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[bookmark: OLE_LINK20][bookmark: OLE_LINK11]Note 1. Physical framework for the transient photothermal response.
The photothermal signal is determined by the transient temperature modulation generated during an infrared excitation cycle. We define the detectable temperature modulation as
	
	
	(S1)


where  is the maximum temperature reached during infrared excitation and  is the temperature after post-pulse thermal relaxation. A large transient photothermal response therefore requires both efficient temperature build-up during excitation and sufficient thermal recovery following the pump pulse.
Resonantly enhanced infrared energy deposition
For an absorbing medium under mid-infrared excitation, the local heat-generation rate is proportional to the molecular absorption and the local infrared intensity,
	
	
	(S2)


where  is the infrared absorption cross-section,  is the molecular number density, and  is the local infrared intensity.
In MetaMIP, the resonant metasurface modifies the local infrared field within the near-field interaction region. The local electromagnetic enhancement can be expressed as
	
	
	(S3)


Because the enhanced field is strongly confined around the metasurface, the peak value of  does not represent the enhancement experienced by all absorbing molecules. We therefore define the spatially averaged electromagnetic enhancement within the enhanced interaction region  as
	
	
	(S4)


The enhanced near field occupies only a fraction of the volume contributing to the experimentally detected photothermal response. We account for this finite spatial overlap using an effective interaction-volume factor,
	
	
	(S5)


where  is the volume of absorbing material interacting effectively with the enhanced near field and  is the effective sample volume contributing to the photothermal measurement. 
At the scaling level, the effective electromagnetic enhancement contributing to infrared energy deposition over the observed sample volume can therefore be approximated as
	
	
	(S6)


This expression distinguishes the maximum local electromagnetic enhancement from the effective enhancement contributing to the experimentally detected transient temperature response. The latter depends on both the magnitude of the near-field enhancement and its spatial overlap with the absorbing sample.
Competition between transient heating and thermal recovery
Following infrared absorption, the deposited energy evolves through transient heat transport. The characteristic timescale of this process is described by the thermal relaxation time . For a first-order thermal response,
	
	
	(S7)


where  and  are the effective thermal resistance and thermal capacitance, respectively.
During an infrared pump pulse of duration , heat dissipation competes with temperature build-up. Relative to the adiabatic temperature change expected in the absence of heat loss, the fraction retained at the end of the pump pulse can be expressed as
	
	
	(S8)


When , heat remains largely confined during excitation and  approaches unity. When , heat is rapidly dissipated during excitation and  approaches zero. A thermal lifetime that is too short therefore suppresses temperature build-up even when infrared absorption is strongly enhanced.
Following termination of the pump pulse, thermal relaxation determines how efficiently the system returns toward its baseline temperature. For a recovery interval , the fraction of the peak temperature excursion that relaxes during this interval can be described as
	
	
	(S9)


When , the deposited heat dissipates rapidly and  approaches unity, corresponding to nearly complete thermal recovery. In contrast, when ,  approaches zero and a substantial fraction of the generated heat remains, elevating the post-pulse temperature baseline and reducing the available transient temperature modulation.
The effects of thermal lifetime on heating and recovery therefore compete. A short  promotes post-pulse recovery but limits temperature build-up during excitation, whereas a long  favors thermal retention during excitation but suppresses recovery following the pump pulse.
Reduced analytical description of the transient photothermal response
The competition between resonantly enhanced heat generation and transient thermal relaxation can be summarized by a reduced analytical scaling model,
	
	
	(S10)


or explicitly,
	
	
	(S11)


Equation (S11) makes the competing roles of the thermal relaxation time explicit. In the limit of very rapid thermal relaxation,

the heating factor approaches zero,

because the deposited energy is dissipated before a substantial temperature excursion can develop. Consequently,

In the opposite limit of very slow thermal relaxation,

thermal retention during excitation becomes efficient, but post-pulse recovery vanishes,

and therefore

The transient photothermal modulation is consequently maximized at an intermediate thermal relaxation time for a given excitation condition. The optimal response does not correspond to either maximum thermal confinement or maximum heat dissipation. It arises from a balance between sufficient temperature build-up during infrared excitation and sufficiently rapid thermal recovery after the pump pulse.
Resonant electromagnetic enhancement provides an additional and distinct contribution. Increasing  increases the infrared energy deposited into the absorbing molecules and therefore increases the achievable transient temperature modulation. However, electromagnetic enhancement alone does not determine the photothermal response because the deposited energy must also evolve on an appropriate thermal timescale. The reduced model therefore separates two design requirements for MetaMIP: strong resonant energy deposition, described by , and an appropriate thermal relaxation time, described by the competing factors  and .
Transient photothermal response in MetaMIP
In MetaMIP, the resonant metasurface enhances infrared energy deposition within the near-field interaction region while simultaneously modifying heat transport on the timescale of the excitation cycle. The experimentally reconstructed transient temperature profiles in Fig. 1c resolve temperature build-up during the 500 ns infrared pulse and thermal relaxation following termination of the excitation. Compared with conventional MIP, MetaMIP produces a substantially larger transient temperature excursion while retaining rapid post-pulse thermal recovery.
Coupled electromagnetic-thermal simulations reproduce the experimentally observed heating and relaxation dynamics. Electromagnetic simulations yield a maximum local field-intensity enhancement of approximately 40 within the metasurface hotspot. This maximum occurs within a highly confined near-field region and therefore exceeds the effective electromagnetic enhancement experienced by the thermally responding sample volume. The experimentally observed temperature enhancement is consequently smaller than the maximum local electromagnetic enhancement because of finite spatial overlap and transient heat transport.
The reduced analytical model in Eq. (S11) captures the physical competition underlying these observations, whereas the full spatial and temporal temperature distributions are obtained from coupled electromagnetic-thermal simulations. Together, the experimental transient thermometry, reduced analytical description, and numerical simulations establish the transient photothermal response as a balance between resonantly enhanced energy deposition and thermal relaxation.


	Chemical bonds
Structure
	Carbonyl
	Amide I
	Amide II
	Phosphate

	Mie Scatterer
	d=1.6 μm
h=500 nm
	
	d=1.9 μm
h=500 nm
	d=2.8 μm
h=500 nm

	Hexagonal Metasurface
	d=1.6 μm 
a=4.5 μm
h=500 nm
	d=1.9 μm 
a=5.0 μm
h=500 nm
	d=1.9 μm 
a=5.6 μm
h=500 nm
	d=2.8 μm 
a=7.5 μm
 h=500 nm



Table S1. Structural parameters of metasurface used in this study.


	Work
	 Readout
	Imaging mode
	Spatial resolution 
	Sensitivity metric 
	Noise / LOD definition
	Sample / Target

	This work 
	 MetaMIP andMetaMIP-F (mid-IR pump and visible probe)
	Scanning
	100 nm bead: FWHM 330 and 335 nm
	Oleic acid solution LOD = 100 nM
	SNR ≈ 3
	Oleic acid solution; 100 nm PMMA beads; single S. aureus

	Zhang et al., Sci Adv 
	MIP (mid-IR pump and visible probe)
	Scanning
	500 nm bead: FWHM 630/610 nm
	Detection sensitivity 6.7 mM (ascorbic acid in D2O)
	SNR=3 
	Solutions; beads; biological samples

	Pleitez et al., Nat Biotechnol 
	MiROM (mid-IR optoacoustic microscopy)
	Scanning
	—
	2.5 mM (DMSO), 1.5 µM (albumin)
	—
	Living cells and thick tissues

	Wang et al., Nat Commun 
	Overtone photothermal microscopy (NIR overtone heating and optical probe)
	Scanning
	200 nm bead: FWHM 432 nm
	0.3% for DMSO in glycerol-d8
	—
	200 nm PMMA beads; DMSO mixtures

	Jia et al., Adv Photonics 
	Metasurface enhanced IR photothermal microscopy
	Widefield
	240 nm lateral and 650 nm axial
	monolayer BSA and 100 nM regime for proteins
	—
	Surface proximal analytes



Table S2. Quantitative comparison of MetaMIP with representative vibrational imaging modalities1-4.
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Figure S1. Metasurface geometries and structural parameters. The Mie scatterers (left) and the hexagonal metasurface (right) are shown, both designed with a fixed height of 500 nm. To eliminate interference from the pump laser spot, the spacing between adjacent Mie scatterers was set to L = 10 μm. The periodicity of the hexagonal metasurface is denoted as a. 


[image: ]
Figure S2. Electromagnetic response of metasurfaces with varying geometrical parameters. (a) The simulation curve of Mie scattering at 1730 , the electric field enhancement factor distribution map, and the curve of enhancement factor as a function of distance.  (b) The simulation curve of hexagonal metasurface reflection at 1730 , the electric field enhancement factor distribution map, and the curve of enhancement factor as a function of distance. (c) The simulation curve of Mie scattering at 1060 , the electric field enhancement factor distribution map, and the curve of enhancement factor as a function of distance. (d) The simulation curve of hexagonal metasurface reflection at 1060 , the electric field enhancement factor distribution map, and the curve of enhancement factor as a function of distance. (e) The simulation curve of Mie scattering at 1550 , the electric field enhancement factor distribution map, and the curve of enhancement factor as a function of distance. (f) The simulation curve of hexagonal metasurface reflection at 1550 , the electric field enhancement factor distribution map, and the curve of enhancement factor as a function of distance.


[image: ]
Figure S3. Experimental reflection spectra of metasurfaces with varying diameters (FTIR).


[image: ]
Figure S4. Simulated transient temperature evolution in MetaMIP. The simulated temperature changes and fitted curves of the maximum temperature difference with and without the metasurface are shown. The decay constant near the metasurface is 0.385 μs, while that at a position far from the metasurface is 0.892 μs.
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Figure S5. Optimization of metasurface geometry for transient temperature enhancement.

[image: ]
Figure S6. Simulated near-field intensity enhancement distribution of the BIC metasurface at its designed resonance of 1730 cm⁻¹.
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Figure S7. Photothermal response of a BIC metasurface. (a) DC image of PMMA on the BIC metasurface. (b) Corresponding MIP image after normalization by the DC signal. Photothermal contrast is observed on the BIC metasurface, whereas no pronounced enhancement is observed at the BIC nearfield hotspots. (c) MIP spectra of PMMA acquired on and outside the BIC metasurface, showing no measurable enhancement of the molecular vibrational signal on the BIC metasurface.


[image: ]
Figure S8. Processing and reconstruction of transient fluorescence signals from 500 nm PMMA beads. (a) Optical microscopy image showing the positions of the 500 nm beads. (b) Raw signals of F-MIP, MetaMIP-F, and MCT. (c) Raw signals of MetaMIP-F and F-MIP within one modulation cycle, together with the corresponding data after matched filtering. (d) Fluorescence signals measured without mid-infrared pump laser excitation after the temperature was raised from room temperature to various setpoints. (e) F-MIP fluorescence signals of the beads measured on a 100 nm gold film and on a CaF₂ substrate, respectively.


[image: ]
Figure S9. Transient temperature measurements with and without MetaMIP of 100 nm fluorescent PMMA beads. (a) DC signal image of the PMMA beads acquired by MetaMIP-F. (b) Fluorescence signal image of the 100 nm beads observed by MetaMIP-F. (c) DC signal image of the PMMA beads acquired by F-MIP. (d) Fluorescence signal of the 100 nm beads observed by F-MIP. (e) Fluorescence photothermal spectrum of the PMMA beads obtained by MetaMIP-F. Scale bars: 500 nm.


[image: ]
Figure S10. Molecular sensitivity of MetaMIP. (a) MIP photothermal scanning spectrum of pure oleic acid molecules. (b) Comparison of the scanning spectra of pure carbon disulfide solution with and without the metasurface. (c) 5-minute stability test of the MetaMIP signal at 10 mW pump power.


[image: ]
Figure S11. Bond-selective enhancement of carbonyl, amide, and phosphate vibrations. (a-f) MetaMIP versus MIP imaging of ssDNA (a, b), BSA (c, d), and PMMA (e, f) films on Mie scatterer (top) and hexagonal metasurface (bottom). Solid arrows indicate the sampling points of the MetaMIP signal, while dashed arrows indicate the sampling points of the MIP signal. (g, h) Corresponding MetaMIP spectra from Mie scatterer (g) and hexagonal metasurface (h) regions (solid lines) versus reference regions (dashed lines). Scale bars, 2 μm.
We apply MetaMIP for bond-selective imaging. We present the enhancement achieved by hexagonal metasurface and compare their effectiveness with that of Mie scatterers, as shown in Fig. S11. Experimental MetaMIP imaging results were obtained from samples featuring three types of vibrational modes: the C=O vibration of PMMA at 1730 cm⁻¹, the Amide II vibration of BSA at 1550 cm⁻¹, and the phosphate group vibration of ssDNA at 1060 cm⁻¹. 
For the Mie scatterer, the MetaMIP imaging results shown in Fig. S11a,c and e exhibit a characteristic dipolar mode distribution aligned with the polarization direction of the pump laser, consistent with the metasurface design. The hotspot distribution on both sides of the metasurface exhibited slight asymmetry. This may be attributed to subtle variations in sample thickness near the metasurface, caused by stress during spin coating and minor fabrication imperfections introduced during metasurface processing. Photothermal spectra were acquired from the hotspot regions near the Mie scatterers (indicated by the solid arrows in Fig. S11a,c and e) and from the locations farther from the Mie scatterers (indicated by the dashed arrows in Fig. S11a, c and e) for PMMA (blue), BSA (red), and ssDNA (yellow) in Fig. S11g. The photothermal signals of molecules near the Mie scatterers (solid lines, 500 nm from the edge of the scatterer) exhibited enhanced intensity at the target resonance peaks compared to the signals from regions farther away (dashed lines, more than 2 μm from the edge of the scatterer). Notably, photothermal spectra of BSA molecules (solid red line) exhibit 6-fold enhancement at 1550  and 1650  compared to the photothermal spectra measured away from the metasurface (dashed red line), indicating that the Mie scatterers possess broad-spectrum enhancement characteristics. The FTIR spectra of ssDNA, BSA, and PMMA molecules (Fig. S12) showed characteristic peak distributions consistent with the photothermal spectra.
MetaMIP imaging results of PMMA, BSA, and ssDNA on the hexagonal metasurface at their respective fingerprint wavelengths are shown in Fig. S11b, d and f. Consistent with simulations (Fig. S2), hotspots are observed on both sides of each particle in the array, along with substantial enhancement in the inter-particle gaps. Since the nearfield distributions of triangular arrays are polarization-sensitive, we obtained the MetaMIP images under different polarizations. While polarization had minimal effect on the signal intensity of the MetaMIP images, it significantly influenced the distribution of hotspot regions (Fig. S11b, d, f and Fig. S15). Notably, the hotspots are distributed between the gaps of the metasurface and aligned with the polarization direction of the pump light. MetaMIP images were acquired at both resonant and non-resonant wavelengths of the biomolecules. The results show that signal enhancement occurs only when both the biomolecules and the metasurface are simultaneously at their resonant wavelengths (Fig. S16). Using the same method as that applied to the Mie scatterers, we obtained the spectral profile of the hexagonal MetaMIP (Fig. S11h). The results show that the enhancement effect of the hexagonal MetaMIP is significantly greater than that of the Mie scatterers.
We obtained MetaMIP images of ssDNA, BSA, and PMMA molecules under different pump powers (Fig. S13 and S14) for quantitative analysis of the enhancement factor, as shown in Fig. S17. At the positions indicated in Fig. S11a-f, MetaMIP and MIP signals were measured as a function of the mid-infrared pump laser power for the three biomolecules. Both MetaMIP and MIP signals show a linear dependence on the IR power. MetaMIP and MIP signals were subjected to linear fitting through the zero-crossing point, yielding a slope k, which represents the enhancement factor of the MetaMIP system relative to MIP. For the Mie scatterer, the enhancement factors for PMMA, BSA, and ssDNA molecules are 6.0, 7.5, and 6.3, respectively. For the hexagonal metasurface, the data show a 12-fold enhancement of photothermal signals at Amide II in BSA. Moreover, the hexagonal metasurface exhibits specificity in enhancement compared to Mie scatterers. For instance, the photothermal spectra of BSA molecules measured away from the metasurface (dashed red line) show stronger spectral signals at Amide I 1650 . However, the photothermal spectra of BSA molecules near the metasurface (solid red line) exhibit more than a 7-fold enhancement at Amide II 1550 , while the enhancement at 1650  is less than 3-fold (Fig. S11g, h). The result confirms the narrowband enhancement characteristics of the metasurface. The MetaMIP signal intensities for the hexagonal metasurface were 9.1, 12.8, and 8.9 times higher than the corresponding MIP signals for PMMA, BSA, and ssDNA molecules, respectively. 

[image: ]
Figure S12. Comparison of MetaMIP and FTIR vibrational spectra. (a) The solid line represents the scanned spectrum of the MetaMIP signal for BSA, with the vertical axis indicating the MetaMIP signal intensity. The dashed line represents the FTIR spectrum, with the vertical axis indicating absorbance. (b) The solid line represents the scanned spectrum of the MetaMIP signal for PMMA, with the vertical axis indicating the MetaMIP signal intensity. The dashed line represents the FTIR spectrum, with the vertical axis indicating absorbance. (c) The solid line represents the scanned spectrum of the MetaMIP signal for ssDNA, with the vertical axis indicating the MetaMIP signal intensity. The dashed line represents the FTIR spectrum, with the vertical axis indicating absorbance.


[image: ]
Figure S13. Molecular vibrational imaging with Mie resonators. (a) MetaMIP images of ssDNA molecules under 0.4 mW to 7.1 mW IR power. (b) MetaMIP images of BSA molecules under 0.4 mW to 7.1 mW IR power. (c) M-PHI images of PMMA molecules under 0.4 mW to 7.1 mW IR power. Scale bars, 2 μm.
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Figure S14. Molecular vibrational imaging with hexagonal metasurfaces. (a) MetaMIP images of ssDNA molecules under 0.4 mW to 7.1 mW IR power. (b) MetaMIP images of BSA molecules under 0.4 mW to 7.1 mW IR power. (c) MetaMIP images of PMMA molecules under 0.4 mW to 7.1 mW IR power. Scale bar is 2 μm.
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Figure S15. Polarization dependence of MetaMIP enhancement. (a,b) Effect of 0° and 90° IR polarizations on the MetaMIP imaging of Mie scatterers. (c,d) Effect of 0° and 90° IR polarizations on the MetaMIP imaging of a hexagonal metasurface. Scale bars, 2 μm.


[image: ]
Figure S16. Resonance dependence of MetaMIP enhancement. (a,c) Comparison of the MetaMIP images of ssDNA molecules at the resonance peak position of 1060  and the non-resonance peak position of 1771 . (b,d) Comparison of the MetaMIP images of BSA molecules at the resonance peak position of 1550  and the non-resonance peak position of 1200 . Scale bars, 2 μm.


[image: ]
Figure S17. MetaMIP enhancement across molecular vibrational bands. (a) MetaMIP signal enhancement factors of Mie scatterers for three biomolecules as a function of pump laser power. The enhancement factor is calculated as the ratio of the slope of the signal intensity versus power curve near the metasurface to that at a location far from the metasurface. The enhancement factors are 6.0 for PMMA (blue), 7.5 for BSA (red), and 6.3 for ssDNA (yellow). (b) MetaMIP signal enhancement factors of the hexagonal metasurface for three different biomolecules. The enhancement factors are 9.1 for PMMA (blue), 12.8 for BSA (red), and 8.9 for ssDNA (yellow). Compared to the Mie scatterers, the hexagonal metasurface provides significantly higher enhancement, with signal amplification reaching over 12-fold.


[image: ]
Figure S18. Spatial evolution of membrane-associated vibrational signals during sphingomyelin hydrolysis in HeLa cells. (a-f) Optical micrographs of HeLa cells acquired outside the metasurface region and corresponding MIP images acquired acquired at 1085 cm-1 at different stages of SM hydrolysis. (g) MetaMIP image showing the SM-associated signal at 1085 cm-1 after 10 min of hydrolysis in an additional HeLa cell. (h) Corresponding MetaMIP image showing the Cer-associated signal at 1030 cm⁻¹. Scale bars, 5 μm.


[image: ]
Figure S19. Vibrational imaging of lipid droplets in HeLa cells. (a) Optical microscopy image of HeLa cells on the MetaMIP system. (b) Optical microscopy image of HeLa cells on a CaF₂ substrate acquired on the MIP system. (c) Lipid droplet image of the cells obtained by MetaMIP. (d) Lipid droplet image of the cells obtained by MIP. (e) Photothermal spectra obtained by MetaMIP and MIP, respectively. Scale bars: 10 μm.
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Figure S20. Thickness calibration of deposited gold layer.


[image: ]
Figure S21. Optical images of samples. (a) Metasurface-PMMA sample captured after the deposition of PMMA molecules. (b) Metasurface-BSA sample captured after the deposition of BSA molecules. (c) Metasurface-ssDNA sample captured after the deposition of ssDNA molecules.


[image: ]
Figure S22. Processing and normalization of MetaMIP images. (a) Photothermal image of Mie scatterers containing ssDNA molecules. (b) DC image of Mie scatterers containing ssDNA molecules. (c) MetaMIP image after eliminating the influence of reflection. Scale bar is 2 μm.


[image: ]
Figure S23. Intrinsic photothermal response of the bare metasurface. (a) An optical microscopic image of the metasurface. (b) MetaMIP image of the metasurface without normalization. (c) DC image of the metasurface. (d) Normalized MetaMIP image of the metasurface. Scale bars, 2 μm.


[image: ]
Figure S24. Effect of the quartz well on photothermal measurements. (a) Schematic of the experimental setup with the quartz well. (b) Schematic of the experimental setup without the quartz well. (c) Photothermal signal of the oleic acid solution measured in the presence of the quartz well. (d) Photothermal signal of the oleic acid solution measured in the absence of the quartz well.
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