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Abstract 8 

Real-time detection of plant stress and timely delivery of protective biomolecules are essential for 9 
improving crop resilience under adverse environmental conditions. However, conventional plant 10 
monitoring systems typically rely on ambient measurements and passive treatment strategies that 11 
fail to enable targeted plant recovery based on their localized physiological conditions. As a result, 12 
current approaches largely operate as open-loop systems, where sensing and intervention are not 13 
directly integrated, limiting the ability to respond dynamically to plant stress. This study presents 14 
an integrated plant healthcare platform that bridges this gap by combining leaf-level humidity 15 
sensing with stimulus-responsive delivery of the phytohormone salicylic acid (SA) to enable a 16 
closed-loop plant care system. The objective of this work was to develop a platform capable of 17 
monitoring transpiration driven humidity changes at the leaf surface and enabling controlled 18 
hormone delivery based on plant physiological responses. A temperature responsive hydrogel 19 
encapsulating SA was synthesized to achieve sustained biomolecule release while minimizing 20 
initial burst release. Salicylic acid release kinetics were evaluated using multiple mathematical 21 
models, with the Korsmeyer–Peppas model providing the best fit (R² = 0.9978), indicating that SA 22 
release was governed primarily by polymer relaxation and degradation mechanisms. Leaf-level 23 
relative humidity was continuously monitored on the abaxial surface under different treatment 24 
conditions. Plants treated with the hydrogel-based SA delivery system showed improved drought 25 
tolerance, with localized relative humidity increasing from approximately 20–30% in stressed 26 
plants to 60–70% after treatment, while untreated stressed plants did not show any noticeable 27 
recovery. This improvement was further supported by measurements of stomatal aperture, which 28 
showed a mean opening of 1.932 micrometers in treated plants, compared to 0.396 micrometers in 29 
untreated plants. SA treated seeds also demonstrated accelerated germination within 14 days. 30 
These findings demonstrate the potential of integrating plant wearable sensors with stimulus 31 
responsive biomaterials to establish closed-loop plant healthcare systems that couple physiological 32 

sensing with adaptive intervention. 33 

 34 

Keywords: Precision plant healthcare, Leaf humidity sensing, Salicylic acid, Thermoresponsive 35 
hydrogel, Closed loop system, Biomolecule release modeling.  36 

 37 

 38 

 39 
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1. Introduction 40 

  The world population is projected to reach 11.2 billion by 2100, significantly increasing 41 
global food demand 1. However, cultivable land is expected to shrink due to urbanization and 42 
environmental degradation. In parallel, rising carbon emissions and global warming are intensifying 43 
environmental stressors, particularly drought, which lead to water scarcity in plants and a sharp 44 
decline in agricultural productivity 2. These abiotic stressors impair vital physiological processes in 45 
plants, most notably transpiration, which governs water movement and gas exchange through the 46 
stomata 3. Under normal conditions, healthy plants exhibit high transpiration rates, releasing water 47 
vapor that influences the surrounding relative humidity (RH). However, environmental stress 48 
prompts stomatal closure, suppressing transpiration and reducing humidity in the leaf microclimate. 49 
This phenomenon creates an opportunity to infer plant stress through RH measurements 4. Despite 50 
these advances, current technologies lack the capability to monitor leaf microclimate in real time 51 

and to enable controlled, efficient delivery of biomolecules for mitigating plant stress under 52 
dynamic environmental conditions 5. 53 

 To enhance plant resilience, researchers have investigated the external application of 54 
biomolecules like salicylic acid (SA) using delivery approaches such as foliar sprays and hydrogel 55 
systems. SA is a critical plant hormone involved in growth, development, and defense. It plays a 56 
key role in modulating stomatal function, photosynthesis, and nutrient uptake, while also acting as 57 
a central signaling molecule in systemic acquired resistance (SAR) 6. SA interacts with other 58 
hormonal pathways such as jasmonic acid and abscisic acid to coordinate stress responses, and 59 
activates defense related genes like pathogenesis related (PR) proteins 6. SA boosts the activities of 60 
key antioxidative enzymes such as peroxidase (POD), polyphenol oxidase (PPO), and superoxide 61 
dismutase (SOD), mitigating oxidative stress and promoting plant health during drought, salinity, 62 
or extreme temperatures 7. During biotic stress, SA levels naturally rise in response to pathogen 63 
attacks. However, prior work demonstrated that excessive drought conditions can suppress SA 64 
biosynthesis in plants 5,8,9. Therefore, when endogenous SA production is insufficient, external 65 
application of SA has proven to be an effective strategy to enhance plant defense and significantly 66 
improve crop yield under stress conditions. For instance, foliar spraying of 0.75 mM SA on French 67 
beans under salt stress restored up to 90% of control yield 10. In cold stressed maize plants, 0.5 mM 68 
SA enhanced growth rate under hydroponic conditions 11. Exogenous application further enhances 69 
defense by activating PR genes and secondary metabolite pathways. For example, SA treated 70 
watermelon plants showed increased resistance to cucumber green mottle mosaic virus (CGMMV) 71 
through elevated flavonoid biosynthesis 12, while another study showed that SA inhibited Rice 72 
Black Streaked Dwarf Virus (RBSDV) infection in rice 13. In tomato plants, passive delivery of SA 73 
via nanomaterials increased SA levels by up to 45%, enhancing resistance to fungal infection 14. 74 

SA also confers general physiological benefits, including improved germination, flowering, and 75 
biomass production across species 15. In Butterhead Lettuce, slow release of SA increased root mass 76 
and enhanced plant immunity 16. In wheat, SA improved antioxidant activity and shoot root growth 77 
metrics 17, while in Catharanthus roseus it upregulated drought tolerant genes and boosted 78 
carotenoid, alkaloid, and chlorophyll content 18. Furthermore, synergistic effects are seen when SA 79 
is combined with other hormones. In soybeans, for example, the combination of SA and GA3 80 
improved pod development and chlorophyll retention under waterlogged conditions 19.  81 

Despite its broad benefits, SA’s success depends on precise delivery at critical growth 82 
stages. Traditional foliar spraying is prone to degradation, poor uptake, and lack of delivery control, 83 
particularly under stress conditions 10,20,21. To address these challenges, hydrogel based systems 84 
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have been developed to enable controlled release, but many rely on passive degradation 85 
mechanisms and lack the structural adaptability required for precise or localized delivery 22,23. 86 
Furthermore, several hydrogel designs fail to align release rates with the dynamic physiological 87 
needs of the plant. For example, bulk hydrogels used in earlier studies demonstrated slow but 88 
uncontrolled degradation and release profiles 24,25. Additionally, some systems fail to deliver SA at 89 
the right stage of plant development or in response to environmental cues, leading to waste and 90 
limited therapeutic efficacy 15,26. In a preliminary work, our group presented a three-dimensional 91 
(3D) printed thermo-responsive hydrogel actuator for controlled release of SA 27. The system 92 
enabled sustained and localized delivery of SA through a temperature-triggered mechanism, and 93 
demonstrated improved structural adaptability compared to conventional bulk hydrogels. However, 94 
the actuator operated as a passive delivery platform, where release was governed solely by 95 
environmental temperature without incorporating real-time feedback from the plant. As a result, the 96 

system lacked the ability to dynamically adjust SA delivery based on the plant’s physiological state 97 
or stress level. Furthermore, it did not include any sensing capability to monitor leaf-level 98 
microclimate conditions, which are critical indicators of early stress responses. These limitations 99 
highlight the need for an integrated platform that can both detect plant stress in real time and actively 100 
regulate biomolecule delivery in response to those signals. Therefore, despite ongoing research, 101 
current hydrogel based delivery platforms still face major challenges in achieving precision, 102 
responsiveness, and sustainability in agricultural applications 28.  103 

 Transpiration is governed by the leaf microclimate, particularly the RH at the stomatal 104 
interface, which directly controls vapor pressure deficit (VPD) and water loss. Because early 105 
drought stress manifests as subtle changes in leaf level humidity before visible symptoms appear, 106 
real time monitoring of leaf RH is critical for timely intervention 4,5. Conventional humidity sensors 107 
positioned in ambient air or soil provide indirect measurements and fail to capture the dynamic 108 
microclimate at the leaf surface, often delaying stress detection due to environmental noise and poor 109 
spatial resolution. To overcome these limitations, recent studies have introduced flexible, 110 
conformable, and miniaturized leaf sensors capable of directly measuring RH, temperature, and 111 
VPD at the leaf surface 29. Other studies employed adhesive mounted configurations that maintain 112 
a breathable air gap, preventing stomatal blockage 5,30. Our group previously reported a 113 
multifunctional, flexible patch that integrates temperature, RH, and hormone sensors on the leaf 114 
surface 5,8,31. Oren et al. developed a low cost, flexible graphene-based humidity sensor transferred 115 
onto adhesive tapes using a peel transfer method. The patch was mounted on plant leaves for water 116 
transport monitoring, with the sensor coating made of multilayer graphene nanoplatelets 32. Lee et 117 
al. designed a multimodal sensor patch mounted on the abaxial leaf surface to monitor volatile 118 
organic compounds, temperature, and humidity 33. These systems including graphene based, carbon 119 
nanotube–based, and polymer composite sensing platforms have demonstrated improved sensitivity 120 

to stomatal microclimate dynamics. While these advances represent an important step toward 121 
precision plant monitoring, existing platforms largely function as passive diagnostic tools. They 122 
report environmental or physiological data but do not translate those signals into actionable 123 
interventions. To date, although several studies have reported leaf mounted humidity sensors, none 124 
have utilized real time leaf humidity data to actively trigger a therapeutic response, such as targeted 125 
biomolecule delivery, to mitigate the plant stress conditions. 126 

  Our research addresses this critical gap by integrating a leaf humidity based stress diagnostic 127 
platform with a responsive SA delivery mechanism, thereby establishing a true closed loop plant 128 
care system. At its core is a thermoresponsive hydrogel engineered to release SA near 32°C 34, 129 
which is closely aligned with physiological stress conditions in plants 35. This threshold is critical, 130 
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as temperatures above 30–32 °C can disrupt transpiration, photosynthesis, and hormone signaling 131 
pathways, thereby triggering the need for protective responses for stress mitigation 36. Unlike 132 
conventional bulk hydrogels, which lack structural flexibility, the hydrogel films developed in this 133 
study can be directly applied to leaf surfaces or soil, enabling targeted, localized delivery and 134 
improved adaptability to changing environmental conditions. This customizable release system 135 
ensures sustained SA delivery while minimizing chemical waste, enhancing precision agriculture 136 
applications. A key innovation of this work is the integration of real time leaf level RH monitoring 137 
with adaptive biomolecule delivery, forming a fully integrated closed loop system. A flexible sensor 138 
developed in our earlier work is mounted on the abaxial surface of leaves to monitor RH as an 139 
indicator of stomatal activity and transpiration-driven plant water stress 37. When stress is detected, 140 
SA is delivered to the plant, promoting hormone assisted recovery and mitigating drought induced 141 
physiological decline. As shown in Figure 1, this feedback loop continuously monitors RH and 142 

delivers SA, enabling plants to dynamically respond to evolving stress conditions. By 143 
synchronizing physiological sensing with adaptive biomolecule delivery, our system closes the 144 
feedback loop between stress detection and intervention. This enables precise temporal control of 145 
SA delivery, minimizes unnecessary chemical application, and supports plant specific, point of care 146 
decision making directly at the leaf interface. Ultimately, this approach transforms leaf humidity 147 
monitoring from a passive measurement tool into an active, intelligent strategy for real time 148 
mitigation of plant water stress. 149 

 150 

Figure 1: Closed loop feedback system for adaptive SA delivery via humidity sensing in leaves. 151 

 152 

 153 

The key innovations of this work include: 154 
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• Applying a flexible humidity sensor to monitor leaf-level RH in response to water stress 155 
37.  156 

• Engineering stimulus responsive hydrogel capable of controlled, sustained delivery of SA 157 
on demand.  158 

• Integrating the sensor and hydrogel system into an adaptive platform for proactive, 159 
personalized plant stress mitigation.  160 

 161 

2. Materials and Methods  162 

2.1 In Vitro Hormone Release Studies for Hydrogel Optimization  163 

The hydrogel-based delivery system consists of a thermoresponsive polymer network 164 

composed of salicylic acid–based poly(anhydride ester) (SAPAE) integrated within a poly(N-165 

isopropylacrylamide) (PNIPAAM) matrix for controlled SA release. SAPAE serves as a 166 

biodegradable biomolecule system in which SA molecules are chemically incorporated into the 167 

polymer backbone and are released through hydrolytic degradation of anhydride and ester bonds 168 

under aqueous conditions 38. This mechanism enables sustained and localized delivery of SA, 169 

minimizing burst release and improving therapeutic efficiency. PNIPAAM, a temperature-170 

sensitive polymer, exhibits a lower critical solution temperature (LCST) near 32 °C, above which 171 

the polymer undergoes a hydrophilic-to-hydrophobic transition, leading to network collapse and 172 

triggered release of the encapsulated biomolecule. Together, the SAPAE–PNIPAAM system 173 

forms a hybrid hydrogel platform that integrates both degradation-controlled and stimulus-174 

responsive release mechanisms. Such hydrogel systems typically possess a 3D-crosslinked 175 

network structure that allows high water absorption while maintaining structural integrity, thereby 176 

enabling controlled diffusion of encapsulated agents 39. This synergistic release behavior provides 177 

enhanced temporal control over SA delivery, making the platform well suited for applications 178 

requiring sustained and environmentally responsive hormone release.  179 

The synthesis procedure of the hydrogel system is detailed in Supporting Information A. 180 

To determine the optimized hydrogel formulation for SA release, four samples (A, B, C and D, as 181 

detailed in Supporting Information A.3) were prepared and evaluated through in vitro release 182 

studies. The hydrogel samples were placed inside capped bottles, which were subsequently kept 183 

in a water bath to investigate the release kinetics of SA (Figure 2). Because PNIPAAM undergoes 184 

a phase transition near its LCST of ~32 °C 40, the water bath temperature was maintained above 185 

32 °C to ensure accurate and consistent release measurements. Phosphate-buffered saline (PBS) 186 

was used as the release medium to provide a physiologically relevant dissolution environment. At 187 

predetermined time intervals, a fixed volume of the release medium was carefully withdrawn from 188 

each sample with minimal disturbance to the hydrogel structure, and an equal volume of fresh PBS 189 

was replenished to maintain constant solution volume. The collected samples were then analyzed 190 

using UV-Vis spectrophotometry at 295.5 nm wavelength to quantify SA concentration 41, based 191 

on a pre-established calibration curve (Supporting Information B.1). In addition, detailed 192 

morphological and chemical characterization of the synthesized hydrogels is presented in 193 

Supporting Information B.2. 194 
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 195 

Figure 2: Experimental setup for in vitro hormone release test. 196 

2.2 Kinetic Model Fitting of Experimental SA Release Data  197 

To evaluate the SA release mechanisms from the prepared hydrogel samples (A, B, C, and 198 

D), the release kinetics of SA from each formulation were analyzed using multiple mathematical 199 

models, as detailed in Supporting Information C. These included the zero-order, first-order, 200 

Higuchi, Hixson–Crowell, and Korsmeyer–Peppas models, which collectively describe diffusion-201 

controlled, surface erosion–driven, and polymer relaxation–mediated release behaviors. 202 

Experimental cumulative release data obtained from UV–Vis analysis were fitted to each model, 203 

and the goodness of fit was assessed using correlation coefficients (R² values). The Korsmeyer–204 

Peppas model was further applied to the initial 60% of release data to determine the dominant 205 

release mechanism through the release exponent (𝑛) and rate constant (݇). In addition, key kinetic 206 

parameters such as time of release and maximum cumulative release were also analyzed to 207 

compare formulation performance.  208 

2.3 Experimental Design for Studies on Grown Plants  209 

A total of 12 fully matured bell pepper plants (Capsicum annuum) were purchased from 210 
Lowe’s Garden Center in Tyler, Texas. These plants were divided into four groups, each having 211 
three plants (Table 1). The plants were first rehydrated following transport, and experimental 212 
observations began two days later. These two days acclimatization period was provided to allow 213 
the plants to recover from transplant shock and physiological stress induced by transport and 214 
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changes in environmental conditions such as light, humidity, and temperature. Such a stabilization 215 
phase ensures that the collected data reflects plant responses under steady state conditions rather 216 
than transient stress effects. During the acclimatization period, the plants were kept in controlled 217 
laboratory conditions with a temperature range of approximately 23–25 °C and RH maintained 218 
between 45–55%. Following the first day of data collection, the plants were placed outdoors under 219 
direct sunlight during the day to simulate natural environmental conditions. To simulate drought 220 
conditions, irrigation was withheld for the first five to six days until the RH level dropped 221 
significantly for all groups except the control group that were watered daily (Group 4). Data 222 
acquisition was conducted indoors each morning.  223 

Leaf level RH for each plant was measured daily over a 10-day period, with each recording 224 
lasting 20 minutes using commercial multimeters (Hewlett-Packard, Palo Alto, CA, USA), as 225 
illustrated in Figure 3. It is well understood that plant leaves do not have an intrinsic RH; rather, 226 

they contribute to the surrounding microenvironment’s humidity through transpiration, the process 227 
by which water vapor exits the leaf through stomatal pores. A healthy plant typically exhibits 228 
higher transpiration rates, releasing more water vapor to the surrounding air. During water deficit 229 
conditions, plants typically respond by closing their stomata to conserve water, which leads to a 230 
reduction in transpiration rate and subsequently lowers the humidity immediately surrounding the 231 
leaf surface 42–44. To more precisely capture localized humidity variations, custom-fabricated 232 
humidity sensors 37 were mounted on the abaxial surface of bell pepper leaves. The sensors were 233 
affixed using 20 µm-thick double-sided tape applied only along the edges (~1 mm width), ensuring 234 
that the active sensing region was exposed to the stomatal surface. This 20 µm gap between the 235 
leaf and sensing surface avoided obstruction of stomata. The resulting configuration enabled 236 
continuous, high-resolution monitoring of humidity directly at the leaf surface.  237 

Once leaf RH measurements indicated a significant and sustained decline interpreted as a 238 
drought-induced stress response due to reduced transpiration, hormone loaded films (SAPAE-239 
PNIPAAM or SA- PNIPAAM) were applied at the root zone within the soil. For this application, 240 
the films were prepared in 11 mm diameter, 2 mL glass vials. The smaller size and lower volume 241 
were chosen to enhance root uptake efficiency of the released SA. These 2 mL vials were inserted 242 
into the soil near the plant roots, facilitating easier hormone absorption under simulated drought 243 
conditions (Figure 4). 244 

 245 

 246 

Table 1: Description of Plant Groups and Assigned Treatments 247 

Group Name Treatment No of plants 

Group 1 Treated with SAPAE encapsulated PNIPAAM hydrogel films upon 

showing stress (SAPAE-PNIPAAM) 

3 

Group 2 Treated with SA encapsulated PNIPAAM hydrogel films upon showing 

stress (SA- PNIPAAM) 

3 

Group 3 Drought stressed plants without any hormone treatment 3 

Group 4 Regular watering throughout the experiment to maintain healthy 

conditions (true control) 

3 
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 248 

Figure 3: Experimental setup for real time sensing and SA delivery in grown plants. 249 

 250 
  251 

 252 

Figure 4: Experimental setup for testing the SA delivery in full grown bell pepper plants. Left: Hormone loaded 253 
hydrogel films cast into 2 mL glass vials. Right: A SAPAE film loaded vial placed at the root zone of a potted 254 
plant to enable hormone uptake following stress detection via leaf mounted RH sensors. 255 

At the end of the 10-day experiment, images of the plant canopy were captured to 256 
qualitatively assess plant recovery characteristics, including leaf turgor, upright posture, and 257 
overall plant vitality under drought stress conditions. A high-resolution digital camera (Sony Alpha 258 
a6000 Mirrorless Digital Camera, Sony Corporation, Tokyo, Japan) was used to record these 259 
images. After canopy imaging, the plants were carefully uprooted from the containers, and the root 260 
areas were gently cleaned to remove adhered soil. Root images were then acquired to evaluate root 261 
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morphology, including vertical root length and lateral root spread. The obtained measurements 262 
were used for quantitative comparison of overall root development among the treated plants. 263 

To quantify stomatal aperture differences among treatment groups, scanning electron 264 
microscopy (SEM) images of stomata from the abaxial side of the leaf were analyzed following 265 
the 10-day experiment. For each treatment group, the aperture lengths of 10 individual stomata 266 
were measured using ImageJ software (ImageJ, National Institutes of Health, USA), and the 267 
corresponding mean and standard deviation values were calculated. This analysis provided a 268 
quantitative comparison of stomatal behavior across different treatments and stress conditions, 269 
complementing the qualitative observations from SEM imaging.  270 

 271 

2.4 Experimental Design for Studies on Seeds  272 

To evaluate the potential physiological effects of SA and SAPAE on plant development, a 273 
series of germination and early growth experiments were conducted using tomato and bell pepper 274 
seeds under controlled conditions. All seeds were procured from Lowe’s Garden Center (Tyler, 275 
TX, USA). In the first experiment (Phase 1), tomato (Solanum lycopersicum, Roma VF) seeds 276 
were grown in 20 mL glass bottles (28 mm diameter) containing soil. Three experimental groups 277 
were prepared (Table 2, Phase 1), with the inner surfaces of the bottles pre-coated using different 278 
hydrogel film formulations (Table A.1, Supporting Information). Each bottle served as an 279 
individual pot and was maintained in a drought stressed condition with intermittent watering over 280 
a 14-day period. All samples were incubated in an artificial environmental chamber to ensure a 281 
consistent temperature of 35 ºC, a humidity level of 30%, and two-sided lighting illumination of 282 
6000 lux. Seed germination rate and early growth responses were visually monitored and recorded. 283 
To enable controlled hormone release, water was intermittently introduced through a small inlet at 284 
the bottom of each bottle. This design promoted capillary-driven flow toward the hormone-loaded 285 
film, enabling potential hormone release upon exposure to moisture. The temperature of the 286 
irrigation water was maintained above the LCST of PNIPAAM to trigger its thermoresponsive 287 
deswelling behavior, thereby facilitating the on-demand release of SA. This experimental design 288 
ensured that hormone diffusion was thermally activated and spatially localized near the seed, 289 
allowing for precise evaluation of hormone induced germination and early seedling growth under 290 
abiotic stress. 291 

To further validate the effectiveness of SAPAE films as a hormone delivery system, a 292 
second seedling growth study was conducted using bell pepper (Capsicum annuum) seeds over a 293 
14-day period. The experiment included replicated pots for each treatment condition, along with a 294 

true control group that received neither drought stress nor hormonal treatment. During this phase, 295 
four experimental groups were set up, with each group comprising three separate pots, each 296 
containing a single seed (Table 2, Phase 2). This phase aimed to evaluate both seed germination 297 
and early-stage seedling responses to sustained hormonal exposure under abiotic stress. A 298 
laboratory environment was selected to enable close monitoring and maintain consistent conditions 299 
as an alternative to a programmable environmental chamber. Under these conditions, ambient RH 300 
ranged from 45% to 55%, while pot temperatures were maintained at 35 °C using a water bath 301 
setup. This thermal setup was chosen to mimic heat-induced drought conditions, similar to the 302 
previous tomato seed experiment. All treatment pots were irrigated intermittently using warm 303 
water delivered through a small aperture in the bottle, ensuring that water temperature remained 304 
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above the LCST of PNIPAAM. This condition enabled thermally triggered, localized release of 305 
SA from the polymeric matrix.  306 

The primary objective of these experiments was to assess the comparative effectiveness of 307 
SAPAE based sustained hormone delivery versus free SA application in promoting germination 308 
and early growth under abiotic stress. This study offers a controlled framework for evaluating how 309 
release kinetics, hormone form and external stressors influence early plant development. Results 310 
from these experiments will inform the broader potential of SAPAE based systems in agriculture 311 
and stress tolerant plant engineering.  312 

 313 

Table 2: Description of Seed Treatment Groups for Phases 1 and 2 314 

 Group Name Treatments No of 

seeds 

Phase 1 

with 

tomato  

Group 1 Bottles coated with SAPAE-PNIPAAM under drought stress  1 

Group 2 Bottles coated with SA-PNIPAAM under drought stress  1 

Group 3 Bottles coated with no SA treatment under drought stress   1 

Phase 2 

with bell 

pepper 

Group 1 Bottles coated with SAPAE-PNIPAAM under drought stress  3 

Group 2 Bottles coated with SA-PNIPAAM under drought stress  3 

Group 3 Bottles coated with no SA treatment under drought stress   3 

Group 4 Regular watering without any hormone application (true control)  3 

 315 

3. Results and Discussion 316 

3.1 Experimental SA Release Kinetics  317 

Figure 5 represents the cumulative SA release profiles of samples A, B, C, and D (Table 318 
A.1, Supporting Information), highlighting the impact of formulation composition and mechanical 319 
handling on SA release behavior. Since samples A and B were compositionally identical, the 320 
variations in their release behavior stem primarily from mechanical handling differences during 321 
the water bath sampling process (Figure 2). Sample A, which was subjected to frequent sampling, 322 
exhibited a moderate release profile, reaching approximately 66% of the SA release at 174 hr. 323 
However, this lower cumulative release was not necessarily due to intrinsic diffusion limitations 324 
but rather due to mechanical degradation. During each sampling interval, the film was physically 325 
removed from the water bath and reintroduced, leading to structural weakening and breakage over 326 
time. Small fragments of the broken polymer film were likely lost during sampling, particularly 327 
when the solution was extracted for UV-Vis spectroscopy analysis. This loss of polymeric material 328 
would have removed some of the encapsulated SA, artificially lowering the measured cumulative 329 

release. Sample B, which was sampled less frequently, exhibited the most sustained and extended 330 
release, reaching 99.5% SA release at 191 hr. The reduced handling stress preserved the structural 331 
integrity of the film, allowing for a complete and controlled release process over time.  332 
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 333 

Figure 5: Cumulative SA release profiles of samples A, B, C and D over time. 334 

In contrast, sample C exhibited comparatively faster SA release, reaching 100% within 112 335 
hr. This rapid release behavior suggests that sample C had a more open polymeric network, likely 336 
due to crosslinking differences or increased polymer swelling, which facilitated faster SA diffusion 337 
compared to samples A and B. Sample D exhibited the most rapid SA release profile among all 338 
formulations, reaching 100% cumulative release within approximately 42 hr. This behavior 339 
contrasts with samples A and B, which showed more prolonged release, and even sample C, which 340 
completed release by 112 hr. The accelerated release in sample D can be attributed to the direct 341 
incorporation of SA into the PNIPAAM hydrogel matrix, potentially reducing SA polymer 342 
interactions and facilitating faster diffusion. Additionally, the presence of SA may have altered the 343 
hydrogel’s internal microstructure, enhanced water uptake and swelling, thereby promoting rapid 344 
transport. The burst release observed in the early hours indicates that a substantial portion of the 345 
biomolecule was loosely bound or located near the surface of the polymer matrix, supporting the 346 
hypothesis of a highly permeable and less retentive network.  347 

Comparative model fitting across the hydrogel formulations enabled identification of the 348 
dominant release mechanisms and assessment of how polymer composition and structure influence 349 

SA release kinetics (Supporting Information C). Samples A, B, and C showed strong agreement 350 

with the Korsmeyer–Peppas model, with the fitted 𝑛 values indicating non-Fickian (anomalous) 351 
transport. This suggests that SA release was governed by a coupled mechanism of diffusion and 352 
polymer chain relaxation, rather than purely Fickian diffusion. In contrast, sample D exhibited a 353 
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different release profile. The Korsmeyer–Peppas model was not suitable for reliable fitting as more 354 
than 60% of total SA was released before the model’s valid fitting window ended.  355 

Based on the combined experimental release profiles and computational modeling results, 356 
sample B was selected for all subsequent experiments due to its superior sustained-release 357 
behavior, structural integrity, and near-complete SA release (99.5% at 191 hr). 358 

 359 

3.2 Analysis of LCST and Swelling Properties of the Hydrogel 360 

The visual transformation captures the thermoresponsive behavior of PNIPAAM hydrogels 361 
in aqueous media (Figure 6a). At temperatures below the LCST (~32 °C) 34,45, the hydrogel 362 
remains transparent or slightly translucent due to its hydrated, swollen state, where polymer chains 363 

form hydrogen bonds with water molecules. However, upon heating above the LCST, the polymer 364 
undergoes a reversible phase transition, becoming opaque and white in appearance (Figure 6a). 365 
This transition is driven by the collapse of the hydrogel network as hydrogen bonding with water 366 
is disrupted, leading to dehydration and aggregation of the polymer chains into a more compact, 367 
hydrophobic structure 34,45. The resulting increase in light scattering accounts for the distinct white 368 
coloration observed in the upper portions of the test tubes. This optical change confirms the classic 369 
coil to globule transition of PNIPAAM in aqueous systems and is a hallmark of its temperature 370 
sensitive switching properties, critical for applications in drug delivery 34,45. 371 

 372 

Figure 6: a) Visual representation of the phase transition behavior of PNIPAAM hydrogel across its LCST. 373 
The left test tube displays the hydrogel in its swollen, transparent state below LCST, while the right test tube 374 
shows the hydrogel in its collapsed, opaque state above LCST. b) Swelling behavior of pure PNIPAAM 375 
hydrogels below the LCST and c) deswelling behavior of pure PNIPAAM hydrogels above the LCST over 24 376 
and 48 hr. Data are presented as mean ± standard deviation (n = 3 in each group). 377 

Swelling and deswelling behaviors of PNIPAAM hydrogels were evaluated at three time 378 
points: initially (T = 0), after 24 hr, and after 48 hr. For the swelling experiments, hydrogels were 379 
submerged in 10 mL of deionized (DI) water at room temperature (23 °C), which is below the 380 
polymer’s LCST. To assess deswelling, samples were submerged in 10 mL of DI water at a 381 
temperature above the LCST (>32 °C). At each time point (24 h and 48 h), hydrogels were gently 382 
removed from sealed containers and blotted lightly with absorbent tissue to remove surface water 383 
before weighing. The swelling ratio (Q) was calculated using the following equation 46–48:  384 
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ܳ = ௧ܹ − ௢ܹ௢ܹ                                                                               (1) 385 

Here,  386 

Wo = the initial mass of the dry or reference sample at T = 0 hr.  387 

Wt = The mass of swollen/shrunk sample at time T = 24 hr and T = 48 hr. 388 

A positive Q value indicates water uptake (swelling), while a negative Q value indicates 389 
mass loss (deswelling). For example, Q = 1 corresponds to a doubling of the initial mass due to 390 
water absorption, whereas Q = −0.2 indicates a 20% reduction in mass. All experiments were 391 
conducted with three replicate hydrogel samples per condition 46–48. As shown in Figure 6b, the 392 
swelling ratio (Q) under sub LCST conditions increased from 0.14 ± 0.04 in 24 hr to 0.27 ± 0.08 393 

at 48 hr, indicating a gradual uptake of water over time. This behavior aligns with PNIPAAM’s 394 
hydrophilic state below its LCST, where hydrogen bonding with water facilitates swelling 49,50. In 395 
contrast, under super LCST conditions, where the polymer becomes hydrophobic, the hydrogels 396 
exhibited deswelling behavior. The Q value decreased from −0.48 ± 0.05 in 24 hr to −0.59 ± 0.02 397 
at 48 hr, reflecting continued mass loss due to the temperature induced collapse of the hydrogel 398 
network. From 24 hr to 48 hr the hydrogel shrunk by 11% (Figure 6c). These negative Q values 399 
reflect water loss due to thermally induced hydrophobic collapse of the PNIPAAM network. The 400 
results confirm the characteristic temperature responsive behavior of PNIPAAM, with a clear 401 
distinction between its swelling and deswelling profiles driven by environmental temperature 402 
relative to its LCST 34. Another experiment was done where the initial dry weight of the hydrogel 403 
was 219.1 mg, and after 3 days of immersion in PBS (pH = 7.4), the weight increased to 411.1 mg, 404 
resulting in a swelling ratio of 87.7%. This indicates that the hydrogel absorbed a significant 405 
amount of PBS, though it did not reach full hydration capacity. These findings are comparable to 406 
the PNIPAAM-co-AA (acrylic acid) hydrogels reported by Demirdirek and Uhrich 46, where the 407 
swelling behavior was influenced by pH and temperature, primarily due to the ionization of acrylic 408 
acid groups. However, since the PNIPAAM used in this study does not contain AA, its swelling 409 
ratio is expected to be lower than PNIPAAM-co-AA, which exhibits enhanced water uptake due 410 
to the presence of hydrophilic carboxyl groups. This suggests that while pure PNIPAAM swells 411 
effectively in PBS, it lacks the ionization driven swelling enhancement observed in acrylic acid 412 
containing hydrogel systems 47,48. 413 

 414 

3.3 In Vivo Hormone Release in Grown Plants  415 

3.3.1 Group 1 416 

Group 1 contains three bell pepper plants labeled 1A, 1B, and 1C treated with SAPAE 417 
encapsulated hydrogel films upon showing stress (Table 1). The daily RH measurements are 418 
presented in Figure 7, while Figure 8a-c presents the visual condition of the plants post treatment 419 
on Day 10. On Day 1 (D1), the initial leaf RH readings were relatively high for all three plants 420 
(1A, 1B, 1C), particularly for plant 1C, which exhibited values in the 77% range (Figure 7), 421 
consistent with an unstressed, fully hydrated physiological state. Over the following days, as water 422 
was withheld and the plants were placed outdoors in direct sun to simulate drought like conditions, 423 
a steady decline in RH was observed across all plants. This reduction aligns with the expected 424 
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physiological response of stomatal closure, wherein the plant conserves water under stress, thereby 425 
reducing transpiration and local humidity near the leaf surface.  426 

Plant 1A showed progressive RH declines from Day 1 to Day 5 (≈42% to 23%) (Figure 7). 427 
Hence, the SAPAE films were added to the root zone on Day 5. After 24 hr (Day 6), a notable 428 
increase in RH was detected, suggesting partial recovery of stomatal conductance and transpiration 429 
in response to SA release from SAPAE. Continued daily watering with small volumes of warm 430 
water (above PNIPAAM’s LCST) targeted near the film site allowed for ongoing release, and by 431 
Day 8, RH levels gradually increased. By Day 9–10, a significant rise in RH was recorded 432 
(approaching or exceeding 50%), accompanied by visual improvement in leaf structure and 433 
turgidity, indicating a positive physiological recovery (Figure 8a). 434 

Plant 1B showed almost a flat trend from Day 1 to Day 5 and a significant drop in RH on 435 

Day 6 likely due to water stress and direct sunlight. Following hormone application, a sharp 436 
increase in RH was observed on Day 7, which remained stable through Day 9. On Day 10, RH 437 
rose again by approximately 9%, indicating the plant’s progression toward recovery, an 438 
observation further supported by its visible physical improvement (Figure 8b). Plant 1B’s delayed 439 
response may be attributed to several possible factors such as slower root uptake kinetics, reduced 440 
film soil contact or uneven wetting, which could have delayed SA release or uptake, or individual 441 
plant variability in stomatal sensitivity or SA signaling. 442 

By Day 6 (D6), plant 1C displayed a marked drop in RH to approximately 20%, indicating 443 
a sustained stress state. Visual signs of dehydration also became apparent, including fragile and 444 
brittle leaves, which are typical consequences of cellular turgor loss under prolonged water deficit. 445 
Based on this significant decline, SAPAE films were introduced into the soil via a 2 mL vial, and 446 
around it 15 mL of warm water (above PNIPAAM’s LCST) was applied to initiate controlled 447 
release of SA. After 24 hr (Day 7) of the application of SAPAE, a notable increase in RH was 448 
detected in plant 1C, suggesting partial recovery of stomatal conductance and transpiration in 449 
response to SA release from SAPAE. Continued daily watering with small volumes of warm water 450 
targeted near the film site allowed for ongoing release, and by Day 8-9, RH levels were same. By 451 
Day 10, the RH was recorded at around 55%, accompanied by visual improvement (Figure 8c). 452 
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 453 

Figure 7: Daily leaf RH measurements for Group 1 bell pepper plants (1A, 1B, 1C) over a 10-day period. Each 454 
line represents an individual plant’s humidity trend, captured daily over 20-minute intervals using sensors 455 
mounted on the abaxial leaf surface. SAPAE films were introduced on Day 5 for 1A and Day 6 for 1B and 1C, 456 
followed by warm water to trigger SA release.  457 

All three plants show visibly improved morphology (Figure 8a-c) following SAPAE film 458 
treatment and gradual recovery from drought induced stress. Increased leaf turgor, upright posture, 459 
and overall plant vitality correspond with the elevated leaf surface RH values recorded after 460 
treatment, suggesting effective hormonal response and improved transpiration activity. Plant 1C 461 
exhibited the longest vertical root of ~192 mm (Figure 8f), while plant 1B showed the widest 462 
spread of ~83 mm (Figure 8e). Root dimensions are presented for qualitative assessment only, as 463 
growth within constrained plastic containers may have affected the natural direction and 464 
morphology of root development. Measurements reflect general health but are not definitive 465 
indicators of treatment efficacy. 466 

Most stomata appear partially or fully open as shown in the SEM images (Figure 8g-h), 467 
suggesting a post recovery state following SAPAE application. Quantitative assessment of 468 
stomatal aperture in SAPAE treated Group 1 plants revealed a mean opening length of 1.932 µm, 469 
with a standard deviation of ±0.949 µm, indicating moderate variability in stomatal 470 
responsiveness. The maximum measured aperture was 3.289 µm, while the minimum was 471 
0.407 µm (Table D.1, Supporting Information). These results suggest that the stimulus responsive 472 

delivery of SA facilitated partial to substantial reopening of stomata under drought conditions. 473 
This quantitative finding supports both the SEM based qualitative observations and the RH sensor 474 
data, confirming physiological recovery at the leaf surface level. 475 

These findings suggest that SAPAE triggered SA delivery supported partial restoration of 476 
stomatal opening, enabling the resumption of transpiration and indicating improved plant water 477 
status. The results from Group 1 reinforce the linkage between localized RH at the abaxial leaf 478 
surface, stomatal dynamics, and plant stress physiology. During drought conditions, RH declines 479 
due to stomatal closure and reduced transpiration. In contrast, the recovery of RH following 480 
SAPAE administration suggests reopening of the stomata, potentially induced by SA-mediated 481 
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activation of stress tolerance mechanisms known to enhance plant resilience under water-deficit 482 
conditions. This shows the potential of SAPAE films to modulate plant response in real time via 483 
environmentally triggered, root mediated hormone uptake.  484 

 485 

Figure 8: Post treatment photographs of Group 1 bell pepper plants on Day 10: a)-c) full canopy view and d)-486 
f) root architecture view. The red annotations represent horizontal root spread and vertical root length. g) High 487 
resolution SEM image (scale bar: 20 µm) of the abaxial leaf surface from Group 1 plants on Day 10. h) A 488 
representative stomatal aperture is shown magnified on the right. 489 
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3.3.2 Group 2 490 

In Group 2, three bell pepper plants (labeled 2A, 2B, and 2C) were monitored to investigate 491 
their physiological response to free SA delivered via film after the onset of drought stress. As 492 
illustrated in Figure 9, Plant 2A showed a decreasing trend in RH from approximately 45% on Day 493 
1 to about 37.5% by Day 5, indicating a stomatal closure response to water stress. On Day 5, an 494 
SA film was introduced at the root zone with warm water to initiate release. A sharp rise in RH 495 
was observed on Day 6, suggesting a temporary reopening of stomata and increased transpiration. 496 
Over subsequent days, RH stabilized at ~65% by Day 10. This correlates well with the plant’s 497 
physical appearance (Figure 10a), which showed relatively healthy leaf posture and turgor, 498 
suggesting partial recovery from drought stress likely supported by the SA treatment. 499 

 500 

Figure 9: Daily leaf RH measurements for Group 2 bell pepper plants (2A, 2B, 2C) over a 10-day period. SA 501 
films were administered on Day 5 for 2A and on Day 6 for 2B and 2C. 502 

In contrast, plant 2B was treated on Day 6 when its RH had dropped significantly. After 503 
SA film application, RH initially remained unchanged on Day 7 but then gradually increased to 504 
~50% by Day 10. However, plant 2B maintained a wilted and stressed morphology, implying that 505 
the SA response may have been suboptimal or delayed in this specific plant (Figure 10b). This 506 

variation could be due to physiological differences such as root uptake rate, developmental stage, 507 
or heightened sensitivity to SA induced feedback regulation 51–53.  508 

Plant 2C showed stable RH until Day 4 (~57.5%), followed by a decline around Days 5–509 
6, coinciding with stomatal restriction. The SA film was applied on Day 6, resulting in a sharp RH 510 
increase on Day 7 (~57%), which remained relatively stable through Day 10. The plant maintained 511 
an upright leaf structure and overall healthy appearance, suggesting a positive recovery trajectory 512 
similar to 2A (Figure 10c).  513 

Visual differences across the plants reflect varied physiological responses to SA film 514 
treatment (Figure 10a-c). Plant 2A and 2C appear relatively healthy with firm leaf posture, while 515 
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2B remains visually stressed, despite similar humidity measurements, suggesting potential 516 
inconsistency in hormonal uptake or response.  517 

Plant 2A exhibited the longest vertical root (~202 mm) and widest spread (~91 mm), while 518 
2C and 2B showed slightly reduced dimensions (Figure 10d-f). Variations in root architecture 519 
likely reflect pre-existing differences in plant maturity, as the plants were commercially sourced 520 
and not grown under controlled conditions.  521 

The SEM images of the abaxial surface of leaves reveal several partially open stomata, 522 
though the aperture sizes vary across the field of view (Figure 10g-h). This partial opening may 523 
suggest inconsistent stomatal regulation following free SA application, consistent with the variable 524 
RH data and mixed recovery patterns observed in Group 2. Stomatal aperture analysis in Group 2 525 
plants showed a mean opening length of 1.581 µm with a standard deviation of ±0.871 µm (Table 526 

D.1, Supporting Information). The aperture range extended from 0.547 µm to 2.751 µm, indicating 527 
moderate variability and generally narrower openings compared to SAPAE treated plants. The 528 
lower mean aperture and limited maximum opening further support the conclusion that free SA 529 
film (Group 2) was less effective in consistently reversing stomatal closure than SAPAE-loaded 530 
films (Group 1). 531 

Together, the results from Group 2 indicate that free SA application can support recovery 532 
from drought stress, evidenced by increased RH and improved visual health. However, the kinetics 533 
of SA release and the plant’s physiological response appear more variable than those observed in 534 
the SAPAE treated Group 1. A likely explanation is that free SA may exhibit burst release 535 
behavior, potentially leading to transient hormonal overexposure and inconsistent stomatal 536 
regulation. While SA is recognized for improving drought tolerance, excessive or improperly 537 
timed application can trigger oxidative stress or disrupt normal hormonal signaling, potentially 538 
contributing to the varied response observed in plant 2B. Additionally, while plant 2C maintained 539 
relatively high RH and general vigor, slight wilting of the leaves was observed, alongside the 540 
presence of a developing flower bud (Figure 10c). This suggests that the plant may have entered a 541 
reproductive phase, which often alters hormonal balance and resource allocation, potentially 542 
explaining the subtle signs of water stress despite stable humidity readings. During flowering, 543 
plants frequently redirect energy from vegetative maintenance to reproductive structures, which 544 
can transiently reduce turgor or delay full recovery under stress 54. These observations reinforce 545 
that while SA has a known regulatory role in mitigating abiotic stress, the method of delivery 546 
(sustained vs. burst) and plant specific sensitivity must be carefully considered for consistent stress 547 
adaptation in crop systems. 548 
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 549 

Figure 10: Post treatment photographs of Group 2 bell pepper plants on Day 10: a)-c) full canopy view and d)-550 
f) root architecture view. The red annotations represent horizontal root spread and vertical root length. g) High 551 
resolution SEM image (scale bar: 20 µm) of the abaxial leaf surface from Group 2 plants on Day 10. h) A 552 
representative stomatal aperture is shown magnified on the right. 553 

 554 
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3.3.3 Group 3 555 

Group 3 served as the drought stressed, untreated group, wherein the three bell pepper 556 
plants (labeled 3A, 3B, and 3C) were subjected to the same stress protocol as other groups but 557 
received no external hormone films or irrigation after the initial acclimation period (Figure 11). 558 
The aim was to establish a baseline of unmitigated drought progression in the absence of hormonal 559 
intervention.  560 

Plants 3A and 3C exhibited a progressive decline in leaf surface RH over the 10-day period, 561 
with RH values dropping below ~20% by Day 10. This decline is consistent with severe stomatal 562 
closure, a well-documented drought response wherein the plant reduces water loss via transpiration 563 
under stress. However, prolonged stomatal closure can lead to impaired gas exchange, metabolic 564 
suppression, and ultimately cellular damage. Correspondingly, pronounced wilting, leaf droop, 565 

and general loss of turgor were observed in plants 3A and 3C (Figure 12a, c), thus indicating 566 
advanced physiological stress and possible irreversible damage. 567 

Plant 3B initially followed a decreasing trend, but around Day 7, RH values began to 568 
increase moderately and continued to rise and then decreased on Day 10, reaching ~32.5% (Figure 569 
11). While no external hormone or water was applied, the RH increase on Day 7 may be attributed 570 
to the plant’s relocation from high heat outdoor conditions to the relatively cooler laboratory 571 
environment. The transfer was necessary due to visible signs of severe heat stress, such as wilting 572 
and leaf desiccation, indicating a risk of irreversible physiological damage if exposure to high 573 
temperatures continued. Reduced VPD in the lab may have facilitated passive water retention, 574 
leading to a transient rise in RH near the leaf surface 55. Nonetheless, Figure 12b shows that plant 575 
3B remained visually wilted, and the recovery was not sufficient to restore leaf structure or vitality.  576 

 577 

Figure 11: Daily leaf RH measurements for Group 3 bell pepper plants (3A, 3B, 3C) over a 10-day period. No 578 
hormone treatment was applied throughout the experimental period.  579 
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All three plants exhibited reduced leaf turgor and signs of severe stress (Figure 12a-c). 580 
Root systems, while still measurable, appeared thinner and less fibrous compared to SA treated 581 
groups (Figure 12d-f).  582 

Figure 12g-h reveals primarily closed stomata or severely constricted apertures, consistent 583 
with sustained water stress and stomatal suppression. Stomatal aperture measurements in Group 3 584 
demonstrated a mean opening of only 0.396 µm, with a narrow standard deviation of ±0.138 µm, 585 
and a maximum aperture of only 0.538 µm (Table D.1, Supporting Information). These values 586 
reflect a significantly restricted stomatal state, indicative of strong stomatal closure under 587 
prolonged water deficit. The narrow aperture range also suggests limited variability in stomatal 588 
responsiveness across the field. These quantitative findings align with qualitative SEM 589 
observations, low RH sensor data, and the visibly wilted phenotype, confirming a sustained stress 590 
state and suppressed transpiration capacity in the absence of SA mediated recovery. 591 

Overall, these findings emphasize the essential role of external interventions, such as 592 
hormonal stimulation or rehydration, in facilitating plant recovery under severe abiotic stress 593 
conditions. Without intervention, drought induced stomatal closure and suppressed transpiration 594 
led to a sustained decline in RH, culminating in plant deterioration. The differing results between 595 
Groups 1-2 and 3 underscore the therapeutic benefits of SA delivery under drought conditions. 596 
Thus, Group 3 strongly suggests that natural recovery is not achievable under continuous water 597 
limitations, even when environmental severity is reduced, and that external stimuli is essential for 598 
reversing the physiological trajectory under drought conditions.  599 

 600 

 601 
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 602 

Figure 12: Photographs of Group 3 bell pepper plants on Day 10: a)-c) full canopy view and d)-f) root 603 
architecture view. The red annotations represent horizontal root spread and vertical root length. g) High 604 
resolution SEM image (scale bar: 20 µm) of the abaxial leaf surface from Group 3 plants on Day 10. h) A 605 
representative stomatal aperture is shown magnified on the right. 606 

 607 
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3.3.4 Group 4 608 

For Group 4 (the true control group), the plants were watered daily and placed in an area 609 
with moderate sunlight exposure to maintain normal growing conditions and avoid drought 610 
induced stress. All the three plants (4A, 4B and 4C) showed an almost higher RH than the other 611 
groups (Figure 13). These plants also showed a healthy physical appearance after 10 days (Figure 612 
14a-c).  613 

Notably, plants 4A and 4C maintained RH levels between ~50% and 65% beyond Day 4, 614 
with minimal fluctuations, reflecting stable water status and unrestricted gas exchange, which are 615 
hallmarks of a non-stressed physiological state. The RH variations observed are likely related to 616 
normal developmental processes, including leaf expansion and diurnal variations in stomatal 617 
aperture, rather than external stress. 618 

 619 

Figure 13: RH trends of Group 4 bell pepper plants (4A, 4B, 4C) under well-watered, non-stress conditions 620 
over a 10-day period. All three plants were maintained with regular irrigation and moderate sunlight exposure. 621 
Stable RH levels indicate consistent transpiration activity and stomatal function. Slight variability in plant 4B 622 
may reflect internal redistribution of water due to active fruit development. 623 

Plant 4B, however, exhibited slightly lower and more variable RH values, decreasing from 624 

approximately 50% on Day 1 to around 30% by Days 5–6. Upon phenotypic inspection (Figure 625 
14b), this plant was found to be in an active fruiting stage, with a visible developing pepper. Two 626 
flower buds were also observed on Day 1 but had senesced by mid experiment, leaving only the 627 
fruit in development. The onset and progression of fruit development are known to divert internal 628 
water and energy resources and can influence stomatal regulation and transpiration rates 56. The 629 
relatively lower RH levels in this plant may therefore reflect a redistribution of water toward 630 
reproductive organs, temporarily altering local transpiration dynamics. Despite this, all three plants 631 
in Group 4 maintained healthy morphological traits, including firm leaf turgor, upright posture, 632 
and robust growth (Figure 14a-c).  633 
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 634 

Figure 14: Photographs of Group 4 bell pepper plants on Day 10: a)-c) full canopy view and d)-f) root 635 
architecture view. The red annotations represent horizontal root spread and vertical root length. g) High 636 
resolution SEM image (scale bar: 20 µm) of the abaxial leaf surface from Group 4 plants on Day 10. h) A 637 
representative stomatal aperture is shown magnified on the right. 638 

Plant 4B exhibited the widest root spread (~104 mm), while vertical lengths ranged from 639 
~139 mm to ~193 mm depicting a baseline compared to other stressed groups (Figure 14d-f).  640 
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 Numerous stomata appear open or partially open, consistent with the plants’ healthy 641 
hydration status and uninhibited transpiration observed during the experimental period (Figure 642 
14g-h). These images represent the most physiologically active stomatal states among all the four 643 
groups. The dense stomatal distribution and well-defined guard cell structures provide supportive 644 
evidence for active gas exchange in unstressed plants. The mean stomatal opening length was 645 
2.041 µm, with a standard deviation of ±0.529 µm, and an aperture ranging from 1.077 µm to 646 
3.857 µm (Table D.1, Supporting Information). This broad distribution reflects robust stomatal 647 
opening and high variability in aperture sizes consistent with normal physiological fluctuations 648 
under optimal hydration. The results align with RH sensor data and qualitative SEM images, 649 
indicating active transpiration and a healthy gas exchange profile.  650 

The findings from this group validate that in the absence of external abiotic stress, bell 651 
pepper plants can sustain stable transpiration and physiological performance. The recorded RH 652 

and stomatal aperture data serve as a baseline for comparison against drought stressed and 653 
hormonally treated groups. A comparative summary of all groups is presented in Supporting 654 
Information D.  655 

 656 

3.4 In Vivo Hormone Release in Seeds  657 

3.4.1 Phase 1 with Tomato Seeds 658 

On Day 1, tomato seeds were sown in each of the three pots, which were maintained under 659 
identical environmental conditions throughout the study (Figure 15a). No visible germination or 660 
morphological changes were observed in the seeds until Day 7. By Day 8 (Figure 15b), early signs 661 
of germination were observed in the pots containing the SAPAE film. A small, developing seedling 662 
was clearly visible in the SAPAE treated group, while a faint, underdeveloped shoot structure was 663 
also noted in the SA film treated pot. However, to preserve the experimental integrity and avoid 664 
disrupting the soil film interface or hydrogel triggered hormone release dynamics, the seedlings 665 
were not removed or disturbed at this intermediate stage.  666 

The observation period was extended to 14 days to evaluate the sustained effects of 667 
hormone release under simulated drought conditions. By the end of the two-week period, only the 668 
seedlings grown with the SAPAE film exhibited continued development, displaying visibly 669 
elongated and healthy shoot structures (Figure 15c). This was further confirmed by retrieving fully 670 
sprouted seedlings from the SAPAE-treated pots after 14 days and imaging them under an optical 671 
microscope (Leica M205A Encoded Stereo Microscope, Leica Microsystems, Germany). The 672 
microscopic images reveal a pronounced elongation of the hypocotyl and early leaf formation on 673 

Day 14 compared to Day 1 (Figure 15d-e). In contrast, no viable seedling was present in the SA 674 
treated pot (Figure 15c). This suggests that the initially visible shoot may have undergone 675 
senescence or failed to progress, potentially due to a high concentration burst release of free SA, 676 
which is known to exhibit phytotoxic effects at elevated levels 57. The sustained presence and 677 
enhanced growth of the seedling in the SAPAE treated group highlights the advantage of 678 
biomolecule-based delivery systems for gradual and localized hormone release. SAPAE’s 679 
hydrolysis driven release mechanism allowed for controlled, prolonged exposure to SA, thereby 680 
promoting seedling survival and drought tolerance without overwhelming the plant tissue. These 681 
findings underscore the significance of dosage kinetics and hormone delivery strategy in 682 
modulating plant stress responses and developmental outcomes. 683 
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 684 

Figure 15: a) Initial condition of tomato seeds placed in three different pots on Day 1: (left) no film, (middle) 685 
SAPAE loaded film, and (right) free SA film. Red circles highlight the seeds. b) Seed germination progress 686 
observed on Day 8 under drought mimicking conditions in the same treatment groups. A clear emergence of 687 
seedling is visible in the SAPAE group (highlighted with a red box). c) Seedling development observed on Day 688 
14 across the three treatment groups. A prominent seedling emergence with visible hypocotyl elongation is 689 
observed in the SAPAE treated pot (highlighted in red). d) and e) Optical microscopic images of tomato seed 690 
development under SAPAE treatment: d) Unaltered seed observed on Day 1 prior to sowing, with intact seed 691 
coat and trichome like surface features; e) Fully sprouted seedling on Day 14, showing elongated hypocotyl and 692 
early leaf formation. 693 

 694 

3.4.2 Phase 2 with Bell Pepper Seeds 695 

During the bell pepper seedling phase (Figure 16a), a distinct sprout was observed on Day 696 
11 in Group 1 (Figure 16b), which received the SAPAE film treatment. This seedling was the only 697 
new emergence recorded across all experimental groups at that time. The sprout appeared healthy 698 
with visible hypocotyl and cotyledon structure, suggesting initial support from the SAPAE 699 

mediated SA release. However, by Day 14, the seedling was no longer visible or upright, indicating 700 
a subsequent failure in sustained development. The decline could be attributed to multiple 701 
interacting factors, including nutrient or water limitations, or the cumulative impact of prolonged 702 
drought stress. This pattern of early emergence followed by senescence reflects the sensitivity of 703 
early seedlings to fine balances in hormone release, water availability, and mechanical 704 
environment. These findings emphasize the need for precise optimization of hormone release 705 
profiles and environmental control when evaluating hormone loaded polymeric systems under 706 
complex abiotic conditions. This observation supports the previous trend noted in the tomato seed 707 
experiment, where early sprouting also occurred in SAPAE treated pots. However, unlike the 708 
earlier tomato study which was conducted inside a controlled artificial environmental chamber this 709 
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bell pepper experiment was performed in a standard laboratory setting. While the pots were 710 
maintained at approximately 35 °C using a water bath technique, the ambient air temperature 711 
remained at ~23 °C, introducing a thermal gradient that may have affected overall film 712 
responsiveness and internal pot conditions. Such environmental inconsistencies could interfere 713 
with the temperature dependent swelling deswelling behavior of PNIPAAM, potentially affecting 714 
the timing and extent of SA release from SAPAE films. Furthermore, species specific sensitivity 715 
may also play a critical role. Bell pepper seeds are known to exhibit stricter germination 716 
requirements and may be more susceptible to fluctuating environmental conditions compared to 717 
tomato seeds 58. Variations in seed coat permeability, hormone sensitivity, and water uptake 718 
kinetics across species can significantly alter how seeds respond to the same treatment strategy. 719 

Despite these challenges, it is noteworthy that both instances of early germination in this 720 
study occurred in SAPAE treated pots, reinforcing the effectiveness of sustained hormone delivery 721 

over burst applications. However, the subsequent decline of seedlings suggests that while SAPAE 722 
promotes early-stage activation, long term seedling survival is highly dependent on consistent 723 
environmental support and possibly tailored dosing for specific plant types. These findings 724 
highlight the need for seed specific optimization in hormone delivery systems and underscore the 725 
influence of environmental parameters especially temperature uniformity on polymer based smart 726 
release mechanisms. 727 

The results from both tomato and bell pepper seed experiments suggest that SAPAE loaded 728 
hydrogel films have the potential to support early germination under drought-like conditions 729 
through the sustained and thermoresponsive release of SA. In both phases, initial sprouting was 730 
observed specifically in SAPAE treated pots, indicating a favorable effect of localized, controlled 731 
hormone delivery. However, despite early germination success, the continued survival of seedlings 732 
was not consistent particularly in the bell pepper study. Differences in experimental conditions, 733 
namely the use of an artificial environmental chamber in the tomato phase versus a standard 734 
laboratory setting in the bell pepper phase, as well as species specific physiological thresholds, 735 
may have contributed to these variations. These results underscore the importance of optimizing 736 
environmental stability, hormone concentration, and release timing for different seed types and 737 
stress contexts. 738 
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 739 

Figure 16: a) Visual documentation of experimental setup on Day 1 for all four treatment groups in the bell 740 
pepper seedling study. Each group consists of three pots, with seeds placed beneath films containing different 741 
treatments. b) Emergence of a bell pepper seedling in Group 1 (SAPAE film treated). The lower panel shows 742 
the three replicate pots on Day 11, with the leftmost pot exhibiting a visible sprout (highlighted and magnified 743 
in the upper panel). This seedling was the only new emergence observed across all groups on Day 11. 744 

  745 

  

  



29 | P a g e  

 

3.5 Performance Comparison  746 

The comparative analysis presented in Table 3 evaluates different controlled release 747 

systems for SA and other plant hormones, highlighting their application method, materials used, 748 

and agricultural benefits. Traditional foliar spray and seed priming methods 59, 60 are effective for 749 

short term plant stress mitigation, but they lack sustained release, requiring frequent reapplications. 750 

Similarly, soil application techniques 61 contribute to ion homeostasis and root function 751 

improvement, yet rely on direct uptake by roots, which can be inconsistent under varying 752 

environmental conditions. The use of encapsulation techniques and hydrogel based controlled 753 

release systems 62, 63 has emerged as a promising alternative to traditional delivery methods. For 754 

instance, chitosan based salicylic acid nanocomposites (CS-SA-NCs) 62 demonstrate gradual SA 755 

release, improving salinity tolerance and antioxidant activity in grapevines. However, the exact 756 

release duration remains unspecified, limiting precise control over hormone availability. 757 

Encapsulation of SA in silica and chitosan carriers 63 has been shown to enable controlled release 758 

while minimizing adverse effects, with measurable plant responses observed for up to 12 days; 759 

however, the long-term release kinetics remain unclear. Similarly, hydrogel-based delivery 760 

systems 64 exhibit degradation-controlled release, with glycoalkaloid bioactive compounds 761 

released for up to 21 days in aqueous environments, suggesting a potentially longer though not yet 762 

fully quantified release duration in soil. 763 

While these systems extend hormone availability, they rely on passive degradation 764 

mechanisms that lack responsiveness to changing environmental conditions and plant needs. This 765 

highlights the need for on-demand, plant-specific hormone delivery. In contrast, the present work 766 

introduces a thermo-responsive PNIPAAM hydrogel platform that enables stimuli-responsive 767 

release of SA, overcoming the limitations of passive systems. Importantly, hormone release is 768 

triggered based on real-time plant stress signals, specifically declines in leaf RH at the individual 769 

plant level. This closed-loop approach enables tunable release kinetics and adaptive, need-based 770 

hormone delivery, thereby improving the precision, reliability, and effectiveness of plant stress 771 

mitigation. 772 
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Table 3: A comparative assessment of this study against existing literature on exogenous hormone application. 785 

Ref.  Application 

Method 

Material  Agricultural benefits Release 

Duration 
59 Foliar spray on 

leaves  

Water based SA solution Improved tolerance to salinity 

stress, enhanced chlorophyll 

content, and increased yield 

attributes 

 - 

65 Seed priming 

and foliar spray 

SA + Thiourea in aqueous 

solution 

Increased grain yield, improved 

relative water content, reduced 

lipid peroxidation under salinity 

and drought stress 

 - 

60 Foliar spray on 

leaves 

Water based SA solution Improved photosynthetic 

efficiency, stomatal 

conductivity, and oxidative 

stress regulation under stress 

conditions 

 - 

61 Soil application 

(Direct uptake 

via roots) 

Water based SA solution Enhanced ion homeostasis 

(Na+/K+ balance), improved root 

function under salinity stress 

 - 

62 Foliar spray Chitosan based SA 

nanocomposite (CS-SA-

NCs) 

Enhanced salinity tolerance, 

antioxidant activity, and 

photosynthetic efficiency 

Not explicitly 

stated (gradual 

effects observed 

over study 

period) 
63 Hydroponic 

medium  

Silica nanoparticles (Si) + 

Chitosan (Ch) forming a 

composite encapsulating SA  

Enhanced abiotic stress 

tolerance, maintenance of 

hormonal homeostasis 

8–12 days of 

observance  

66 Foliar spray and 

soil drench 

Aqueous solution of abscisic 

acid (ABA) and indole-3-

acetic acid (IAA) dissolved 

in water 

Improved physiological and 

hormonal adaptation under long 

term waterlogging conditions 

 - 

64 Hydrogel based 

controlled 

release 

Alginate Ca²⁺ hydrogel or 

Carboxymethylcellulose 

Fe³⁺ hydrogel encapsulating 

Glycoalkaloid extracts from 

tomato and potato leaves 

Reduced bacterial and fungal 

load, potential pesticide 

alternative 

Up to 21 days in 

water 

(potentially 

longer in soil) 

This 

work 

Hydrogel films 

put into soil  

PNIPAAM hydrogel 

encapsulates SA for 

thermo-responsive release 

Sustained delivery of SA for 

plant stress resilience, 

enhanced adaptability to 

environmental conditions 

Experimentally 

shown for up 

to 8 days but 

can be tuned 

(days to weeks 

depending on 

stimulus 

response) 

786 



4. Conclusion and Future Direction  787 

This study presents an integrated plant healthcare system that combines a flexible, leaf-788 

mounted humidity sensor with a smart hydrogel-based biomolecule delivery platform for real-time 789 

stress detection and intervention. The sensor enabled non-invasive monitoring of leaf-level RH, 790 

providing real-time insight into plant water status and stress conditions. Complementing this, a 791 

thermo-responsive PNIPAAM hydrogel incorporating SAPAE demonstrated controlled and 792 

sustained release of SA, with release kinetics governed by non-Fickian transport behavior. 793 

Experimental validation in bell pepper plants confirmed that the system could detect drought-794 

induced reductions in leaf humidity and facilitate recovery through targeted hormone delivery, as 795 

evidenced by improved leaf-level RH and visible physiological responses. Seed-level studies 796 

further supported the effectiveness of SAPAE films under drought-like conditions. Beyond 797 

terrestrial applications, the development of such integrated sensing and delivery systems aligns 798 

with emerging needs in controlled environment agriculture, including space-based plant research 799 

such as NASA’s Plant Habitat missions 67, where autonomous, adaptive plant care systems are 800 

essential. Together, these findings establish a proof-of-concept for a closed-loop, responsive plant 801 

health management strategy. 802 

Overall, while preliminary, this work provides a foundation for further investigation into 803 

polymer based smart delivery platforms for supporting plant health under extreme or non-804 

terrestrial conditions. While the current study establishes a strong foundation, future work offers 805 

opportunities to enhance robustness and scalability. Implementing standardized environmental 806 

controls can help reduce variability in evaporative demand, offering more consistent RH profiles. 807 

Additionally, integrating direct physiological measurements such as porometry or gas exchange 808 

analysis can complement RH based monitoring. These improvements will help refine hormone 809 

dosage strategies, optimize release kinetics, and support deployment in field and space agriculture 810 

settings. In future this research aims for several promising advancements in smart plant care 811 

technologies. One critical next step is the field deployment and long-term monitoring of the system 812 

under natural conditions to evaluate hydrogel stability and treatment efficacy across varying 813 

climates and growth stages. The thermos-responsive hydrogel can be tailored for sustained 814 

hormone release over extended periods, and the films can be strategically mounted on leaves or 815 

stems to enable localized delivery, offering a more targeted alternative to soil-based application, 816 

as demonstrated in this work. To enhance autonomy and predictive capabilities, future versions of 817 

the system will feature artificial intelligence (AI) driven analytics and wireless data transmission, 818 

enabling real time tracking and interpretation of humidity trends. With machine learning models 819 

trained on environmental and physiological data, it will be possible to automate hormone release 820 

decisions based on early signs of stress and VPD fluctuations. These enhancements aim to create 821 

a closed loop, intelligent plant healthcare system suitable for both terrestrial agriculture and space 822 

based bioregenerative life support application.  823 
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