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To investigate intracellular dynamics in living systems, methodologies combining high temporal resolution and, crucially, high spatial resolution are essential. Confocal microscopy (CM) exemplifies such a technique. CM has been widely adopted for non-destructive imaging of living tissues, enabling detailed visualization of both surface topography and internal structures. When measuring specific intracellular parameters, such as temperature, upconversion luminescent particles (ULPs) at nanoscale or microscale sizes offer a promising approach. This technique leverages pairs of rare-earth ions (e.g., Yb3+ and Er+3), where the first ion absorbs low-energy photons in the near-infrared range (corresponding to the optical transparency window of biological tissues). Subsequent nonradiative energy transfers enable the second ion to emit higher-energy photons in the visible spectrum. The emission spectra of these systems exhibit temperature-dependent behavior due to the strong thermal sensitivity of energy levels governing nonradiative transitions. This property enables their application in addressing the aforementioned challenge. However, the random intracellular distribution of ULPs introduces complexity in interpreting CM signals. Consequently, developing test structures is critical for refining data-processing algorithms and minimizing imaging artifacts. Here, we propose a method to fabricate CM-compatible test structures. This approach relies on precise manipulation of ULPs and their agglomerates on surfaces.
Atomic force microscopy (AFM) was employed to fabricate test structures. This technique was selected for its dual capability to characterize physicochemical properties of micro- and nano-objects with nanoscale precision and to perform controlled manipulations. We utilized sodium yttrium fluoride particles (NaYF4) co-doped with Yb3+ and Er3+ ions. These particles were synthesized via hydrothermal methods [1, 2], yielding cylindrical ULPs with dimensions of approximately 1 × 0.1 μm. Under λ = 974 nm laser excitation, the ULPs exhibited bright upconversion luminescence in the visible spectrum, consistent with Er3+ ion emission characteristics [2]. Manipulations were performed using an AFM Solver-Bio (NT-MDT) integrated with a Biolam P2-1 inverted optical microscope. The AFM probe achieved coarse positioning accuracy of 5 μm, while the 100 × 100 μm2 scanning field – combined with substrate large-scale markers – enabled repeated nanometer-precise repositioning. Silicon cantilevers (Tap150Al-G, BudgetSensors) with a resonance frequency of ~150 kHz and a spring constant of ~5 N/m were used for all experiments.
Test-structure fabrication involved AFM tip-mediated imprinting of ULPs and their agglomerates onto clear substrates. Synthesized ULPs were first deposited from a solution onto a “donor substrate”, positioned adjacent to a clean “target substrate” patterned with large-scale markers. This configuration enabled coarse alignment prior to nanoscale deposition. Test-structure fabrication was carried out in several stages. Initially, the AFM probe was brought into contact mode with the donor substrate, and a large-area scan was performed to facilitate the transfer of ULPs onto the probe tip. Successful transfer was confirmed both visually, by observing film thinning in the scanned region under an optical microscope, and instrumentally, by detecting a shift in the probe’s resonance frequency, which indicated the attachment of ULPs. The ULP-loaded probe was then positioned over a pre-selected area of the target substrate using large-scale markers for precise alignment. Areas chosen for deposition were required to be free of contaminants with morphology similar to ULPs and to be located near markers to allow for repeated, nanometer-scale positioning. The AFM probe was precisely positioned at the desired location on the target substrate and manually pressed against the surface. The system was then switched to forced oscillation mode, with the probe pulled along the excitation generator frequency at maximum voltage amplitude, resulting in a sharp and substantial increase in the amplitude of AFM probe oscillations. This abrupt rise in oscillation amplitude facilitated the release of ULPs from the probe tip onto the substrate surface. Following each deposition, the procedure was repeated at subsequent locations, enabling “drawing” of points. Through this approach, ULP marks were arranged in various geometric patterns, including triangles, squares, crosses, and hexagons, providing versatile calibration structures for subsequent imaging analysis. Mathematical algorithms developed for processing CM-images were applied to these prepared structures, demonstrating a significant reduction in artifacts related to the discrete nature of the observed objects. The results confirm that the use of well-defined test patterns enhances the reliability and accuracy of image analysis by minimizing the influence of object discreteness on the quantitative evaluation of experimental data.
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