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Summary. Reliable spatial-resolution benchmarking is essential for multiphoton
microscopy, yet conventional fluorescent-bead samples are imperfect references for
biological imaging. Their fluorescence and sample properties can vary with preparation,
storage and excitation conditions, while the surrounding agarose does not reproduce the
depth-dependent optical degradation encountered in tissue. Here, we evaluate
fluorescent nanodiamond phantoms as a more robust alternative for two- and three-
photon microscopy. Nanodiamonds provide well-defined point-spread-function
measurements across different microscope configurations, can be repeatedly imaged
over long periods using the same physical sample, and remain usable across a broad
range of excitation powers. Crucially, their optically heterogeneous matrix produces
progressive broadening of the measured PSF with imaging depth, capturing a defining
feature of real biological imaging that conventional bead phantoms largely miss.
Nanodiamond phantoms therefore provide a durable and experimentally forgiving
reference for benchmarking not only nominal spatial resolution, but how that resolution
is maintained as imaging conditions become more challenging.
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Introduction

Two- and three-photon microscopy (2PM and 3PM) are nonlinear imaging techniques
that excite fluorophores through the near-simultaneous absorption of two or three
infrared photons, respectively. By confining excitation to a small focal volume, these
techniques enable optical sectioning with reduced out-of-focus excitation?. Two-
photon microscopy is widely used for in vivo imaging of neuronal activity and fine
neuronal structures across brain regions and species®?®.

Accurate spatial resolution measurements ensure that fine structures are correctly and
reproducibly visualized. Accordingly, robust methods for spatial-resolution assessment
are essential for meaningful within- and cross-platform comparisons®.

The point spread function (PSF) is a fundamental descriptor of a microscope’s spatial
resolution®', It represents the three-dimensional response of the imaging system to a
point source, effectively characterizing how light from a single point object spreadsin the
lateral (x, y) and axial (z) dimensions. This makes the PSF a central metric for validating
system performance, optimizing imaging parameters, ensuring reproducibility across
experiments, and comparing different multiphoton systems.

To accurately measure the PSFs of a multiphoton microscope, researchers typically
image sub-resolution fluorescent beads (ideally 100-200 nm in diameter) embedded in
low-melting-point agarose gel®. A three-dimensional image stack of an isolated bead is
acquired with adequate voxel sampling to resolve the PSF. Full width at half maximum
(FWHM) measurements are taken along the lateral and axial dimensions to estimate
spatial resolution™'. To identify field-dependent variation or optical distortion,
measurements are repeated across multiple regions of the sample. This approach
provides a practical baseline for assessing system performance’?. However, sample
preparation and local aberrations can introduce variability in the measured PSF'4,
Further variability can stem from bead immobilization and storage conditions®.
Variations in bead distribution and photobleaching can also affect repeated
measurements®. Depending on the fluorophore and storage conditions, long-term
storage may also affect probe performance’. In addition, refractive-index mismatch
introduced by the sample mounting geometry and coverslip can generate spherical
aberrations™.

Two-photon microscopy is now widely used, while three-photon microscopy extends
nonlinear imaging to greater depths. Its different excitation regime and the effects of
scattering and aberrations in deep tissue place additional demands on calibration and
performance assessment'®'8, Fluorescent beads remain widely used for three-photon
PSF characterisation, including at substantial imaging depths’. A practical reference
material should therefore remain detectable and support lateral and axial PSF
measurements across imaging depths, excitation powers and microscope platforms.
Adaptive-optics three-photon microscopy further demonstrates the importance of
aberration correction for high-resolution imaging deep in the brain?. Fluorescent
nanodiamonds have also been investigated as optical probes in cells, including the
detection of individual internalised nanoparticles?'.
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92  Fluorescent nanodiamonds have previously been proposed as photostable calibration
93 targets for nonlinear microscopy and longitudinal instrument quality control??. Here, we
94  extend this concept to three-dimensional, optically heterogeneous phantoms for PSF
95 measurements under both two- and three-photon excitation. Beyond their bright and
96 stable fluorescence under nonlinear excitation???3, nanodiamonds provide key practical
97 advantages for PSF characterization. Their intrinsic fluorescence is highly resistant to
98 photobleaching and their exceptional chemical stability enables long-term
99 preservation?*?, The samples used in this study were prepared in 2018 and remained
100 suitable for PSF measurements in 2025 after long-term storage at room temperature;
101 their optical and mechanical properties were not quantified at both time points. Reusing
102 the same phantom acrossimaging sessions avoids the need to prepare a new sample for
103 each measurement. Moreover, the tested formulations show refractive indices within
104  the range reported for some biological tissues, providing an optically heterogeneous
105 environment for benchmarking imaging performance. Together with their reported
106 fluorescence stability?*?®, these features motivate the evaluation of nanodiamond-
107 based phantoms as reusable reference materials for PSF measurements in two- and
108 three-photon microscopy.
109
110 Results
111
112 Nanodiamonds are crystalline carbon nanoparticles produced by high-pressure or
113  detonation synthesis?®?’. Their reported fluorescence and resistance to photobleaching
114  have motivated their use as optical reference probes?*?5, In this study, we assessed
115  stored nanodiamond-containing phantoms for PSF measurement; photobleaching and
116  biocompatibility were not measured directly.
117
118 Nanodiamond phantoms as calibration materials
119
120 We used nanodiamond phantoms originally developed to approximate selected physical
121 properties of human tissue in the context of medical imaging (calibrating MRI scans)®.
122 The samples were prepared using an agar—carrageenan gel matrix in distilled water. Two
123 nanodiamond series were prepared: the nano series containing 8-12% (v/v) of an ND-
124  standard suspension in DMSO (Adamas Nanotechnologies, 5 nm particles), and the dnp
125  series containing 8-12% (v/v) of a hydrophilic RT-DND-L suspension (Ray Techniques
126  Ltd., 4-5 nm particles). The heated gel base was combined with the prepared
127 nanodiamond suspensions; after mixing, the mixtures underwent a further autoclaving
128  step before being poured into moulds and allowed to solidify (see Methods for details).
129 DMSO has previously been investigated as a dispersion medium for detonation
130 nanodiamonds®.
131
132  Figure 1a presents scanning electron micrographs (SEM) of an 8% dnp phantom. The
133 images reveal a heterogeneous distribution of nanodiamond structures, including
134  aggregates below 200 nm, comparable in size to standard fluorescent beads used for
135  PSF calibration. Individual nanodiamond particles are nominally 4-5 nm in diameter.
136  Previous dynamic light scattering (DLS) measurements of the RT-DND suspension used
137 inthe phantom formulation reported an average aggregate size of approximately 70-80
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138 nm?. This value refers to aggregates in the precursor suspension, not to a measured size
139  distribution of fluorescent emitters selected within the finished gel.

140

141 Confocal z-stacks acquired under 561-nm excitation revealed bright, punctate
142  fluorescent emitters distributed throughout both nanodiamond phantom formulations,
143  together with diffuse background luminescence within the gel (Figure 1b). The punctate
144  fluorescence is consistent with emission from nanodiamond aggregates embedded in
145  the matrix. No fluorescent dye was added to the formulation, but neither a matrix-only
146  control nor emission-spectral measurements were performed; thus, these images do
147 notindependently establish the origin of each punctum or of the diffuse background. The
148 isolated bright structures nevertheless provided suitable targets for PSF measurements.
149

150 Nanodiamond phantoms enable robust and reproducible two-photon PSF
151 measurements

152

153  We demonstrate that nanodiamonds give usable PSFs under 2-photon excitation. We
154  compared two-photon PSF measurements (920 nm excitation, 3 mW at the sample,
155 Coherent Vision S femtosecond laser) from one of the nanodiamond samples (8% dnp)
156  with those from a standard fluorescent bead sample (Invitrogen 505/515, P7220) using
157  two-photon microscope Setup A (University of Sussex). Representative xz and yz cross-
158  sections were extracted from three-dimensional image stacks acquired sequentially on
159 the same imaging system configured in two modes: diffraction-limited (DL) and an
160 experimentally expanded PSF generated with non-telecentric (nTC) optics®*® (Figure 1c).
161 In both configurations, no statistically significant nanodiamond-bead difference in PSF
162 width was detected (Figure 1d), supporting the use of nanodiamonds for PSF
163  measurements under the tested conditions.

164

165  Finally, Figure 1e compares PSF measurements obtained from all six phantom types
166  under identical two-photon microscopy conditions (DL configuration). No statistically
167  significant difference in the measured FWHM was detected among the six tested
168 formulations in this experiment; this does not establish formal equivalence or batch-to-
169  batch reproducibility.

170

171  Optical properties and depth-dependent PSF measurements in nanodiamond
172 phantoms

173

174  To assess PSF measurements in an optically heterogeneous environment, we compared
175 phantom formulations containing different nanodiamond suspensions and
176  concentrations. We first compared the appearance of the specimens with the
177  conventional agarose-bead reference and then measured their refractive indices. These
178 observations identify differences among the tested formulations, although controlled,
179 independently reproducible tuning of refractive index or scattering was not established.
180

181 Figure 2a shows representative photographs of the various samples used in this study:
182  an agarose-bead phantom, the nanodiamond-based phantoms (nano 8% and dnp 8%)
183 and the exposed surface of an adult mouse brain viewed through a cranial window. The
184 nanodiamond-based phantoms appear more optically heterogeneous than the uniform
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185 agarose-bead sample. This qualitative photographic comparison does not quantify their
186  similarity to brain-tissue scattering.

187

188  Figure 2b summarises the refractive indices (RI) measured directly for distilled water, 2%
189  agarose gel prepared with water, and the six nanodiamond phantoms used in this study
190 (nano and dnp series; 8%, 10% and 12% v/v). Both nanodiamond series were measured
191 at 589 and 1050 nm. For comparison, these data are plotted alongside published RI
192  estimates for brain tissues of animal models commonly used in neuroscience: mouse®'~
193 34, rat®*3°, zebrafish®% and fruit fly*'*%. Several phantom values fall within the range
194  reported for some animal brains, whereas the Rls of water and agarose are generally
195 lower. The literature values may have been acquired under different conditions; the Rl
196 comparison does not establish matched tissue scattering.

197

198 In addition to the variation in Rl across different tissue types, it is important to note that
199 therefractive index measurements were collected at two wavelengths, 589 nm and 1050
200 nm, which provides insight into the spectral dispersion of the nanodiamond
201 formulations. The two measured wavelengths provide a limited indication of dispersion;
202 refractive index was not measured at the 1300-nm wavelength used for three-photon
203 imaging.

204

205 The Rl differences observed across nanodiamond formulations identify a range of optical
206  propertiesinthe tested samples but do not establish precise control of Rl by formulation.
207 Although effects such as nanodiamond agglomeration* likely contribute to the variability
208 seen in the older sample set, these results point to yet unexplored headroom for
209 optimisation. Future work could examine whether improved control over dispersion,
210 aggregation and composition yields reproducibly targeted refractive-index ranges.
211 Surface modification offers an additional route for tailoring nanodiamond interactions
212  with the surrounding matrix*.

213

214 The nanodiamond phantoms provide an optically heterogeneous environment that
215 differs from the relatively homogeneous agarose-bead reference. We therefore
216  examined how measured PSF widths changed with imaging depth. PSFs were recorded
217  inthe same nano 10% phantom near its surface (0-50 um) and approximately 700 pm
218 deeper (Figure 2c), with identical excitation power and microscope settings; imaging
219 depth was the only experimental variable. Gaussian fitting of lateral and axial profiles
220 yielded the FWHM values shownin Figure 2d,e. The measured PSFs broadened at greater
221 depth, consistent with depth-dependent optical effects within the phantom.

222

223  Stability of measured PSF widths across excitation powers

224

225  Accurate PSF measurements require the apparent width of the fluorescent emitter to
226 remain stable across the acquisition conditions. Photobleaching resistance of
227  fluorescent nanodiamonds has been reported previously®*?°. Here, we assessed the
228 measured PSF widths of fluorescent beads and nanodiamonds across a range of two-
229 photon excitation powers: These measurements characterise the stability of the fitted
230 PSF widths; they do not independently distinguish fluorophore saturation from detector
231 saturation or directly quantify photobleaching.
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232

233 Figure 3a shows xz images of fluorescent beads, whereas Figure 3b shows the
234  corresponding images of nanodiamonds (nano 8%) acquired under two-photon
235 excitation at increasing laser powers. Both materials were imaged using identical PMT
236  settings. At higher excitation powers, the bead images showed signal saturation
237 accompanied by apparent PSF broadening, whereas nanodiamond fluorescence
238 profiles remained better defined over the tested range. Gaussian fitting of axial intensity
239 profiles quantified the power-dependent changes in z-FWHM shown in Figure 3c.

240

241  Across the tested excitation powers, nhanodiamond-derived axial PSF widths remained
242  comparatively stable, whereas bead-derived axial widths increased at higher powers
243  (Figure 3c). The experiment quantified FWHM as a function of excitation power, not
244  fluorescence intensity or bleaching over time. It does not independently establish
245  whether the observed bead saturation arose in the fluorophore, detector or acquisition
246  electronics.

247

248 Nanodiamonds support robust imaging across a wide excitation spectrum

249

250  Figure 3d presents fluorescence images of beads and nanodiamonds acquired under
251 two-photon excitation at wavelengths from 800 to 1040 nm and displayed without
252 individualintensity normalisation. All measurements were acquired on Setup A using the
253 same Coherent Vision S laser at a constant average excitation power of 5 mW, without
254  changing the chirp compensation or microscope optical configuration between
255  wavelengths. Both materials remained detectable throughout the tested range. Because
256  pulse duration and dispersion were not characterised separately at each wavelength,
257 these observations demonstrate practical detectability rather than a quantitative two-
258 photon excitation spectrum.

259

260 Nanodiamond PSF measurements are reproducible across microscope setups and
261 over time

262  To test whether nanodiamond-based PSF benchmarking generalises beyond a single
263  optical configuration, we compared PSF measurements from 8% dnp nanodiamonds
264  and conventional fluorescent beads on three two-photon microscopes (Figure 4a,b).
265  Within each setup, neither lateral nor axial PSF widths differed significantly between
266  emitter types. However, the microscopes did not yield identical PSFs: Setup B showed
267  broader axial profiles than Setup A with both reference materials. These findings support
268  within-instrument benchmarking with nanodiamonds, although non-significant
269 comparisons do not establish formal equivalence.

270  We next assessed longitudinal stability using repeated measurements on Setup A (Figure
271  4c,d). Across five imaging sessions spanning March to December 2025, both lateral and
272  axial nanodiamond-derived FWHM distributions remained tightly clustered without an
273  obvious systematic drift. This stability supports the use of a long-lived nanodiamond
274  phantom for longitudinal microscope quality control, where changes in measured PSF
275 can be interpreted against a stable physical reference rather than a newly prepared
276  sample.
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277 Nanodiamonds enable depth-aware PSF benchmarking under three-photon
278  excitation

279  We next evaluated the nanodiamond phantoms under three-photon excitation at 1300
280 nm (Figure 5). At approximately 220 um depth, nanodiamonds and beads yielded similar
281 lateral and axial PSF widths at identical excitation power (4.85 mW); neither comparison
282 reached statistical significance. These tests do not establish formal equivalence
283 between the two emitter types. At approximately 720 ym depth and the same excitation
284 power, nanodiamond-derived PSFs were broader than bead-derived PSFs in both
285 dimensions (Figure 5b,c). Most notably, axial FWHM in the nanodiamond phantom
286 increased from 1.50 = 0.17 pym at approximately 220 ym to 2.33 + 0.39 um at
287 approximately 720 pym, whereas the corresponding bead-reference measurements
288 remained close to 1.6 pm. These differences are consistent with depth-dependent
289 optical effects within the heterogeneous phantom, although differences in the
290 population of detectable aggregates at depth cannot be excluded. Nanodiamond PSFs
291 remained measurable at approximately 720 pm at the additional excitation power of 14.5
292  mW,; this condition was not included in equal-power comparisons with beads.

293

294  Discussion

295

296 Reliable measurement of spatial resolution is important for both two- and three-photon
297 microscopy. Here, we evaluated two related uses of fluorescent nanodiamond
298 phantoms: reusable fluorescent emitters for repeated PSF measurement and an
299 optically heterogeneous environment for assessing changes in the effective PSF with
300 imaging depth?2. In all three tested two-photon microscopes, no statistically significant
301 nanodiamond-bead difference in lateral or axial FWHM was detected within each setup.
302 The same phantom also supported repeated measurements across five sessions
303 spanning March to December 2025.

304

305 The second application concerns depth-dependent imaging performance. The
306 measured refractive indices of several nanodiamond formulations fall within ranges
307 reported for some brain tissues, while the phantom exhibits greater visible heterogeneity
308 thanthe agarose-bead reference. Underthree-photon excitation at 4.85 mW, mean axial
309 FWHM in the nanodiamond phantom increased from 1.50 to 2.33 pm (approximately
310 55%) between imaging depths of approximately 220 and 720 um, whereas the bead
311 reference yielded 1.59 and 1.62 uym at the respective depths (Figure 5). At approximately
312 720 pm, nanodiamond-derived axial PSFs were broader than bead-derived PSFs
313 measured at the same excitation power. This observation is consistent with depth-
314  dependent changes in focusing within the phantom, but the contributions of scattering,
315 refractive-index mismatch and possible emitter-selection effects cannot be separated
316 fromthese data alone. PSF characterisation in turbid phantoms provides an established
317  framework for assessing how the surrounding medium affects two-photon imaging
318 performance®.

319 The measured differences in axial PSF width also illustrate why calibration conditions
320 matter for quantitative image interpretation. Under a Gaussian convolution model, using
321 a narrower calibration PSF yields a larger inferred object width for the same measured
322 image profile. However, the present experiments do not establish which phantom more
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323 accurately reproduces the PSF within biological tissue; this would require validation
324  against an independent reference under matched imaging conditions.

325

326 For instrument-specific benchmarking, agreement between different fluorescent
327 reference materials must be distinguished from agreement between microscope
328 configurations. Setup B exhibited broader axial PSFs than Setup A for both beads and
329 nanodiamonds (Figure 4b). Areusable phantom can therefore complement conventional
330 bead-based references when following the same microscope over time, provided that
331 imaging depth, acquisition settings and analysis procedures are reported
332 consistently?>¥.

333

334 The samples were originally fabricated in 2018, kept in small Petri dishes at room
335 temperature, and used againin 2025 without visible signs of degradation during imaging.
336 This demonstrates their continued practical usability after extended storage; direct
337 baseline fluorescence measurements from 2018 were not available to quantify any
338 changes over that period. Repeated PSF measurements of a stored phantom across five
339 sessions in 2025 showed no obvious systematic drift, illustrating its potential for
340 longitudinal instrument checks.

341

342  Several limitations define the scope of these conclusions. Non-significant bead-
343 nanodiamond comparisons do not establish formal metrological equivalence, and the
344  full size distribution of the fluorescent aggregates selected for PSF analysis was not
345 independently determined. Scattering coefficients were not measured, and no matched
346  two-photondepth serieswas acquired inthe agarose-bead reference. Consequently, the
347 observed broadening cannot be attributed uniquely to scattering or interpreted as a
348 direct comparison of depth-dependent performance between the two materials. The
349 refractive indices of the phantom were not assessed at the 1300-nm three-photon
350 excitation wavelength, and possible depth-related differences in the population of
351 detectable emitters cannot be excluded. The available fabrication history does not
352 establish batch-to-batch reproducibility; the present longitudinal measurements
353 concern the same stored phantom. Absolute lateral FWHM estimates are limited by
354  spatial sampling, particularly on Setups A and C; identical within-setup acquisition
355  settings for beads and nanodiamonds do not remove this limitation. The punctate
356 confocal fluorescence was not verified using a matrix-only or emission-spectral control,
357 andthe power-series experiment does not provide a direct bleaching assay. Blinking has
358 been reported for individual nitrogen-vacancy centres in discrete nanodiamonds“. The
359 present measurements did not characterise emitter-level fluorescence intermittency.
360

361 An additional comparison of beads embedded in a matrix with matched optical
362  properties would help distinguish the effects of emitter material from those of the
363  surrounding medium. Such a control would refine the physical interpretation of depth-
364  dependent differences, while the present data establish the feasibility of recording
365 repeated nanodiamond-derived PSF measurements across microscope configurations
366 andimaging depths.

367

368 Together, the results support fluorescent nanodiamond phantoms as durable, reusable
369 materials for PSF benchmarking under the tested two- and three-photon imaging
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370 conditions. Their combination of repeated reference measurements and sensitivity to
371 depth-dependent changes in the effective PSF offers a practical complement to
372  conventional fluorescent-bead samples. Further control of aggregate properties and
373 phantom composition could support more standardised reference materials for deep
374  multiphoton microscopy.

375

376  Methods

377

378 Rl measurements

379 The refractive index at 589 nm and 1050 nm was measured using an Atago Multi-
380 Wavelength Abbe Refractometer (model DR-M2). To maintain uniformity and reduce
381 thermal variability in the Rl values, all measurements were carried out at a regulated
382 temperature of 22 °C.

383

384  Mouse brain photo

385 The photograph shows the exposed surface of an adult mouse brain (C57BL/6J genetic
386  background) taken through a cranial window at the University of Sussex. The photos of
387 the agarose sample and phantoms were taken by the same camera in the same
388 illumination conditions. A circular craniotomy (3 mm diameter; coordinates from
389 bregma: Tmm caudal, 3mm to the right) was performed to allow for accessing the barrel
390 cortex (whisker-related area of the primary somatosensory cortex (wS1) in mice). The
391 animal procedure associated with the mouse brain photograph in Figure 2a was
392 conducted under UK Home Office Project Licence 70/8400, following review by the
393  University of Sussex Animal Welfare and Ethical Review Body and the Home Office, in
394  compliance with the UK Animals (Scientific Procedures) Act 1986 and European
395 Directive 2010/63/EU.

396

397 Scanning Electron Microscopy images

398 SEM imaging was carried out using an SM-7800F Schottky Field Emission Scanning
399  Electron Microscope (JEOL Ltd., Japan). Multiple magnifications were applied to capture
400 both micro- and nanoscale features of the samples. A low-voltage electron source
401 (1.00 kV) was used to prevent surface melting of the agar-carrageenan matrix observed
402  at higher beam energies. Acquired images were post-processed using Image) software
403  (version 1.54g) in combination with the DeconvolutionLab2 plugin (version 2.1.2). The
404  Richardson-Lucy deconvolution algorithm was applied with 10 iterations to enhance
405 image clarity and contrast.

406

407 Two-photon microscope setups

408 The two- and three-photon imaging systems used in this study are summarised in
409  Supplementary Table S1.

410 Setup A (University of Sussex). The excitation beam was generated using a tuneable
411  femtosecond Ti:Sapphire laser (Coherent Vision-S, 75 fs, 80 MHz, >2.5 W). The beam
412  passed through an achromatic half-wave plate (AHWP05M-980, Thorlabs) and was split
413 equally into two independent two-photon (2P) setups using a beam-splitter
414  (10RQO0UB.4, Newport). It then passed through a Pockels cell (350-80, Conoptics), a
415  telescope (AC254-075-B and AC254-150-B, Thorlabs), and was reflected by three silver
416  mirrors (PF10-03-P01) into the head of a Sutter MOM stage. The beam was directed using
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417  galvanometric mirrors (6215H, Cambridge Technology). In the diffraction-limited
418  configuration, it was focused into a 50 mm focal length scan lens (VISIR 1534SPR136,
419  Leica) and further collimated by a 200 mm focal length tube lens (MXA22018, Nikon). In
420 the Non-telecentric configuration (nTC1), the scan lens was modified to shift its focal
421 length to 190 mm, and an additional plano-convex lens (175 mm) was added. The beam
422  was reflected by two silver parabolic mirrors and passed through a dichroic mirror
423  (T470/640rpc, Chroma) before slightly overfilling the back aperture of a Zeiss Objective
424 W “Plan-Apochromat” x20/1.0 to create a diffraction-limited excitation spot at a working
425  distance of 1.8 mm. Fluorescence light was collected exclusively through the objective.
426  Adichroic mirror (T470/640rpc, Chroma) reflected the fluorescence into a 140 mm focal
427  length collecting lens, followed by a 580-nm dichroic mirror (H 568 LPXR, superflat). The
428  signal was split into green and red channels using bandpass filters (ET525/50 and
429  ET605/50, Chroma) and focused onto PMT detectors (H10770PA-40, Hamamatsu) using
430 an aspheric condenser lens (G317703000, Linos). Images were acquired using custom-
431  written ScanM software running in IGOR Pro 6.3 (WaveMetrics). Laser blanking occurred
432  during the turnarounds using the Pockels cell.

433  Setup B (University of Sussex). Measurements were performed on a custom-built two-
434  photon microscope based on a Sutter BOB platform (Sutter Instrument) equipped with a
435 resonant-galvo—-galvo (RGG) scanning system. Excitation was provided by a Coherent
436  Axon 920 femtosecond laser operating at 920 nm. Imaging was performed using the
437 same Zeiss W Plan-Apochromat 20x/1.0 water-immersion objective as in Setup A.
438 Fluorescence was detected using gated H11526-20-NF photomultiplier tubes
439 (Hamamatsu). Microscope control and image acquisition were performed using
440  Scanlmage.

441 Setup C (The Francis Crick Institute). Measurements were performed on a custom-built
442  INSS two-photon microscope equipped with a resonant-galvo—galvo (RGG) scanning
443  system. Excitation was provided by a Coherent Vision-S femtosecond Ti:Sapphire laser
444  operating at 920 nm. Imaging was performed using the same Zeiss W Plan-Apochromat
445  20%/1.0 water-immersion objective as in Setup A. Fluorescence was collected using the
446  INSS collection optics and detected using H11706P-40 photomultiplier tubes
447 (Hamamatsu). The emission filters were ET525/50 and ET605/50 (Chroma), matching
448  those used in Setup A. Microscope control and image acquisition were performed using
449  Scanlmage.

450  For the cross-platform comparisons in Figure 4, nanodiamonds and fluorescent beads
451  were imaged using identical acquisition settings within each microscope. On Setup A,
452  images were acquired at 256 x 256 pixels over a 150 x 150 ym field of view (lateral pixel
453  size, 0.586 x 0.586 pm), with a 0.2 pm axial step and 3 mW excitation power at the
454  sample. On Setup B, images were acquired at 512 x 512 pixels over a 196 x 196 um field
455  of view (lateral pixel size, 0.383 x 0.383 um), with a 0.2 um axial step and 7.8 mW at the
456  sample. On Setup C, images were acquired at 512 x 512 pixels over a 312 x 312 pm field
457  of view (lateral pixel size, 0.609 x 0.609 um), with a 0.2 ym axial step and 3 mW at the
458 sample.

459

460 Three-photon imaging

461  Three-photon PSF measurements were acquired from 8% dnp nanodiamond phantoms
462  and conventional fluorescent-bead samples at imaging depths of approximately 220 pm
463 and 720 ym. Pairwise nanodiamond-bead measurements shown in Figure 5 used 4.85
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464 mW excitation power, and an additional nanodiamond condition at approximately 720
465 pm was acquired at 14.5 mW. Three-dimensional image stacks of isolated fluorescent
466  emitters were used to quantify lateral (xy) and axial (z) PSF widths.

467  Three-photon imaging was performed using a custom-built microscope based on a
468 Thorlabs Bergamo multiphoton platform equipped with a wavelength-tunable excitation
469  source (Spirit-NOPA, Spectra-Physics; 1200-2500 nm) pumped by a Spirit-1030-100
470 femtosecond laser (Spectra-Physics). For the experiments reported here, excitation was
471 performed at 1300 nm with a repetition rate of 2 MHz and a pulse duration of
472  approximately 50 fs. Dispersion compensation was controlled using a prism-based
473  FemtoControl system (APE). Imaging was performed with a 25x water-immersion
474  objective (XLPLN25XWMP2, Olympus; NA 1.05). Fluorescence was collected in non-
475  descanned mode using two GaAsP photomultiplier tubes (PMT2100, Thorlabs) mounted
476 in a 14° detector module (BDM3214-3P, Thorlabs). Nanodiamond fluorescence was
477  separated using a 562 nm dichroic mirror (FF562-Di03) and detected through a 525/50
478 nm bandpass filter (FF03-525/50, Semrock). Image acquisition was controlled using
479  Thorlmage 4.4, with xyz positioning provided by an MCM3000 motorized stage (Thorlabs).
480 The microscope setup has been described previously*®. All three-photon image stacks
481 were acquired using the same acquisition settings: 512 x 512 pixels, lateral pixel
482  sampling of 0.406 x 0.406 um, an axial step size of 0.2 um (201 optical sections per
483  stack), a pixel dwell time of 1.98 pys and a frame rate of approximately 1.412 Hz. The
484  excitation powers of 4.85 and 14.5 mW were measured below the objective.

485

486  PSF fitting and statistical analysis

487 For each experimental condition, three-dimensional image stacks were visually
488 inspected in a 3D preview. Ten fluorescent emitters were chosen by visual inspection
489  from different optical sections, without a predefined spatial location. Emitters were
490 considered suitable when sufficiently isolated, with a well-defined fluorescence profile
491 and adequate signal for fitting; overlapping, markedly irregular or very dim structures
492  were excluded. Lateral (xy) and axial (z) intensity profiles were fitted with Gaussian
493 functions incorporating a constant background offset. FWHM was calculated from the
494 fitted Gaussian standard deviation (o) as 2v(2Iln2)c. An emitter was excluded after
495  selection only if a meaningful Gaussian fit could not be obtained; minor deviations from
496 a Gaussian profile were not used as an exclusion criterion. The same visual selection,
497  fitting and exclusion procedure was applied to nanodiamonds and fluorescent beads on
498 all microscopes. Selection was visually guided, not formal random sampling.

499  For the nanodiamond-versus-bead comparisons on the three two-photon microscopes
500 shown in Figure 4a,b, n = 10 isolated emitters were analysed per group using two-sided
501 unpaired two-sample t-tests (ttest2, MATLAB). Repeated nanodiamond measurements
502 in Figure 4c,d are presented descriptively to assess stability of the measured PSF
503 distributions over time; no inferential longitudinal test was performed.

504  For the pairwise nanodiamond-versus-bead comparisons in Figure 5, n = 10 isolated
505 emitters were analysed per group and two-sided Welch’s t-tests were used. Exact p
506 values are reported in the figure and legend. Statistical significance was assessed at p <
507 0.05. Non-significant differences were not interpreted as evidence of formal
508 equivalence.

509 For the comparisons of nanodiamonds and fluorescent beads in the diffraction-limited
510 and non-telecentric configurations (Figure 1d), n = 10 isolated emitters per group were
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511 analysed using two-sided unpaired two-sample t-tests (MATLAB ttest2). The six
512 nanodiamond formulations in Figure 1e were compared by one-way ANOVA, separately
513 for lateral and axial FWHM (n = 10 emitters per formulation). Depth-dependent lateral
514  and axial FWHM measurements in Figure 2d,e were assessed separately using one-way
515 ANOVA (n =10 emitters per depth); the respective p values shown in the figure are 0.014
516 and 0.009. Measurements at the six excitation powers in Figure 3c (n = 10 emitters per
517 material and power) are presented descriptively. No post-hoc pairwise comparisons are
518 reported for the omnibus ANOVAs in Figure 1e, and no multiplicity correction was
519 applied to the reported pairwise t-tests.

520

521  Fabrication of agarose-based sample with beads

522 We utilized 0.175%=0.005pum yellow-green (505/515) fluorescent beads (P7220,
523 Invitrogen) for the calibration and imaging experiments. These beads were specifically
524  chosenfortheir consistent size and well-characterized fluorescent properties, which are
525 ideal for evaluating the resolution and point spread function (PSF) of the optical system.
526 To prepare the calibration samples, the beads were carefully embedded within a block
527  of low melting point agarose (Fisher Scientific, BP1360-100) at a depth of 1 mm. The
528 agarose concentration in the bead-containing PSF reference was 0.75%, ensuring an
529 optimal balance between sufficient rigidity for immobilizing the beads and minimal
530 optical scattering to maintain clarity during imaging. This arrangement provided a stable
531 and reproducible medium that allowed for accurate imaging and quantification of the
532  optical properties, making it a practical reference for PSF measurements. The separately
533 prepared 2% agarose sample plotted in Figure 2b was used for refractive-index
534 comparison, not as the bead-containing PSF reference.

535

536  Fabrication of nanodiamond phantoms

537 Nanodiamond-based phantoms were fabricated according to the previously published
538 agar-carrageenan protocol (ref. 28). A gel base containing 1.413 g agar and 2.0 g
539 carrageenan per 100 mL distilled water was heated to boiling, mixed and autoclaved for
540 approximately 45 min at 126 °C. The hot gel base was then added to the prepared
541 nanodiamond suspensions, mixed thoroughly and subjected to a second autoclaving
542  step before the mixtures were poured into moulds, covered and allowed to solidify. The
543 nano series contained 8%, 10% and 12% (v/v) of an ND-standard suspension in DMSO
544  (Adamas Nanotechnologies; nominal particle size, 5 nm). The dnp series contained the
545  corresponding proportions of a hydrophilic RT-DND-L nanodiamond suspension (Ray
546  Techniques Ltd.; nominal particle size, 4-5 nm), prepared as a 0.1% (w/w) dispersion in
547 DMSO (ref. 28). The phantoms used in the present study were fabricated in Gdansk in
548 2018 for tissue-mimicking material and MRI calibration studies. The exact preparation
549  dates of individual formulations within this 2018 sample set were not recorded for the
550 present optical study, and independent fabrication batches were not compared. The
551 phantoms were stored at room temperature in small Petri dishes and reused for imaging
552 in2025. Novisible drying, cracking or structural deterioration was observed during these
553 experiments. Comparable fluorescence measurements from 2018 were not available to
554  quantify changes in brightness or aggregate distribution during storage.

555

556 Confocalimages
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Confocal images of samples were taken on a Leica TCS SP8 inverted microscope, using
a HC PL APO 63x/1.20 water objective. Approximately 500 um thick samples were
coverslipped in aqua-poly/mount (Polysciences, 18606) and imaged with the 561 nm
(69% laser power) laser line. Image stacks of 50x50x50 ym were acquired at a pixel size
of 0.1 x 0.1 x0.36 um (x, y, z) and visualized as a 3D volume using napari. Fluorescence
was collected using a broad detection window to maximize signal-to-noise in thick
samples; no spectral unmixing or charge-state discrimination was performed.

Data availability. The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Code availability. The MATLAB scripts used for PSF analysis and figure preparation are
available from the corresponding author upon reasonable request.
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571 Figure 1. Structural characterisation and two-photon PSF measurements of nanodiamond-based phantoms.

572 (a) Scanning electron microscopy (SEM) images of an 8% dnp nanodiamond phantom reveal heterogeneous
573 nanodiamond aggregates with a substantial fraction below 200 nm, comparable in size to standard fluorescent beads
574 used for PSF calibration.

575 (b) Volumetric confocal microscopy of nano 8% and dnp 8% phantoms under 561-nm excitation shows bright punctate
576 fluorescent structures distributed throughout the gel, together with diffuse background luminescence. The puncta are
577 consistent with fluorescent nanodiamond aggregates, but no matrix-only or emission-spectral control was performed
578  todetermine the origin of all detected signal.

579 (c) Representative xz and yz cross-sections of two-photon PSFs recorded from nanodiamonds (dnp 8%) and
580 commercial fluorescent beads (Invitrogen 505/515) under diffraction-limited (DL) and non-telecentric (nTC) imaging
581 configurations. All PSFs were acquired using 920 nm excitation at 3 mW on the same two-photon system.
582 (d) No statistically significant nanodiamond-bead differences in lateral or axial FWHM were detected in either DL or
583 nTC mode under the tested conditions; these comparisons do not constitute a formal test of equivalence.
584 (e) PSF measurements obtained from all six nanodiamond phantom formulations (DL configuration) show no

585 statistically significant FWHM differences among the tested formulations under the reported conditions; batch-to-
586 batch reproducibility was not assessed. For quantitative panels (d,e), open circles indicate individual emitter
587 measurements; the boxes extend from the first to the third quartile (Tukey method), centre lines indicate the median,
588 and whiskers extend from the mean - 1 SD to the mean + 1 SD.

589
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592 Figure 2. Optical properties, tissue relevance, and depth-dependent PSF performance of nanodiamond
593 phantoms.

594 (a) Representative photographs of the different sample types: an agarose-bead phantom, nanodiamond phantoms
595 (nano 8% and dnp 8%), and the exposed surface of the adult mouse brain viewed through a cranial window. The
596 nanodiamond phantoms show greater visible opacity and structural heterogeneity than the homogeneous agarose-
597 bead sample, qualitatively resembling the appearance of brain tissue.

598 (b) Refractive indices (RI) of distilled water, agarose gel, and six nanodiamond-based formulations measured at 589

599 nm and 1050 nm, compared with Rl estimates from commonly used neuroscience model organisms (mouse, rat,
600 zebrafish, drosophila). Several phantom RI values fall within reported brain-tissue ranges; literature estimates may
601 have been acquired under different conditions, and phantom Rl was not measured at 1300 nm.

602 (c) Two-photon PSFs recorded in a nano 10% phantom at shallow (0-50 um) and deep (~700 pm) imaging depths under
603 identical optical conditions. Representative xz/yz sections illustrate measured broadening with depth, consistent with
604  increased optical perturbations within the phantom.

605 (d) Lateral xy-FWHM values increase significantly between approximately 50 pm and 700 pm imaging depth (p = 0.014).
606 (e) Axial z-FWHM values show a corresponding increase with depth (p = 0.009). For quantitative panels (d,e), open
607 circles indicate individual measurements; boxes show Q1-Q3 (Tukey quartiles), centre lines show the median, and
608 whiskers span the mean =1 SD.
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Figure 3. Power-dependent PSF widths and excitation-wavelength detectability under two-photon imaging.

(a) Xz images of fluorescent beads at increasing two-photon excitation powers, acquired with the same PMT settings
as for nanodiamonds. At higher powers, bead images show signal saturation and apparent PSF broadening; the origin
of saturation was not independently established.

(b) Corresponding xz images of nanodiamonds (nano 8% sample) showing well-preserved morphology across the
same excitation power range, consistent with more stable measured PSF widths over the tested power range.

(c) Axial z-FWHM values obtained from Gaussian fitting of the fluorescence profiles in (a,b). Nanodiamond-derived
axial PSF widths remain comparatively stable across the tested power range, whereas bead-derived axial widths
increase at higher power. This panel reports power-dependent axial PSF measurements, not bleaching-time
measurements. Open circles indicate individual measurements; boxes show Q1-Q3 (Tukey quartiles), centre lines
show the median, and whiskers span the mean =1 SD.

(d) Fluorescence images of beads and nanodiamonds under two-photon excitation from 800 to 1040 nm at a constant
average excitation power of 5 mW (Setup A), displayed without individual intensity normalisation. Chirp compensation
and the optical configuration were not adjusted between wavelengths. Both materials remained detectable across the
tested range; these data do not provide a quantitative two-photon excitation spectrum.
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Figure 4. Cross-platform comparison and longitudinal stability of nanodiamond-based PSF measurements.

(a) Lateral xy-FWHM values from dnp 8% nanodiamonds (blue) and fluorescent beads (grey) on three two-photon
microscopes: Aand B at the University of Sussex and C at the Francis Crick Institute. Mean + SD (nanodiamonds versus
beads; pm) was 0.54 = 0.08 versus 0.52 = 0.06 on A, 0.56 + 0.04 versus 0.57 + 0.06 on B, and 0.51 + 0.06 versus 0.53 =
0.09 on C. No within-setup difference was statistically significant (A: p =0.55; B: p =0.68; C: p = 0.50).

(b) Corresponding axial z-FWHM measurements. Mean = SD (nanodiamonds versus beads; pm) was 3.53 + 0.46 versus
3.70%+0.430nA,5.40+0.47 versus 5.45+0.46 on B, and 4.33+ 0.65 versus 4.61 £ 0.68 on C. No within-setup difference
was statistically significant (A: p=0.41; B: p=0.80; C: p=0.36). For (a,b), n =10 isolated emitters per group; two-sided
unpaired two-sample t-tests. Open circles indicate individual measurements; boxes extend from Q1 to Q3 (Tukey
quartiles), centre lines indicate the median, and whiskers extend from the mean - 1 SD to the mean + 1 SD.

(c,d) Repeated lateral and axial FWHM measurements of the dnp 8% nanodiamond phantom on Setup A across five
sessions between March and December 2025. Open circles indicate individual emitters; the lower and upper edges of
each box represent Q1 and Q3 (Tukey quartiles), its centre line indicates the median, and whiskers extend from the
mean - 1 SD to the mean + 1 SD. The longitudinal measurements are presented descriptively.
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645 Figure 5. Three-photon PSF benchmarking with nanodiamond phantoms.

646 (a) Representative three-photon PSFs and corresponding lateral/axial intensity profiles for 8% dnp nanodiamonds and
647 fluorescent beads at approximately 220 pm and 720 pm imaging depth, acquired at 1300 nm and 4.85 mW. Scale bar,
648 1um.

649 (b) Lateral xy-FWHM at approximately 220 and 720 um imaging depth, at 4.85 mW. Mean = SD (nanodiamonds versus
650 beads; pm) was 0.72 = 0.06 versus 0.67 = 0.11 at approximately 220 ym (p = 0.22) and 0.77 = 0.08 versus 0.65 = 0.08
651 at approximately 720 um (p = 0.003). The additional nanodiamond condition at approximately 720 pm and 14.5 mW
652 yielded 0.81 £ 0.07 pm and was not included in the equal-power bead comparisons.

653 (c) Axial z-FWHM at approximately 220 and 720 pm imaging depth, at 4.85 mW. Mean = SD (nanodiamonds versus
654 beads; pm) was 1.50 = 0.17 versus 1.59 = 0.22 at approximately 220 ym (p = 0.30) and 2.33 = 0.39 versus 1.62 = 0.14
655 at approximately 720 um (p = 0.0002). At approximately 720 pm and 14.5 mW, nanodiamond z-FWHM was 2.31 £ 0.47
656 pm. For (b,c), n = 10 isolated emitters per condition; pairwise nanodiamond-bead comparisons used two-sided
657 Welch’s t-tests. Open circles indicate individual measurements, and boxes summarise the distributions.

659
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Supplementary Table S1

Microscope systems used for two- and three-photon PSF measurements

Supplementary Table S1. Microscope systems used for two- and three-photon PSF
measurements.

Parameter

Two-photon Setup A

Two-photon Setup B

Two-photon Setup C

Three-photon setup

Institution

University of Sussex

Unlversity of Sussex

The Francis Crick Institute

DZNE

Microscope platform

Custom-built, Sutter MOM-based

Custom-built, Sutter BOB-based

Custom-built INSS microscope

Custom-built, Thorlabs Bergamo-based

Scanning configuration

Galvanometric; diffraction-limited
and non-telecentric

Resonant-galvo-galvo

Resonant-galvo-galvo

See referenced setup description

Excitation source

Coherent Vision-S Ti:Sapphire

Coherent Axon 920

Coherent Vislon-$ Ti:Sapphire

Spectra-Physics Spirit-NOPA, pumped by
Spirit-1030-100

Excitation wavelength used

920 nm

920 hm

920 nm

1300 nm

Objective

Zeiss W Plan-Apochromat 20x/1.0,

water immersion

Zeiss W Plan-Apochromat 20x/1.0,

water immersion

Zeiss W Plan-Apochromat 20x/1.0,

water immersion

Olympus XLPLN25XWMP2 25x/1.05,
water immersion

Fluorescence detectors

Hamamatsu H10770PA-40 PMTs

Hamamatsu H11526-20-NF PMTs,
gated

Hamamatsu H11706P-40 PMTs

Thorlabs PMT2100 GaAsP PMTs

Acquisition software

ScanM, IGOR Pro 6.3

Scanimage

Scanimage

Thorimage 4.4

Image dimensions!

256 x 256 pixels

512 x 512 pixels

512 x 512 pixels

512 x 512 pixels

Lateral pixel sampling! 0.586 pm 0.383 um 0.609 pm 0.406 pum
Axial step* 0.2 ym 0.2 um 0.2 um 0.2 um
Excitation power at sample! 3mw 7.8 mwW 3 mw 4.85 mW; additional nanodiamend

condition: 14.5 mW

2 Acquisition parameters refer to Figure 4 (two-photon) and Figure 5 (three-photon), not every experiment on Setup A. Nanodiamonds and beads were acquired with identical settings within each
corresponding comparison. The three-photon setup was described by Fuhrmann et al. (2025), doi:10.1038/s42003-025-08079-8.

786
787

The table summarises acquisition parameters for Figures 4 and 5.
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