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Supporting Methods Section

Structure-maintenance analysis depending on the fabricated temperature
Structure-maintenance analysis of CNFs-OIA according to temperature (100 and 150 ℃) was conducted through cross-sectional observation. For an accurate comparison, CNFs-OIA samples prepared at different temperatures were immersed in the same concentration of HA (15 wt%) for the same duration (1 min), and then cross-sectional photographs were obtained using Digibird (MICRO B2B, KOREA). Using the ImageJ software, the initial height was set to h0, and the height after soaking in HA was set to h. Structure maintenance was calculated as the degree of structural change () at the 10 selected sites.
Analysis of OIA implementation according to imprinting pressure 
The implementation of CNFs-OIA according to the imprinting pressure (60–500 MPa) was performed using a confocal microscope (Leica, Germany). To obtain images based on the fluorescence signal, a low-viscosity fluorescence solution was applied to the CNFs-OIA imprinted at the same temperature (150 °C) under various pressure conditions. The fluorescent solution was prepared by dissolving rhodamine B in deionized water (D.W); the mixing ratio of D.W to rhodamine B was set to 10:1.
Properties according to concentrations of HA
HA powder (50 kDa, HAworks, USA) and phosphate-buffered saline (pH 7.4, Sigma-Aldrich, Germany) were used at the desired concentrations (1, 5, 10, 15, and 20 wt%). Vortexing (5 min) and centrifugation (3000 rpm, 10 min) were performed to ensure even dispersion of the HA powder. Viscosity measurements were performed on HA solutions of various concentrations, prepared in the same volume, using a rheometer (ARES-G2, TA, USA). 
Analysis of elastic modulus of HA-immersed CNFs
To measure the elastic modulus of CNFs immersed in HA at various concentrations (1, 5, 10, 15, and 20 wt%), CNFs samples of the same size (1×2 cm) were prepared and immersed in the HA solution for the same time (1 min). The elastic moduli were measured using a Universal Testing Machine (UTM, INSTRON, USA).
Structural maintenance analysis compared with commercial
The structural maintenance performance of the CNFs-OIA was compared with that of a patterned commercial CNFs product (Fillimilli, KOREA). For comparison, the CNFs-OIA and commercial products were immersed in various concentrations of HA for the same duration (1 min). Structural maintenance was confirmed through photographs obtained using a Digibird (MICRO B2B, KOREA).
Analysis of adhesion performance on the pigskin
Pigskin sourced from a local butcher in Jidong, Korea was used on the same day to prevent deformation. Adhesion performance was measured at 25°C using a custom-built device (Neo-Plus, Korea). The samples were secured to a jig connected to a force sensor and brought in contact with the pigskin. A preload of 5 kPa was applied to attach the adhesive samples to the substrates, which were detached after 5 s for measurement. Adhesion performance on the substrate was measured at least 10 times, and the average values were plotted. For shear direction adhesion, the adhesive samples attached to the pigskin substrate were detached at a constant velocity (~0.1 mm/s). The adhesion performance was measured at least five times and the average values were plotted.
FEM simulation
A FEM simulation analysis was conducted using commercial software (COMSOL Multiphysics version 6.2a, license number 5094592, Altsoft, South Korea) to validate the structural characteristics of the CNFs-OIA and CNFs-hole. A custom 2D model was designed with a protuberance size of 600 μm, an inner diameter of 1.5 mm, an outer diameter of 2.5 mm, and a height of 1 mm. The model was automatically tangential to a tetrahedral surface. The mesh size ranged from 0.0057 to 0.014 mm. For this model, the elastic modulus was determined from the stress-strain curve (Fig. 2e), and Poisson’s ratio was set at 0.49. All materials were assumed to exhibit linear elastic properties, and a pseudostatic analysis was performed.
Analysis of transdermal delivery efficiency on pig skin
[bookmark: _Hlk184423647]Rhodamine B was dissolved in the HA solution, enabling the detection of a fluorescence signal. (HA: Rhodamine B = 10:1). To observe the improvements in drug delivery, an analysis was conducted while adjusting the application time, structure, and concentration of HA. The penetration of rhodamine B into the pig skin was observed using a confocal microscope (Leica, Germany). Delivery depth was measured at randomly selected 10 sites of cross-sectional images using ImageJ software.
Measurement of electrical resistance of the stratum corneum
The arms of five volunteers were treated with ethanol, dried for 5 min, and then the CNFs-OIAE was applied for a certain period (20 min). A microcurrent was generated using a commercial power supply (MOONCLE, Korea) at a rated voltage of 5 V. The stratum corneum resistance of the subject's skin was measured at 5-min intervals using a multimeter (HIOKI, Japan). Measurements were performed at least five times for each participant, and the average value was calculated based on these measurements. Following school board policies, approval from the Institutional Review Board (IRB) was received for both subject and parental assent (IRB Approval No. SKKU 2024-08-061)
Measurement of skin moisture content 
After HA was delivered to the neck area of ​​five volunteers for a set period (20 min) in all groups (CNFs-OIAE, CNFs-OIA, and topical), any remaining residue on the skin was removed. The skin moisture content of the volunteers was measured before application, immediately after application, and 5 and 10 min after application using a commercial skin moisture tester (Welltrade, Korea). Each measurement was repeated at least five times and the average value was calculated. Following school board policies, approval from the Institutional Review Board (IRB) was received for both subject and parental assent (IRB Approval No. SKKU 2024-08-061).
Analysis of skin improvement in volunteers 
Antera 3D® (Miravex Limited, Ireland) was used to record and analyze the skin improvement process (roughness, fine lines, pores) of three volunteers. All groups (CNFs-OIAE, CNFs-OIA, and topical) were applied to the neck of the volunteers at the same time (20 min) daily, and 3D morphological images of the volunteers' skin were acquired before application and on days 1, 4, and 7 after application. Data were extracted based on the acquired images, and the degree of skin improvement in each group was quantified using the Antera software. Quantification was performed by setting four randomly selected sites in application area of ​​each group to a constant size (a circle with a diameter of 5 mm), and the average value was calculated. In addition, the skin improvement rate () for each group was calculated by setting the quantitative data before application as X0 and the data at day i after application as Xi. Following school board policies, approval from the Institutional Review Board (IRB) was received for both subject and parental assent (IRB Approval No. SKKU 2024-08-061).
Quantification of fine line 
Using the 3D morphological images acquired with Antera 3D®, various parameters related to fine line were measured. In particular, the fine line length at the selected site represents the total length of all fine lines. The average fine line width represents the average width of fine lines at the selected site. In addition, the counts of the individual fine lines at the selected site were quantified. These data were used to more precisely analyze the improvement in skin condition through the quantitative evaluation of parameters related to each fine line. 
Quantification of pore
Pores were visualized and various related parameters were measured using the 3D morphological images acquired with Antera 3D®. The mean pore area (mm2) at the selected site is the average pore area. The maximum pore depth is defined as the maximum depth of the pores in the selected area. Additionally, the number of individual pores was quantified. These data were used to analyze the improvement in skin condition more precisely through quantitative evaluation of the parameters related to each pore.



Supporting Theory Section

Derivation of the adhesion for CNFs-OIA and CNFs-hole
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Supplementary Fig. 1 | Schematic of the adhesion process of a) CNFs-OIA and b) CNFs-hole with the same preload (5 kPa).
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[bookmark: _Hlk172816112]Supplementary Fig. 2 | a) Contact angles of the HA on Si wafer (1, 5, 10, 15, and 20 wt%). b) Contact angles of the distilled water (DW) and glycerol on various substrates (Si wafer and pig skin).
As illustrated in Supplementary Fig. 1, with the application of a preload (5 kPa), the diameter ( after attachment increases further compared to the initial diameter of the structure (). We derived these deformations based on the FEM simulations (Fig. 3e and Supplementary Fig. 9). The total wet adhesion () of hole structure can be expressed by using the capillary force (), suction force (), viscous force () and their actual contact surface area.1, 2, 3, 4
                     (S1)
The capillary force can be defined as the sum of the Laplace pressure and surface tension applied to a unit area.
             (S2)
where  is the surface tension of HA depends on concentration,  is the contact angle of cellulose nanofiber and HA (Fig. 2d),  is the contact angle of HA on the engaged substrate (Supplementary Fig. 2a), h is the liquid gap,  is the outer circumference, and  is the number of structures. The contact surface area of protuberances was not considered in the equation (Supplementary Fig. 1b). The suction stress of a structure under wet conditions is expressed as
                        (S3)
where  is atmospheric pressure (∼101.3 kPa),  is the inner diameter of the contact surface when a preload is applied and the inner chamber is deformed,  is the number of structures. The viscosity of HA caused structural deformations and changes in the chamber volume (Figs. 2g, h). Because the volume scale of the chamber affects the suction force, we additionally considered the volumetric change ratio () according to viscosity. The suction force, considering the rate of volume change, can be expressed as:
                         (S4)
Finally, the viscous force changed linearly depending on the viscosity of HA. The viscous force, which depends on the viscosity applied to a unit area, is expressed as 
n                      (S5)
where  is the sliding velocity and  is the viscosity of HA (Fig. 2c). The total wet adhesion, considering all applied forces, can be summarized as:
n     (S6)
Because we analyzed the adhesion performance at the pig skin interface, theoretical values ​​were derived by considering the surface energy of the pig skin. (Supplementary Fig. 2b).

Detailed derivation of the diffusion coefficient
The diffusion coefficient of HA was calculated to evaluate the effect of the CNFs-OIAE on transdermal delivery. The intensity of the fluorescent probe solution delivered to the pig skin was measured, and the solution concentration was calculated based on this intensity. The 2nd Fick's law differential equation for the change in concentration over time for a semi-infinite medium, wherein the initial concentration of  is uniform and the surface concentration of is constant is as follws:1
                              (S7)
where,  is the diffusion time,  is the diffusion coefficient, and  is the delivery depth. The 2nd Fick's law differential equation was subjected to the initial conditions. 
                     (S8)
In addition, boundary conditions are required. The first boundary conditions at the skin surface are as:
                      (S9)
The second boundary condition should be considered in the z-direction to assume that HA penetrates only a small distance over finite time. 
                     (S10)
The change in dimensionless surface concentration can be expressed as:
                          (S11)
                         (S12)
To obtain the diffusion coefficient, the intensity of a fixed surface concentration ( near the skin surface was measured by confocal microscopy.

[bookmark: _Hlk184426154]Quantification of skin roughness
Skin roughness was quantified by the deviation of the actual skin surface from the ideal shape based on the vertical deviation. The larger the deviation, the rougher the surface evaluated. The average roughness was calculated using the roughness plane correction option of Antera software and could be expressed using the following formula:
                         (S13)
where yi is the vertical length of a specific location. The root mean square of the vertical coordinate of the roughness profile is defined as
                         (S14)
The maximum height (Rt), which is the height between the maximum peak and minimum trough of the profile in the evaluation length, can be expressed as
                         (S15)
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Supplementary Fig. 1 | (a) Photographs of the CNFs-based OIA depending on different fabrication temperatures (25, 50, 100, 150, and 200 ºC). (b) Photographs of the CNFs-based OIA fabricated at imprinting enable temperatures (100 and 150 ºC). (c) Height (h) of OIA compared to the initial SUS mold (hi) by fabrication temperature; N=10. 
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Supplementary Fig. 2 | Structure implementation level under fluorescent solution of the OIA fabricated with various imprinting pressures (60, 100, and 250 MPa) at 150 ºC. This indicates that the structural implementation increases with high imprinting pressure.
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Supplementary Fig. 3 | a) Contact angles of the HA with different concentrations on various (Glass, PDMS). b) The contact angles of deionized water (DW) on CNFs soaked in different concentrations of HA.
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Supplementary Fig. 4 | Measurement of stress-strain curves of the CNFs absorbed with various HA concentrations (w/o, 1, 5, 10, 15, and 20 wt%) using Universal Testing Machine (UTM).
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Supplementary Fig. 5 | Photographs depicting the structure-maintenance performance of the commercial product for various concentrations of HA (0, 1, 5, 10, 15, 20 wt%)
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Supplementary Fig. 6 | a) Measurement of normal adhesion on authentic pigskin using custom-built equipment. b) Representative time-dependent profile of normal adhesion.
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Supplementary Fig. 7 | a) Measurement of shear adhesion on authentic pigskin using custom-built equipment. b) Representative time-dependent profile of shear adhesion
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Supplementary Fig. 8 | Normal adhesion at different concentrations of HA (w/o, 1, 5, 10, 15, and 20 wt%) on an authentic pig skin substrate, shown with predicted values for the OIA (blue dotted line) and the hole (green dotted line).
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Supplementary Fig. 9 | FEM simulation for stress distribution of deformed single CNFs-hole
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Supplementary Fig. 10 | Images of 3D confocal microscopy analysis of rhodamine B-tagged HA (15 wt%) through pigskin at different application times (10, 20, and 30 min).
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Supplementary Fig. 11 | Images of the 3D confocal microscopy analysis of rhodamine B-tagged HA with various concentrations of HA (0, 1, 5, 10, and 15 wt %) through pigskin at a fixed application time (20 min).
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Supplementary Fig. 12 | a) Experimental setup for current generation measurement of CNFs-OIAE. Derived current profiles: (b) voltage-off state and (c) voltage-on state. 
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Supplementary Fig. 13 | Current generation measurement environment circuit diagram
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Supplementary Fig. 14 | Evaluation of electrical performance of C-DL OIA according to the concentration of HA (0, 1, 5, 10, and 15 wt%); n=10
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Supplementary Fig. 15 | Images of 3D confocal microscopy analysis of rhodamine B-tagged HA (15 wt%) through pigskin at different application times (10, 20, and 30 min) and various mechanisms (CNFs-OIAE, CNFs-OIA and, topical).  
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Supplementary Fig. 16 | Representative images of skin roughness, fine lines, and pores of several volunteers before the application of C-DL OIA (day 0), scale: 1 mm.
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Supplementary Fig. 17 | Representative images of skin roughness, fine lines, and pores of several volunteers at different application times (1, 4, and 7 d): (a) Volunteer 2 and (b) Volunteer 3, scale: 1 mm. 

[image: 텍스트, 도표, 라인, 그래프이(가) 표시된 사진

AI가 생성한 콘텐츠는 부정확할 수 있습니다.]

Supplementary Fig. 18 | Changes in (a) root mean square of the roughness profile ordinate and (b) average width of fine lines. 
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Supplementary Fig. 19 | Quantitative data of skin roughness based on HA delivery mechanisms (blue columns: CNFs-OIAE, green columns: CNFs-OIA, gray columns: topical) at different application times (0, 1, 4, and 7 d) and volunteers: (a) average value of all deviations from a straight line within the evaluation length, (b) root mean square of the roughness profile ordinate, and (c) height between the maximum peak and the minimum point of the profile; N=4 
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Supplementary Fig. 20 | Quantitative data of fine lines according to the HA delivery mechanisms (blue columns: CNFs-OIAE, green columns: CNFs-OIA, gray columns: topical) at different application times (0, 1, 4, and 7 d) and volunteers: (a) sum of the fine line lengths, (b) average width of the fine lines, (c) average depth of fine lines, and (d) counts of individual fine wrinkles; N=4 
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Supplementary Fig. 21 | Quantitative data of fine lines according to HA delivery mechanisms (blue columns: CNFs-OIAE, green columns: CNFs-OIA, gray columns: topical) at different application times (0, 1, 4, and 7 d) and volunteers: (a) mean pore areas, (b) average depth of the pores, and (c) counts of individual pores; N=4.
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