
wafer). Meanwhile, the silica QCM chips were used for the QCM
test. Detailed information on the test parameters has been provided
in the Supplementary Materials.

Widefield quantum diamond microscopy

This widefield quantum diamond microscope mainly includes three
subsystems—the optical system, the MW system, and the control system.
The optical system, based on a customized widefield fluorescence
microscope, provides efficient optical initialization and readout of
NV centers in a large field of view. The 532-nm laser (Changchun New
Industries, MGL-FN-532-1 W) passing through an acousto-optic
modulator (Gooch & Hoosego, 3250-220) is focused on the back-focal
plane of a 100X oil objective with 1.50 NA (Olympus, UAPON100-
XOTIRF). The NV fluorescence is filtered with a long-pass filter (Thor-
labs, FELH0650) and imaged on a 512 X 512 air-cooled EMCCD
(Teledyne Photometrics, Evolve 512 Delta) with an effective pixel size
of 96 nm under the focal length of an imaging lens at 300 mm (Thor-
labs). A 561-nm long-pass dichroic mirror (Semrock, Di03-R561-
t1-25 X 36) is for reflecting the excitation beam into the objective and
collecting the fluorescence longer than 561 nm. In the MW system,
themicrowavegeneratedbyamicrowavesource(ROHDE&SCHWARZ,
SMBV100A) passing through a MW switch (Mini-Circuits, ZASWA-2-
50DRA+) is amplified by a MW amplifier (Mini-Circuits, ZHL-16
W-43-5+) and exerted on the NV centers by a customized Omega-
shaped MW antenna, then transmitted to the terminator. The control
system is made up of a computer and a pulse streamer (Swabian
Instruments, Pulse Streamer 8/2) for the data transfer and synchro-
nizes the entire system.

NV spin relaxometry measurements

After being polarized by a green laser pulse, the electron spin of the
NV centers will relax to a thermal equilibrium state from the polarized
state which is named longitudinal relaxation. The longitudinal relax-
ation rate I'; is principally dominated by spin-lattice interaction and
fluctuating magnetic field generated by the nearby spin impurities,
such as ferritin and Gd** used in the experiments to modulate the
relaxation rate.

In our sensing protocols, the NV center is polarized to |0) state
by a 1—ps laser pulse with the power of 18 kW/cm? first. After 500 ns,
a T pulse of microwave is exerted to flip the NV center from |0)
state to |1) state. Then, after a waiting time 7, another 1—ps laser
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pulse is applied to read out the spin state of the NV center and polarize
the NV center. The above pulse sequences as a unit sequence will be
repeated tens of thousands of times to obtain a bright enough fluo-
rescent signal. Because of the camera’s inability to switch on and off
quickly, the camera remains in an exposure state throughout the tens
of thousands of repetitions of the unit sequence with a specific waiting
time 7. To reduce the influence of the background signal, we repeated
the above unit sequence but turned off the microwave to perform a
control measurement. Therefore, the NV center relaxed from the |0)
state to the |1) state in this measurement. By performing element-wise
division between the image matrices without and with microwave,
the impact of the background signal will be minimized and the T} trace
of the fluorescence intensity could be obtained. Last, through 1;1tting

the T fluorescence trace with the formula of I(t) = a - ef(?) +c,
we can get the T) value.

Seeding cells on the diamond-based sensing platform
According to the cell force measurement, we immobilized force sensor
diamond (2 mm X 2 mm X 0.03 mm, Applied Diamond Inc., Electronic
Grade) onto microwave antennas with an omega structure (280 pm
in diameter) by using polydimethylsiloxane cured at 60°C (Dow Corning
Sylgard 184; monomer: cross-linker = 10: 1). Samples were sterilized
for 1 hour with 70% ethanol. The density of 10*/ml NIH 3T3 cells
was cultured on the above-encapsulated diamond slides for 6 h and
stability of cell adhesion was observed.

Measurements of cell adhesion forces via NV

spin relaxometry

Cells were washed once with cell culture medium and twice with PBS
before fixation with 4% paraformaldehyde at room temperature for
15 min. Force sensor samples with adherent mature cells were then
washed three times with PBS. Thoroughly cleaned diamonds were
immersed in PBS for T; testing at room temperature. For AT; of
Fig. 6D obtained by selecting the region T (Fig. 6, A to C, marked i,

Theoretical model for quantifying the relationship between
cell forces and T; value

A numerical simulation model is built to simulate the longitudinal
relaxation time of the NV center under the magnetic disturbance of
the Gd*>' ions (for more information about the numerical model
please, refer to Supplementary Materials). In this model, the location
of the NV centers is randomly generated with an orientation randomly
selected from four given directions of[111],{111],[111], and[111] by
the Monte Carlo simulation (the bulk diamond is [100] cut). The
density and depth of the NV centers are 1000/um?* and 5 nm (under
the bulk diamond surface), respectively. The density of the Gd>* is
set to 9000/um” in simulation. The location of the Gd** in the XY
plane is also generated randomly by Monte Carlo simulation.

For calculating the T of a single NV center, we only take the
Gd** ions (with the same height) inside a circle with a diameter of
100 nm over the NV centers into consideration because the NV cen-
ters outside the circle have no interactions with the NV centers.
Then, we recover the T} fluorescence curve of the single NV centers
based on the T; value obtained in the simulation. Sum all the T}
fluorescence curves of the NV centers within the red dashed square
of 600 x 600 nm” (Fig. 7A) which corresponds to the effective pixel
size on the sample plane under our setup configuration. Last, the T;
value of the NV centers under the interaction of the Gd** ions could
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be obtained by fitting the summed T fluorescence curve with a formula

P b

of I(t)=A- e_< ?) + ¢. By scanning the height of the Gd** ions from
0.3 to 6 nm in the numerical model, a relationship between the height
of Gd** ions and the T) values could be given, where the height of
Gd’* ions represents the length of the PEG polymers. Last, combining
the WLC model (refer to Supplementary Materials for details) where
the relationship of the force exerted on the PEG and extension of the
PEG could be described, the relationship of the T value and the force
exerted on the PEG could be given.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1t0 518

Table S1

References

REFERENCES AND NOTES

1.

20.

Xu etal., Sci. Adv. 10, eadi5300 (2024)

C. A. DeForest, D. A. Tirrell, A photoreversible protein-patterning approach for guiding
stem cell fate in three-dimensional gels. Nat. Mater. 14, 523-531 (2015).

. P.Hou,Y.Li, X. Zhang, C. Liu, J. Guan, H. Li, T. Zhao, J. Ye, W. Yang, K. Liu, J. Ge, J. Xu,

Q. Zhang, Y. Zhao, H. Deng, Pluripotent stem cells induced from mouse somatic cells by
small-molecule compounds. Science 341, 651-654 (2013).

. Y.Ma, M. Lin, G. Huang, Y. Li, S. Wang, G. Bai, T. J. Lu, F. Xu, 3D spatiotemporal mechanical

microenvironment: A hydrogel-based platform for guiding stem cell fate. Adv. Mater. 30,
e1705911 (2018).

. F.Serwane, A. Mongera, P. Rowghanian, D. A. Kealhofer, A. A. Lucio, Z. M. Hockenbery,

0. Campas, In vivo quantification of spatially varying mechanical properties in
developing tissues. Nat. Mater. 14, 181-186 (2017).

. A.Mongera, P. Rowghanian, H. J. Gustafson, E. Shelton, D. A. Kealhofer, E. K. Carn,

F.Serwane, A. A. Lucio, J. Giammona, O. Campas, A fluid-to-solid jamming transition
underlies vertebrate body axis elongation. Nature 561, 401-405 (2018).

. D.E. Ingber, Mechanosensation through integrins: Cells act locally but think globally.

Proc. Natl. Acad. Sci. U.S.A. 100, 1472-1474 (2003).

. D.E.Discher, P. Janmey, Y. L. Wang, Tissue cells feel and respond to the stiffness of their

substrate. Science 310, 1139-1143 (2005).

. B.D. Hoffman, C. Grashoff, M. A. Schwartz, Dynamic molecular processes mediate cellular

mechanotransduction. Nature 475,316-323 (2011).

. H.Li, C.Zhang, Y. Hu, P. Liu, F. Sun, W. Chen, X. Zhang, J. Ma, W. Wang, L. Wang, P. Wu,

Z. Liu, A reversible shearing DNA probe for visualizing mechanically strong receptors in
living cells. Nat. Cell Biol. 23, 642-651 (2021).

. Y. Liu, K. Galior, V. P-Y. Ma, K. Salaita, Molecular tension probes for imaging forces at the

cell surface. Acc. Chem. Res. 50, 2915-2924 (2017).

. V.F.Fiore, M. Krajnc, F. G. Quiroz, J. Levorse, H. A. Pasolli, S. Y. Shvartsman, E. Fuchs,

Mechanics of a multilayer epithelium instruct tumour architecture and function. Nature
585, 433-439 (2020).

. W.J. Polacheck, C. S. Chen, Measuring cell-generated forces: A guide to the available

tools. Nat. Mater. 13, 415-423 (2016).

. A.Beaussart, S. El-Kirat-Chatel, R. M. A. Sullan, D. Alsteens, P. Herman, S. Derclaye,

Y. F. Dufréne, Quantifying the forces guiding microbial cell adhesion using single-cell
force spectroscopy. Nat. Protoc. 9, 1049-1055 (2014).

. Y.Chang, Z. Liu, Y. Zhang, K. Galior, J. Yang, K. Salaita, A general approach for generating

fluorescent probes to visualize piconewton forces at the cell surface. J. Am. Chem. Soc.
138, 2901-2904 (2016).

. X.Wang, T. Ha, Defining single molecular forces required to activate integrin and notch

signaling. Science 340, 991-994 (2013).

. P.Roca-Cusachs, V. Conte, X. Trepat, Quantifying forces in cell biology. Nat. Cell Biol. 19,

742-751(2017).

. S.J.Han, Y. Oak, A. Groisman, G. Danuser, Traction microscopy to identify force

modulation in subresolution adhesions. Nat. Mater. 12, 653-656 (2015).

. R.Roy, S. Hohng, T. Ha, A practical guide to single-molecule FRET. Nat. Methods 5,

507-516 (2008).

. D.R.Stabley, C. Jurchenko, S. S. Marshall, K. S. Salaita, Visualizing mechanical tension

across membrane receptors with a fluorescent sensor. Nat. Mater. 9, 64-67 (2012).
I. Aharonovich, A. D. Greentree, S. Prawer, Diamond photonics. Nat. Photon. 5, 397-405
(2011).

24 January 2024

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

C. Dory, D. Vercruysse, K. Y. Yang, N. V. Sapra, A. E. Rugar, S. Sun, D. M. Lukin, A.Y. Piggott,
J. L. Zhang, M. Radulaski, K. G. Lagoudakis, L. Su, J. Vu¢kovi¢, Inverse-designed diamond
photonics. Nat. Commun. 10, 3309 (2019).

N. Aslam, H. Zhou, E. K. Urbach, M. J. Turner, R. L. Walsworth, M. D. Lukin, H. Park,
Quantum sensors for biomedical applications. Nat. Rev. Phys. 5, 157-169 (2023).

L. Rondin, J. P. Tetienne, T. Hingant, J. F. Roch, P. Maletinsky, V. Jacques, Magnetometry
with nitrogen-vacancy defects in diamond. Rep. Prog. Phys. 77, 056503 (2014).

R.Li, F. Kong, P. Zhao, Z. Cheng, Z. Qin, M. Wang, Q. Zhang, P. Wang, Y.Wang, F. Shi, J. Du, Nanoscale
electrometry based on a magnetic-field-resistant spin sensor. Phys. Rev. Lett. 124, 247701 (2020).
S.Sotoma, C. P. Epperla, H.-C. Chang, Diamond nanothermometry. ChemNanoMat 4,
15-27 (2018).

D.R.Glenn, D.B. Bucher, J. Lee, M. D. Lukin, H. Park, R. L. Walsworth, High-resolution magnetic
resonance spectroscopy using a solid-state spin sensor. Nature 555, 351-354 (2018).

K.S. Liu, A. Henning, M. W. Heindl, R. D. Allert, J. D. Bartl, I. D. Sharp, R. Rizzato,

D. B. Bucher, Surface NMR using quantum sensors in diamond. Proc. Natl. Acad. Sci. U.S.A.
119,e2111607119 (2022).

F. Shi, Q. Zhang, P. Wang, H. Sun, J. Wang, X. Rong, M. Chen, C. Ju, F. Reinhard, H. Chen,
J.Wrachtrup, J. Wang, J. Du, Protein imaging. Single-protein spin resonance spectroscopy
under ambient conditions. Science 347, 1135-1138 (2015).

S. Sotoma, C. Zhong, J. C. Y. Kah, H. Yamashita, T. Plakhotnik, Y. Harada, M. Suzuki, In situ
measurements of intracellular thermal conductivity using heater-thermometer hybrid
diamond nanosensors. Sci. Adv. 7, eabd7888 (2021).

G. Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H. J. Noh, P. K. Lo, H. Park, M. D. Lukin,
Nanometre-scale thermometry in a living cell. Nature 500, 54-58 (2013).

M. Fujiwara, S. Sun, A. Dohms, Y. Nishimura, K. Suto, Y. Takezawa, K. Oshimi, L. Zhao,

N. Sadzak, Y. Umehara, Y. Teki, N. Komatsu, O. Benson, Y. Shikano, E. Kage-Nakadai, Real-time
nanodiamond thermometry probing in vivo thermogenic responses. Sci. Adv. 6, (2020).

D. A. Simpson, E. Morrisroe, J. M. McCoey, A. H. Lombard, D. C. Mendis, F. Treussart,

L.T. Hall, S. Petrou, L. C. L. Hollenberg, Non-neurotoxic nanodiamond probes for
intraneuronal temperature mapping. ACS Nano 11, 12077-12086 (2017).

J. Choi, H. Zhou, R. Landig, H.-Y. Wu, X. Yu, S. E. Von Stetina, G. Kucsko, S. E. Mango,

D. J. Needleman, A. D.T. Samuel, P. C. Maurer, H. Park, M. D. Lukin, Probing and
manipulating embryogenesis via nanoscale thermometry and temperature control. Proc.
Natl. Acad. Sci. U.S.A. 117, 14636-14641 (2020).

X.Feng, W. H. Leong, K. Xia, C. F. Liu, G. Q. Liu, T. Rendler, J. Wrachtrup, R. B. Liu, Q. Li,
Association of nanodiamond rotation dynamics with cell activities by translation-rotation
tracking. Nano Lett. 21, 3393-3400 (2021).

L. P. McGuinness, Y. Yan, A. Stacey, D. A. Simpson, L. T. Hall, D. Maclaurin, S. Prawer,

P. Mulvaney, J. Wrachtrup, F. Caruso, R. E. Scholten, L. C. L. Hollenberg, Quantum
measurement and orientation tracking of fluorescent nanodiamonds inside living cells.
Nat. Nanotechnol. 6,358-363 (2011).

L. Nie, A. C. Nusantara, V. G. Damle, R. Sharmin, E. P. P. Evans, S. R. Hemelaar,

K.J.van der Laan, R. Li, F. P. Perona Martinez, T. Vedelaar, M. Chipaux, R. Schirhagl, Quantum
monitoring of cellular metabolic activities in single mitochondria. Sci. Adv. 7, eabf0573 (2021).
L. Nie, A. C. Nusantara, V. G. Damle, M. V. Baranov, M. Chipaux, C. Reyes-San-Martin,

T. Hamoh, C. P. Epperla, M. Guricova, P. Cigler, G. van den Bogaart, R. Schirhagl, Quantum
sensing of free radicals in primary human dendritic cells. Nano Lett. 22, 1818-1825 (2022).
C. Reyes-San-Martin, T. Hamoh, Y. Zhang, L. Berendse, C. Klijn, R. Li, A. E. Llumbet,

A. Sigaeva, J. Kawatko, A. Mzyk, R. Schirhagl, Nanoscale MRI for selective labeling and
localized free radical measurements in the acrosomes of single sperm cells. ACS Nano 16,
10701-10710 (2022).

K.Wu, T. A. Vedelaar, V. G. Damle, A. Morita, J. Mougnaud, C. R. S. Martin, Y. Zhang,

D. P.I.van der Pol, H. Ende-Metselaar, |. Rodenhuis-Zybert, R. Schirhagl, Applying NV
center-based quantum sensing to study intracellular free radical response upon viral
infections. Redox Biol. 52, 102279 (2022).

K.Wu, L. Nie, A. C. Nusantara, W. Woudstra, T. Vedelaar, A. Sigaeva, R. Schirhagl, Diamond
relaxometry as a tool to investigate the free radical dialogue between macrophages and
bacteria. ACS Nano 17, 1100-1111 (2023).

J. Barton, M. Gulka, J. Tarabek, Y. Mindarava, Z. Wang, J. Schimer, H. Raabova, J. Bednar,

M. B. Plenio, F. Jelezko, M. Nesladek, P. Cigler, Nanoscale dynamic readout of a chemical
redox process using radicals coupled with nitrogen-vacancy centers in nanodiamonds.
ACS Nano 14, 12938-12950 (2020).

V.Radu, J. C. Price, S. J. Levett, K. K. Narayanasamy, T. D. Bateman-Price, P. B. Wilson,

M. L. Mather, Dynamic quantum sensing of paramagnetic species using nitrogen-
vacancy centers in diamond. ACS Sens. 5, 703-710 (2020).

T.Rendler, J. Neburkova, O. Zemek, J. Kotek, A. Zappe, Z. Chu, P. Cigler, J. Wrachtrup,
Optical imaging of localized chemical events using programmable diamond quantum
nanosensors. Nat. Commun. 8, 14701 (2017).

L.T. Hall, G. C. G. Beart, E. A.Thomas, D. A. Simpson, L. P. McGuinness, J. H. Cole,

J.H. Manton, R. E. Scholten, F. Jelezko, J. Wrachtrup, S. Petrou, L. C. L. Hollenberg, High
spatial and temporal resolution wide-field imaging of neuron activity using quantum NV-
diamond. Sci. Rep. 2, 401 (2012).

100f 11



SCIENCE ADVANCES | RESEARCH ARTICLE

45.

46.

47.

48.

49.

50.

51.

52

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

Xu etal., Sci. Adv. 10, eadi5300 (2024)

J.F. Barry, M. J. Turner, J. M. Schloss, D. R. Glenn, Y. Song, M. D. Lukin, H. Park,

R. L. Walsworth, Optical magnetic detection of single-neuron action potentials using
quantum defects in diamond. Proc. Natl. Acad. Sci. U.S.A. 113, 14133-14138 (2016).

C. Li, R. Soleyman, M. Kohandel, P. Cappellaro, SARS-CoV-2 quantum sensor based on
nitrogen-vacancy centers in diamond. Nano Lett. 22, 43-49 (2022).

R.W. de Gille, J. M. McCoey, L. T. Hall, J.-P. Tetienne, E. P. Malkemper, D. A. Keays,

L. C. L. Hollenberg, D. A. Simpson, Quantum magnetic imaging of iron organelles within
the pigeon cochlea. Proc. Natl. Acad. Sci. U.S.A. 118, 2112749118 (2021).

M. Kayci, J. Fan, O. Bakirman, A. Herrmann, Multiplexed sensing of biomolecules with
optically detected magnetic resonance of nitrogen-vacancy centers in diamond. Proc.
Natl. Acad. Sci. U.S.A. 118, €2112664118 (2021).

B.S. Miller, L. Bezinge, H. D. Gliddon, D. Huang, G. Dold, E. R. Gray, J. Heaney, P. J. Dobson,
E. Nastouli, J. J. L. Morton, R. A. McKendry, Spin-enhanced nanodiamond biosensing for
ultrasensitive diagnostics. Nature 587, 588-593 (2020).

H. C. Davis, P. Ramesh, A. Bhatnagar, A. Lee-Gosselin, J. F. Barry, D. R. Glenn,

R. L. Walsworth, M. G. Shapiro, Mapping the microscale origins of magnetic
resonance image contrast with subcellular diamond magnetometry. Nat. Commun.
9,131 (2018).

S.Chen, W. Li, X. Zheng, P.Yu, P. Wang, Z. Sun, Y. Xu, D. Jiao, X. Ye, M. Cai, M. Shen, M. Wang,
Q. Zhang, F. Kong, Y. Wang, J. He, H. Wei, F. Shi, J. Du, Inmunomagnetic microscopy of
tumor tissues using quantum sensors in diamond. Proc. Natl. Acad. Sci. U.S.A. 119,
€2118876119 (2022).

D.R. Glenn, K. Lee, H. Park, R. Weissleder, A. Yacoby, M. D. Lukin, H. Lee, R. L. Walsworth,
C. B. Connolly, Single-cell magnetic imaging using a quantum diamond microscope. Nat.
Mater. 12,736-738 (2015).

D. Le Sage, K. Arai, D. R. Glenn, S. J. DeVience, L. M. Pham, L. Rahn-Lee, M. D. Lukin,
A.Yacoby, A. Komeili, R. L. Walsworth, Optical magnetic imaging of living cells. Nature
496, 486-489 (2013).

P.Wang, S. Chen, M. Guo, S. Peng, M. Wang, M. Chen, W. Ma, R. Zhang, J. Su, X. Rong, F. Shi,

T. Xu, J. Du, Nanoscale magnetic imaging of ferritins in a single cell. Sci. Adv. 5, eaau8038
(2019).

C. Bouchiat, M. D. Wang, J. F. Allemand, T. Strick, S. M. Block, V. Croquette, Estimating the
persistence length of a worm-like chain molecule from force-extension measurements.
Biophys. J. 76, 409-413 (1999).

S. Steinert, . Ziem, L. T. Hall, A. Zappe, M. Schweikert, N. Gotz, A. Aird,

G. Balasubramanian, L. Hollenberg, J. Wrachtrup, Magnetic spin imaging under ambient
conditions with sub-cellular resolution. Nat. Commun. 4, 1607 (2013).

Q. Wei, T. Becherer, S. Angioletti-Uberti, J. Dzubiella, C. Wischke, A. T. Neffe, A. Lendlein,
M. Ballauff, R. Haag, Protein interactions with polymer coatings and biomaterials. Angew.
Chem. 53, 8004-8031 (2014).

M. Xie, X. Yu, L. V. H. Rodgers, D. Xu, . Chi-Durén, A. Toros, N. Quack, N. P. de Leon,

P. C. Maurer, Biocompatible surface functionalization architecture for a diamond
quantum sensor. Proc. Natl. Acad. Sci. U.S.A. 119, 2114186119 (2022).

Q. Wei, R. Haag, Universal polymer coatings and their representative biomedical
applications. Mater. Horiz. 2, 567-577 (2015).

L.Yu, C. Cheng, Q. Ran, C. Schlaich, P-L. M. Noeske, W. Li, Q. Wei, R. Haag, Bioinspired
universal monolayer coatings by combining concepts from blood protein adsorption and
mussel adhesion. ACS Appl. Mater. Interfaces 9, 6624-6633 (2017).

J. Deng, C. Zhao, J. P. Spatz, Q. Wei, Nanopatterned adhesive, stretchable hydrogel to
control ligand spacing and regulate cell spreading and migration. ACS Nano 11,
8282-8291 (2017).

A. Ermakova, G. Pramanik, J. M. Cai, G. Algara-Siller, U. Kaiser, T. Weil, Y. K. Tzeng,

H. C. Chang, L. P. McGuinness, M. B. Plenio, B. Naydenov, F. Jelezko, Detection of a few
metallo-protein molecules using color centers in nanodiamonds. Nano Lett. 13,
3305-3309 (2013).

M. Li, S. Jiang, J. Simon, D. Pa3lick, M.-L. Frey, M. Wagner, V. Mailénder, D. Crespy,

K. Landfester, Brush conformation of polyethylene glycol determines the stealth
effect of nanocarriers in the low protein adsorption regime. Nano Lett. 21,
1591-1598 (2021).

Q. Sun, Q. Wei, C. Zhao, How do the cells sense and respond to the microenvironment
mechanics? Chin. Sci. Bull. 66, 2303-2311 (2021).

Y. Nishimura, S. Shi, Q. Li, A. D. Bershadsky, V. Viasnoff, Crosstalk between myosin Il and
formin functions in the regulation of force generation and actomyosin dynamics in stress
fibers. Cells Dev. 168, 203736 (2021).

J.1. Lehtimaki, E. K. Rajakyla, S. Tojkander, P. Lappalainen, Generation of stress fibers
through myosin-driven reorganization of the actin cortex. eLife 10, e60710 (2021).

Q. Sun, Y. Hou, Z. Chu, Q. Wei, Soft overcomes the hard: Flexible materials adapt to
cell adhesion to promote cell mechanotransduction. Bioact. Mater. 10, 397-404
(2022).

C.Zhang, H. Zhu, X. Ren, B. Gao, B. Cheng, S. Liu, B. Sha, Z. Li, Z. Zhang, Y. Lv, H. Wang,

H. Guo, T. J. Ly, F. Xu, G. M. Genin, M. Lin, Mechanics-driven nuclear localization of YAP can be
reversed by N-cadherin ligation in mesenchymal stem cells. Nat. Commun. 12,6229 (2021).

24 January 2024

69. J.Li, J. DiRusso, X. Hua, Z. Chu, J. P. Spatz, Q. Wei, Surface immobilized e-cadherin
mimetic peptide regulates the adhesion and clustering of epithelial cells. Adv. Healthc.
Mater. 8,e1801384 (2019).

70. Y.Liu, K.Yehl, Y. Narui, K. Salaita, Tension sensing nanoparticles for mechano-imaging at
the living/nonliving interface. J. Am. Chem. Soc. 135, 5320-5323 (2013).

71. S.van de Linde, A. Loschberger, T. Klein, M. Heidbreder, S. Wolter, M. Heilemann, M. Sauer,
Direct stochastic optical reconstruction microscopy with standard fluorescent probes.
Nat. Protoc. 6,991-1009 (2011).

72. M. Lelek, M.T. Gyparaki, G. Beliu, F. Schueder, J. Griffié, S. Manley, R. Jungmann, M. Sauer,
M. Lakadamyali, C. Zimmer, Single-molecule localization microscopy. Nat. Rev. Methods
Primers 1,39 (2021).

73. R.Platzer, B. K. Rossboth, M. C. Schneider, E. Sevcsik, F. Baumgart, H. Stockinger,

G. J. Schiitz, J. B. Huppa, M. Brameshuber, Unscrambling fluorophore blinking for
comprehensive cluster detection via photoactivated localization microscopy. Nat.
Commun. 11,4993 (2020).

74. Z.Ge, H.Wei, F. Xu, Y. Gao, Z. Chu, H. K. H. So, E. Y. Lam, Millisecond autofocusing
microscopy using neuromorphic event sensing. Opt. Lasers Eng. 160, 107247 (2023).

75. A.Mzyk, A. Sigaeva, R. Schirhagl, Relaxometry with nitrogen vacancy (NV) centers in
diamond. Acc. Chem. Res. 55, 3572-3580 (2022).

76. K.J.Brown, E. Chartier, E. M. Sweet, D. A. Hopper, L. C. Bassett, Cleaning diamond surfaces
using boiling acid treatment in a standard laboratory chemical hood. J. Chem. Health Saf.
26,40-44(2019).

77. L.Yu,Y.Hou, C. Cheng, C. Schlaich, P-L. M. Noeske, Q. Wei, R. Haag, High-antifouling
polymer brush coatings on nonpolar surfaces via adsorption-cross-linking strategy. ACS
Appl. Mater. Interfaces 9, 44281-44292 (2017).

78. M.K.Moi, C. F. Meares, S. J. DeNardo, The peptide way to macrocyclic bifunctional chelating
agents: Synthesis of 2-(p-nitrobenzyl)-1,4,7,10-tetraazacyclododecane-N,N;N",N""-tetraacetic
acid and study of its yttrium (lll) complex. J. Am. Chem. Soc. 110, 6266-6267 (1988).

79. J.Liu,T. Xi, Enhanced anti-corrosion ability and biocompatibility of PLGA coatings on
MgZnYNd alloy by BTSE-APTES pre-treatment for cardiovascular stent. J. Mater. Sci.
Technol. 32, 845-857 (2016).

80. H.Qi, Preparation of composite microporous silica membranes using TEOS and 1,
2-bis(triethoxysilyl)ethane as precursors for gas separation. Chin. J. Chem. Eng. 19,
404-409 (2011).

81. Y.Wu, Y. Huang, H. Ma, A facile method for permanent and functional surface
modification of poly(dimethylsiloxane). J. Am. Chem. Soc. 129, 7226-7227 (2007).

82. J.P.Tetienne, T. Hingant, L. Rondin, A. Cavaillés, L. Mayer, G. Dantelle, T. Gacoin,
J.Wrachtrup, J. F. Roch, V. Jacques, Spin relaxometry of single nitrogen-vacancy defects in
diamond nanocrystals for magnetic noise sensing. Phys. Rev. B 87, 235436 (2013).

83. C.Li, M. Chen, D. Lyzwa, P. Cappellaro, All-optical quantum sensing of rotational
brownian motion of magnetic molecules. Nano Lett. 19, 7342-7348 (2019).

84. X.Li,S.Zhang, H. Huang, L. Hu, F. Liu, Q. Wang, Unidirectional spin-orbit interaction
induced by the line defect in monolayer transition metal dichalcogenides for
high-performance devices. Nano Lett. 19, 6005-6012 (2019).

85. F.Kienberger, V.P. Pastushenko, G. Kada, H. J. Gruber, C. Riener, H. Schindler,

P. Hinterdorfer, Static and dynamical properties of single poly(ethylene glycol) molecules
investigated by force spectroscopy. Single Mol. 1, 123-128 (2000).

86. J.R.Fried, Conformation, solutions, and molecular weight, in Polymer Science and

Technology (Pearson Education, 2003), chap. 3.

Acknowledgments

Funding: QW. acknowledges the financial support from the National Natural Science
Foundation of China (grant nos. 72222020 and 51973129) and the Sichuan Science and
Technology Program (no. 2020YFH0034). Z.C. acknowledges the financial support from the
HKSAR Research Grants Council (RGC) Research Matching Grant Scheme (RMGS; no.
207300313), HKSAR Innovation and Technology Fund (ITF) through the Platform Projects of the
Innovation and Technology Support Program (ITSP; no. ITS/293/19FP), HKU Seed Fund, and the
Health@InnoHK program of the Innovation and Technology Commission of the Hong Kong
SAR Government. Author contributions: F.X. and S.Z. contributed equally to this work. Z.C.,
QW.,, JW, and J.S. conceived the idea. FX., S.Z,, Y.H., and J.L. performed the experiments and
analyzed data under the supervision of QW. and Z.C. L.M. performed the simulations. A.D.
prepared the diamond membrane with shallow NV centers. Y.C. and H.L. performed
single-molecule force spectroscopy measurements. F.X., S.Z., QW., and Z.C. wrote the
manuscript with input from all authors. Z.L. discussed the results and commented on the
manuscript. Competing interests: The authors declare that they have no competing interests.
Data and materials availability: All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials.

Submitted 2 May 2023
Accepted 22 December 2023
Published 24 January 2024
10.1126/sciadv.adi5300

110f 11



	Quantum-enhanced diamond molecular tension microscopy for quantifying cellular forces
	INTRODUCTION
	RESULTS
	Construction of a robust quantum diamond biosensing platform
	Validation of quantum-enhanced force sensing
	Semiquantitative mapping of cell adhesive forces Γ1∝⟨B2⟩∝h−3
	Quantitative mapping of cell adhesive forces

	DISCUSSION
	MATERIALS AND METHODS
	Materials
	Construction of sensing platform based on diamond membrane
	Characterization of constructed sensing platform
	Widefield quantum diamond microscopy
	NV spin relaxometry measurements
	Seeding cells on the diamond-based sensing platform
	Measurements of cell adhesion forces via NV spin relaxometry
	Theoretical model for quantifying the relationship between cell forces and T1 value

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


