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a b s t r a c t 

The outermost exine capsules of many pollen and spore grains are composed of a chemically inert yet 

mechanically robust sporopollenin biopolymer. These dynamically expansible and foldable capsules have 

great potential as renewable functional biomaterials with industrial applications. However, the mechani- 

cal and morphological variations in the shape, size, robustness, and apertural strength of the exine cap- 

sules across taxa of angiosperms and cryptogamic plants remains poorly understood. Thus, in this study, 

we unraveled the abortive microgel transformation of spores inspired by their germination mechanism, 

being compared with eudicot-based pollen microgels. After chemical treatments, significant mechanical 

degradation of exine was clearly observed for the Camellia pollen, whereas crosslinking density and mod- 

ulus of spore exine remained almost constant. The significant volume expansion of Camellia pollen was 

observed akin to sunflower pollen; in contrast, the spores ballooned showed limited volume changes un- 

der equal levels of turgor pressure. Furthermore, spore underwent marked changes in volume when their 

aperture sutures were softened and ruptured, which are prerequisites for spore germination. Therefore, 

this study disentangled mechanical and morphological origins of biochemical pathways of pollen and 

spore germination, and germination-like hydration and desiccation, which will give clues about selection 

of pollen and spore species for potential biomaterial applications. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Pollen and spore grains are some of the most durable nat- 

ral materials on earth. Their largely indestructible bi-layered 

hells consist of an outer layer (exine) of sporopollenin-based 

nd an inner layer (intine) of cellulose and pectin [1] . During 

armomegathy, the pollen shell protects the enclosed gameto- 

hytic nucleus from mechanical impact, dehydration, and biolog- 

cal and chemical toxins [2–6] . However, the sporopollenin-rich 

xine must be sufficiently elastic to support the deformation of 

ollen and spores during germination [7–9] , as the germination 

rocess is initiated by biochemical mechanisms that soften the 

ough sporopollenin-dominant exine and convert the intine into a 

wellable hydrogel. During germination [10–12] , the intine [ 13 , 14 ] 

which is cross-linked with cellulose microfibril and hemicellulose 
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15] – plays a crucial role in expanding the pollen shell: intine acts 

s an osmotic stress motor, driving the overlying softened exine to 

lose off or open up its apertures [ 7 , 13 , 14 , 16-19 ]. 

Inspired by pollen germination, a facile strategy that mim- 

cs traditional soapmaking was devised to transform hard pollen 

rains into soft, stimuli-responsive microgel particles ( Fig. 1 ). This 

trategy worked well with certain pollen species, such as eudi- 

ots. However, it did not work with flowering monocots, gym- 

osperms, or spore-bearing lycophytes, revealing the complexity 

f the chemical processes underlying germination in pollen grains 

nd spores [15] . Variations in the processibility of the pollen grains 

rom different plant species may be related to structural varia- 

ions in their shell architectures, such as variations in sculpture, 

pertures, size, and symmetry and the range of ornamental wrin- 

les and spikes. For example, as specific pollen–stigma recognition 

 16 , 20 ] is required for effective pollination and sexual reproduction 

21] in angiosperms, most eudicot pollen grains (e.g., those of Bac- 

haris, Helianthus (sunflower), Camellia, Leonurus , and Lotus ) [ 15 , 22 ]

ave spherical or ellipsoidal shapes with three-fold symmetric tri- 

https://doi.org/10.1016/j.apmt.2022.101471
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Fig. 1. Comparison of Camellia pollen and Lycopodium spores after the KOH treatment. Camellia pollen grains were successfully transformed into microgels, showing pH- 

responsive swelling behavior, whereas Lycopodium spores remained unchanged, being insensitive to pH changes. All scale bars are 20 μm . 
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pertures [16] . In marked contrast, Lycopodium [23] and fern spores 

24] have an asymmetric “three-fold dumpling” shape ( Fig. 1 ). 

owever, the deformation mechanisms of pollen and spore ger- 

ination and the links between the morphological diversity and 

unctional roles of their bi-layered microcapsules remain obscure 

 25 , 26 ]. Further scientific efforts are required to explore this mech- 

nism within species and across taxa. Although the exine biopoly- 

er protection and intine hydrogel motor features described above 

 13 , 14 ] are observed in both flowering plant pollens and cryp- 

ogamic spores, their germination processes are distinct. 

In flowering plants, pollination is initiated when a pollen grain 

s loaded onto a stigma by a pollinator [27] , as illustrated in Fig. 2 a.

ubsequently, the desiccated pollen grain gradually unfolds and 

xpands [ 5 , 17 ] as it absorbs H 2 O, H 

+ , Ca 2 + , and other nutrients

rom the stigma, which further activates the germination process. 

his accelerates the influx of water through open channels in the 

orous exine and the apertures [ 21 , 28 , 29 ], resulting in substantial

hanges in volume [ 7 , 16 , 18 , 30 ]. Subsequently, the continuous in-

ine starts protruding from the opened apertures, facilitating tubu- 

ar growth [16] . Fertilization is completed when the male game- 

ophytic sperm enclosed within the elongated pollen tube reaches 

he ovary through the style [31] . The resultant zygote continues to 

evelop within the ovary, eventually forming a seed [ 32 , 33 ]. How-

ver, high humidity sends a false signal to pollen grains, which 

riggers pseudo-hydration in unreleased pollen grains in the an- 

her [28] and in preserved mature pollen grains in vitro [30] . The 

ame scenario occurs in dead pollen [17] . In such cases, germi- 

ation may be aborted through the germination-terminated and 

e-germination process associated with reversible harmomegathy, 

hich is followed by a metabolically quiescent state [ 34 , 35 ] that

reserves pollen grains for future rehydration on suitable stig- 

ata [ 10 , 18 ]. This reversible germination process has been fully 

xplained through diffusion-based, hyperelasticity-based finite el- 

ment analysis (FEA) models in conjunction with multiphysics- 

ased pH-responsive hydrogel models [36] . 

However, as Fig. 2 b illustrates, cryptogamic spore cells under- 

oing meiosis secrete spores containing both male and female ga- 

etophytes. Spore grains initiate germination after exposure to a 

ydrated solid medium or a liquid medium in an oxygenic atmo- 

phere. In contrast, angiosperm pollen adheres to stigmata to trig- 

er germination and form a zygote [27] . Water intake and sub- 

equent cell divisions lead to osmosis and generate turgor pres- 

ure on the tightly closed spore exine, inducing the bulging of 
2 
he irregular-shaped spores into regular spheres until the apertu- 

al exine is irreversibly ruptured [24] . Subsequently, the growing 

hizoids associated with continuous asymmetric cell divisions are 

eleased from the large open sites of the spore apertures, and then 

ature into roots and protonemata [37] . Notably, no ovary is in- 

olved in zygote development; instead, the sperm and egg are re- 

eased separately from the antheridium and archegonium, and ul- 

imately mate to form a zygote that directly produces leaves, with- 

ut producing seeds [11] . 

In this study, we hypothesized that microgel formation de- 

ends on the specific material properties of pollen and spore 

rains, including their wall thickness, shape, porosity, and mechan- 

cal strength. We focused on characterizing the apertures within 

he exine, which regulate water and ion flux. We selected Camelia 

ollen and Lycopodium spores as representative grains that form 

nd do not form microgel particles, respectively. Camellia and Ly- 

opodium have been used for medicine [38] or drug carriers [39] , 

howing great potential for various biomedical applications. More- 

ver, Camellia pollen is more suitable for observation of the mor- 

hological change on the exine layer before and after chemical 

reatments, compared with the sunflower pollen grains that have 

he spiky surface [15] . We experimentally characterized specific 

eatures of each type of grain, including their nano/microstructures 

nd mechanical properties, before and after chemical processing. 

e also performed finite element method (FEM) simulations to 

nderstand microgel formation processes and elucidate structure–

roperty relationships. 

. Material and methods 

.1. Materials 

Natural Lycopodium ( Lycopodium clavatum ) spores (S-type) of 

owering plants and Camellia ( Camellia sinensis L.) bee pollen gran- 

les of flowerless, vascular plants were purchased from Yuensun 

iological Technology Co., Ltd. (Xi’an, Shaanxi, China). 

.2. Preparation of the pollen and spore microgel particles 

Pollen and spore microgel suspensions were prepared following 

he three-step process used in our previous work. [ 15 , 40 ] Briefly,

he three steps were (1) defatting; (2) cytoplasmic removal (first 
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Fig. 2. Distinctive germination processes of a grain of eudicot ( Camellia ) pollen and a Lycopodium spore. a, Reversible germination of a Camellia pollen grain in response to 

drought environments. b, Irreversible germination of a Lycopodium spore in extreme environments. 
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OH treatment step); and (3) microgel formation (second KOH 

reatment step). 

.3. Scanning electron microscopy (SEM) 

To prepare defatted samples: Defatted pollen or spore particles 

ere dried in a freeze dryer (LabConco, Kansas City, MO) under 

.008 mbar of vacuum pressure for 2 days. To prepare microgel 

amples: 3 μL of each sample was dispersed in 200 μL of the ap-

ropriate medium in a 1.5 mL microcentrifuge tube, and the re- 

ulting mixture was frozen with liquid nitrogen for 15 min, and 

hen lyophilized in a freeze dryer for 2 days. The dried samples 

ere spread and immobilized on a sample holder with copper 

ape, and then sputter-coated with a 10-nm thick platinum film 

sing a JFC-1600 Auto Fine Coater (JEOL, Tokyo, Japan; operating 

ettings, 20 mA for 40 s). For cross-sectional observation, the dried 

amples were adhered onto a piece of double-sided copper tape 

2 cm × 1.3 cm) and dipped into liquid nitrogen for 5 min. Then, 

ultiple cuts were conducted across the frozen sample with a sur- 

ical blade (B. Braun Melsungen AG, Melsungen, Germany). Finally, 

he pollen-adhered or spore-adhered copper tape was lyophilized 

n a freeze dryer for 2 days. Field-emission SEM imaging was per- 

ormed using a JSM-7600F Schottky field-emission scanning elec- 

ron microscope (JEOL) at an accelerating voltage of 5.00 kV and 

nder various magnification levels. 
3 
.4. Fourier-transform infrared (FTIR) spectroscopy and X-ray 

hotoelectron spectroscopy (XPS) characterization of pollen and 

pores 

Before the FT-IR analysis, the pollen or spore gel samples were 

rozen at –20 °C for 24 h, and then lyophilized in a freeze dryer 

Labconco, Kansas City, MO, USA) under 0.008 mbar vacuum pres- 

ure for 2 days. The resulting dried samples were subject to 

TIR spectroscopy using a PerkinElmer spectrometer (PerkinElmer, 

altham, MA, USA) equipped with a diamond cell attenuated to- 

al reflection accessory module. Reflectance infrared spectra were 

ollected at 40 0 0–650 cm 

−1 , with 16 scans per measurement 

nd three replicate measurements per sample. Background spec- 

ra were collected prior to the sample readings, and automatically 

ubtracted from each measurement. A baseline correction proce- 

ure was carried out using Spectrum 10 software (PerkinElmer). 

ollowing baseline correction, each spectrum was standardized as 

reviously reported [41] . 

For XPS analysis, standard XPS methodologies were used [42] . 

ide-scan (160 eV) and narrow-scan (20 eV) XPS was performed 

n defatted (native) and alkaline-hydrolyzed pollen grains. The 

amples were deposited on carbon tape (5 mm × 5 mm) ad- 

ered to a silicon wafer, and lyophilized in a freeze dryer (Lab- 

onco, Kansas City, MO) for at least 12 h prior to analyses. The 

amples were analyzed using an AXIS Supra (XPS) surface analy- 
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is instrument (Kratos Analytical Ltd, Stretford, Greater Manchester, 

ngland) equipped with a monochromatic Al/Mg X-ray source 

225 W, 2 × 10 −9 mbar). The spectra were obtained using an alu- 

inum anode (Al K α = 1491.600 eV) and charge neutralization. 

he data were processed using ESCApe software (Kratos Analytical 

td, Stretford, Greater Manchester, England). 

.5. Dynamic image particle analysis 

Dynamic image particle analysis was performed using a bench- 

op Fluid Imaging FlowCAM system (Fluid Imaging Technologies, 

carborough, ME, USA) with a 200 μm flow cell and a 10 × optical 

ens, as used in our previous work [ 15 , 40 ]. For pH-dependent stud-

es, five different pH conditions were tested (pH 2, 4, 7, 10, and 14), 

hich were prepared by the addition of 2 M HCl or 2 M KOH to

eionized water. For each pH condition, a sample of 3 μL of pollen 

r spore microgel was mixed thoroughly with 700 μL of the cor- 

esponding pH solution. After an incubation period of 5 min, the 

ollen or spore particles were dispersed by pipetting, and then 200 

L of the suspension was passed through the flow cell. 

.6. Measurements of Young’s moduli of pollen and spore 

The mechanical properties of the defatted plant grains and mi- 

rogel particles were characterized using atomic force microscopy 

AFM) force–distance (or load versus displacement) measurements, 

s described in our previous work [ 15 , 40 ]. To analyze wet sam-

les, defatted and alkali-treated pollen and spore samples were 

ispersed in an appropriate medium (50 μL), and the mixture was 

pread onto a petri dish (Nunc, Roskilde, Denmark) by pipette. 

hen, excess liquid was aspirated, and the partially hydrated sam- 

les were left on the glass slide for experimental characterization. 

o analyze dry specimens, pollen samples were directly spread 

nto the surface of a petri dish before measurement. Intact pollen 

r spore particles were used for extracting the Young’s moduli of 

xines. Partially fractured particles, which exposed the intine, were 

sed to determine the Young’s modulus of intines ( Fig. S1) . To 

void the substrate effect, we followed the 10% depth rule, which 

pecifies that the indentation depth should be less than 1/10th of 

he layer thickness [43] . The indentation depths for exine mea- 

urements were set in the range of 20–60 nm under indentation 

oads of 3–6 μN. During all of the measurements, two AFM probes 

ere used on the NX-10 AFM instrument (Park Systems, Suwon, 

outh Korea): (i) an Al reflex-coated silicon cantilever PPP-NCHR 

Nanosensors, Neuchâtel, Switzerland) with a typical spring con- 

tant of ∼42 N/m and a tip-end radius of 5 nm; and (ii) a diamond

antilever TD26135 (Micro Star Technology, Huntsville, TX) with a 

pring constant of ∼150 N/m and a tip-end radius of 5 nm [ 15 , 40 ].

e confirmed that both the AFM probes provided almost identi- 

al Young’s moduli for the exine and intine ( Fig. S1 ). The mea-

urements were conducted at various positions (more than 16 data 

oints) in a 5 μm × 5 μm area at an approach speed of 0.8 μm/s

ith a maximum loading force of 4.8 μN and zero contact time. To 

emove organic contaminants, the AFM cantilever was rinsed with 

ater and ethanol, and then treated with a UV light cleaner for 

0 min prior to experiments. The spring constant and sensitivity 

f the deflection signal were also calibrated against the thermal 

ibration of the AFM cantilever using commercial software (XEP, 

ark Systems) [44] . The force-versus-displacement curves were 

orrected by subtracting the deflection distance of the AFM probe 

rom the total displacement. In the data analysis, we used the clas- 

ic Hertz model and the Johnson–Kendall–Roberts (JKR) model, and 

e assumed the Poisson’s ratio ν for all of the samples was 0.5, 

hich is typical for natural materials [15] . 
4

.7. Numerical modeling for swelling/deswelling and rupturing of 

ollen microgel and spore particles 

.7.1. Boundary conditions for pollen and spore shells during the 

welling and de-swelling process 

Stress induced by proton- and/or metallic-cation complexation 

45] has been observed in plant tissues, such as cell walls, pollens, 

ollen tubes, stalks, and woody stems, in response to biotic stim- 

li (e.g., salt, drought, wounds, temperature changes, and growth) 

nd abiotic chemical treatments (e.g., pH change and Ca 2 + /EDTA 

reatment) [ 15 , 46 , 47 ]. As shown in the two-dimensional schemat- 

cs of a pollen grain in Fig. S2 , typical pollen and spore shells are

omposed of an intine and an exine. The sporopollenin-based ex- 

ne is the first line of defense, as it blocks the flow of ions or wa-

er and provides mechanical support to the shell. In contrast, af- 

er absorbing water and under ion interaction, the intine, which 

ontains the cellulose fiber-reinforced pectin, produces and trans- 

its a force that pushes into the exine [12] . Fig. S2 shows a pollen

rain in a stressed state due to biotic or abiotic-induced deforma- 

ion. The swellable intine efficiently transfers the coupled turgor 

nd osmosis pressures to the exine, initiating the aperture open- 

ng of the pollen and spore grains. This process subjects the exine 

o the radical stress σr and loop stress σθ , as it undergoes radi- 

al expansion due to increased internal pressure, which is accel- 

rated by excessive water uptake ( Fig. S2 ). Nevertheless, the layer 

hickness of the exine, r k − r j , and the layer thickness of the in- 

ine, r j − r i , are extremely small compared to the radius of the en- 

ire pollen shell, where r i , r j is the radius of the inner and outer 

ntine surfaces. For instance, a Camellia pollen grain has an intine 

hickness of ∼0.08 μm and an exine thickness of ∼0.73 μm, and 

 shell radius of ∼16 μm. Hence, the radial stress σr is insignifi- 

ant and thus negligible for these shell-walled structures [ 4 8 , 4 9 ].

ig. S2 c-d compare the natural pollen and spore systems dur- 

ng germination with artificially transformed pollen microgels dur- 

ng swelling [ 9 , 15 ]. Both illustrations show similar boundary condi- 

ions, although the factors that triggered the shell expansion were 

ifferent. The key membrane tensile stress, shown as σθ in the 

chematic illustration, was induced by opening the nanoscale wa- 

er/ion channels and apertures, facilitating the expansion of the liv- 

ng pollens during germination [ 5 , 34 ] and the changes in the bioin-

pired pollen microgels under pH or ionic treatments [ 15 , 40 ]. To

imulate the swelling/deswelling of pollen grains and pollen mi- 

rogels, we developed finite element analysis (FEA) models of the 

xine with the boundary conditions calculated or derived from the 

ultiphysics models of the intine under different pH conditions. 

ig. S2 e illustrates the exine structure in the FEA simulations of 

he swelling/de-swelling of Camellia pollen and Lycopodium spores. 

he tri-aperture on the exine was modeled with the contact cohe- 

ive interaction set for weakly or strongly bonded interfaces, which 

aried according to the deformation of the shells of Camellia pollen 

nd Lycopodium spores. The expansion boundary conditions of the 

xine from Camelia pollen and Lycopodium spores were based on 

he magnitude of σθ or swelling pressure, P i, swel l ing , which was de- 

ermined from the multiphysics models of the intine. 

.7.2. Constitutive law for the intine based on the multiphysics model 

The intine of the pollen microgel particles was assumed to be a 

timuli-responsive hydrogel that provided the driving force for the 

nflation and deflation of the exine layer in pollen microgel parti- 

les [15] . Thus, for simplification, the equilibrium of the pollen in- 

ine swelling was modeled in the radial direction, due to its spheri- 

al symmetry. Based on our developed multiphysics models, we in- 

utted the material parameters of Camellia pollen and Lycopodium 

pores to calculate the intine swelling pressure ( P i, swel l ing ), minus 

he initial fixed-charge density in the dry state ( C 0 m 

) ( Table S1) . C 0 m 

as predicted using the multiphysics model and validated using 
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he FEA model for the exine. As C 0 m 

is independent of the pollen 

ntine-swelling process, the well-identified value of C 0 m 

allows the 

odeling prediction to show good agreement with the experimen- 

al observations. The simulations were conducted using the com- 

ercial software COMSOL Multiphysics 5.3 (COMSOL Inc., Stock- 

olm, Sweden, 1986), using partial differential equations to rep- 

esent the interfaces for the ionic transport and pollen intine de- 

ormation, and the electrostatics module for the electrical distribu- 

ion in the domain. We found that the average radius and Young’s 

odulus of Camellia pollen were almost identical to those of Ly- 

opodium spores, and both had very thin intines. Thus, the induced 

welling pressure of both intine systems under changing pH condi- 

ions was similar. The swelling pressure was obtained for each pH 

ondition, and was directly used as the inflating pressure in the 

xine FEA models. 

.7.3. Constitutive law for the exine 

Like the exine of sunflower pollen, the exine of Camellia and Ly- 

opodium grains was assumed be hyperelastic, allowing reversible 

ubber-like expansion and contraction under intine swelling pres- 

ure. Therefore, three-dimensional computational models simulat- 

ng the micromechanics of the exine in pollen particles were de- 

eloped, based on the classic hyperelastic neoHookean model [50] . 

his model requires two key material parameters: Young’s modu- 

us and a Poisson’s ratio. The Young’s modulus was retrieved from 

FM force-based nanoindentation tests performed on the pollen 

articles. Given the presence of pores in the exine, a value of 0.4 

or the Poisson’s ratio was selected, to account for exine compress- 

bility, as described in our previous work [15] . 

.7.4. FEA modeling for the inflation/deflation of the exine of pollen 

nd spore grains 

To investigate how σθ or P i, swel l ing mediate the responses of 

ollen species with enormously different morphologies, we used 

he exine FEA models available in the commercial software pack- 

ge ABAQUS 2019® (Dassault Systèmes SIMULIA, Johnston, RI). 

he three-dimensional models for Lycopodium spores and Camel- 

ia pollen were constructed separately, as their morphologies (e.g., 

ize and symmetry) are markedly different to the previously built 

unflower exine FEA model ( Fig. S3 a) [ 15 , 34 , 51 ]. Here, we selected

he 6-h KOH-treated pollen and spore grains, and the Young’s mod- 

li were 550 MPa and 600 MPa, respectively, for Camellia and Ly- 

opodium . These simulation results were directly compared with 

he expansion ratio in the experimental results ( Fig. S3 a) . The 

easured radius of Camellia pollen was significantly changed by 

he pH and ionic conditions, whereas the Lycopodium spore did not 

xhibit any changes in size. The expansion ratio was defined as the 

atio of the projected swollen radius ( R swell ) of the pollen or spore 

o its original radius ( R 0 ). The Camellia pollen and Lycopodium 

pores both had three-fold symmetry; therefore were modeled one- 

hird of the entire pollen structure, including one aperture. Sym- 

etric boundary conditions were applied on the symmetric sur- 

aces, as shown in Fig. S3 b . Pollen and spore exine shells with rep-

esentative shapes and sizes were directly extracted from the SEM 

mages ( Fig. 3 ). In order to measure the thickness of both exine

nd intine layers, the freeze-dried pollen and spore samples were 

ractured. Then, multiple locations of the fractured cross-sections 

ere observed for measurements. Twenty grains were used for sta- 

istical analyses. Camellia pollen grains and Lycopodium spores have 

he same average radius, R Cam 

= R Lyo = 16 μm . The average thick- 

ess of Lycopodium exine was found to be T Lyo = 64 μm , whereas 

hat of Camellia was T Cam 

= 73 μm . The conical tip-angle θ of the 

ycopodium trilete scar was assumed to be 30 °, based on the im- 

ge analysis. To avoid severe stress concentration during aperture 

pening in the Camellia pollen grain, we introduced tiny holes with 

adii of R = 0 . 5 μm around the aperture tips. Additionally, to 
round 

5 
void convergence problems, a finer mesh size was used around 

he tip regions of the apertures. A general mesh size of 0.1 μm was

et, and thus the total number of elements for the Camellia and 

ycopodium models were 27,276 and 34,492, respectively. We also 

mplemented the widely used smooth step technique [52] to the 

oad application, such that the inflating pressure was non-linearly 

oaded. 

As Camellia and Lycopodium shells are not spherical, we only 

easured the maximum projected expansion radius ( R swell ) in a 

wo-dimensional plane from the optical images, as shown in Fig. 

3 a. Both the Camellia pollen and Lycopodium spores experienced 

on-uniform expansion, due to the mechanical reduction of their 

pertures and irregular shapes. Thus, to fairly compare the com- 

uted three-dimensional shapes of the two pollen species to our 

xperimental observations, we first defined the polar expansion ra- 

ius ( R p ) and equatorial expansion radius ( R e ), as shown in Fig. S4. 

or simplicity, we also denoted the nondimensional expansion ra- 

ios at the polar view ( λp ) and the equator view ( λe ), which we

btained from R p and R e divided by the original radius of Camel- 

ia and Lycopodium grains, with R Cam 

= R Lyo = 16 μm . We followed 

he same methodology as in our previous publication [15] for ex- 

mining the large deformation of Camellia pollen, and thus used 

n explicit FEM method, although we induced the kinetic effect 

o achieve a quasi-static solution, a pseudo step time was set to 

0 μs in simulation, which was slow enough to minimize kinetic 

nergy and small enough to conserve computing resources.[ 15 , 52 ] 

he kinetic energy density observed in the deformed pollen and 

pore models was negligible, allowing us to exclude the kinetic ef- 

ect from our measurement of the overall strain energy density due 

o deformation ( Fig. S5 a ). Hence, most of the external work done 

n the pollen and spore models was transferred into the recyclable 

nternal energy of the pollen grains, leading to inflation/deflation 

f the pollen and spore exine models. The artificial energy asso- 

iated with highly distorted meshes was less than 5% of the to- 

al strain energy, and thus was negligible ( Fig. S5 b) [ 15 , 52 ]. The

amellia pollen exhibited a maximum expansion ratio of up to 1.43, 

hereas that of the Lycopodium spore only reached up to approx- 

mately 1.06, and was omittable, as shown in Fig. S5 c . The max- 

mum inflation pressure of 8.3 MPa (at pH 14) led to maximum 

xpansion of the Camellia pollen and Lycopodium spore models, 

howing good agreement with the experimental results. 

.7.5. Aperture opening FEA model for lycopodium spores 

To mimic the germination process of intact Lycopodium spores, 

e developed a new exine FEA model in which we varied two 

ey parameters, the continuity and stiffness of the connective tis- 

ue at the aperture region. The previous Lycopodium spore exine 

odel was assumed to have perfectly bonded apertures, based 

n the experimental observation. However, in nature, the aperture 

pening of a Lycopodium spore is a key process of germination. 

hus, through parametric study, we introduced the suture at the 

perture regions, such that it gradually became softened and dis- 

rete in the current spore model, which uses a cohesive model 

ith a traction-separation law for the aperture sutures [ 53 , 54 ]. 

he Young’s modulus and length of the aperture suture were de- 

oted as E a and L a , and the length of the periodic discrete re- 

ion caused by the sutures was L d . The Young’s modulus of the 

pore wall was E w 

, the same as that of the exine. The stiffness

A m 

= k a /k w 

) and suture (A s = L a /L d ) ratios between the aper-

ure and spore wall were also defined, to explore how the stiffness 

nd continuity of aperture sutures affected the aperture-opening 

echanism. The stiffnesses of the aperture suture, k a , was defined 

s the Young’s modulus of an aperture suture, E a , divided by the 

onstant thickness of 10 −3 μm, which equals 1% of the character- 

stic element size (0.1 μm). Thus, the existence of the sutures at 

he aperture region did not affect the expansion of the Lycopodium 
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Fig. 3. Pollen and spores, before and after various chemical treatments. a, Natural Camellia pollen. b, Defatted Camellia pollen with acetone. c, KOH-treated Camellia pollen 

(24 h). d, Natural Lycopodium spore. e, Defatted Lycopodium spore with acetone. f, KOH-treated Lycopodium spore (24 h). (Scale bars, 10 μm). g, X-ray photoelectron 

spectroscopy-based analysis of oxygen- and carbon-containing functional groups of defatted and base-hydrolyzed pollen grains from various plant species. The proportions 

of different types of bonds before and after alkaline (KOH) hydrolysis are normalized. 
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pores due to their volume fraction. As a result, when A m 

= 1 and

 s = ∞ , this model was consistent with the previous exine FEA 

odel that had perfectly bonded apertures. The cohesive thickness 

as carefully chosen, to ensure that the stiffness was high enough 

o prevent the artificial disturbance of apertures during the expan- 

ion of the Lycopodium spore [55] . The tri-aperture sutures on the 

ycopodium spore became thinner, fractured, and degraded during 

mmersion in several physiological solutions or during natural ger- 

ination, leading to aperture opening. Some softening methods of 

perture stiffness have been investigated, to determine the unfold- 

ng mechanisms of pollen grains [ 34 , 35 , 56 ]. In this study, we chose

hree representative aperture modulus ratios (A m 

) with respect to 

he modulus of Lycopodium spores, as listed in Table S2. In addition 

o the stiffness ratio of the spore wall to the aperture suture, we 

lso investigated the continuity of aperture sutures. A s = ∞ repre- 

ented a fully continuous and bonded aperture. Four typical val- 

es of A s are listed in Table S2 . A s < 1.0 indicates the presence of

iscontinuous apertures, whereas A s > 1 .0 indicates the presence 

f relatively well-connected and bonded apertures. Fig. S6 displays 

he maximum opened apertures of a Lycopodium spore with soft- 

ned aperture stiffness, which was defined as the opened aperture 

atio ( A o ), obtained from the separation length between apertures 

 δ) divided by the radius of the spore (R Lyc ). Two expansion ratios,

p and λe , were also used to describe the expasion of spore models 

ith opened apertures. 

Stress induced by proton- and/or metallic-cation complexation 

45] has been observed in plant tissues, such as cell walls, pollens, 

ollen tubes, stalks, and woody stems, in response to biotic stim- 

li (e.g., salt, drought, wounds, temperature changes, and growth) 

nd abiotic chemical treatments (e.g., pH change and Ca 2 + /EDTA 

reatment) [ 15 , 46 , 47 ]. As shown in the two-dimensional schemat-

cs of a pollen grain in Fig. S2 , typical pollen and spore shells are

omposed of an intine and an exine. The sporopollenin-based ex- 

ne is the first line of defense, as it blocks the flow of ions or wa-

er and provides mechanical support to the shell. In contrast, af- 

er absorbing water and under ion interaction, the intine, which 

ontains the cellulose fiber-reinforced pectin, produces and trans- 

its a force that pushes into the exine [12] . Fig. S2 shows a pollen

rain in a stressed state due to biotic or abiotic-induced deforma- 

ion. The swellable intine efficiently transfers the coupled turgor 

nd osmosis pressures to the exine, initiating the aperture open- 

ng of the pollen and spore grains. This process subjects the exine 

w

6 
o the radical stress σr and loop stress σθ , as it undergoes radi- 

al expansion due to increased internal pressure, which is acceler- 

ted by excessive water uptake ( Fig. S5 b ). Nevertheless, the layer 

hickness of the exine, r k − r j , and the layer thickness of the in- 

ine, r j − r i , are extremely small compared to the radius of the en- 

ire pollen shell, where r i , r j is the radius of the inner and outer 

ntine surfaces. For instance, a Camellia pollen grain has an intine 

hickness of ∼0.08 μm and an exine thickness of ∼0.73 μm, and 

 shell radius of ∼16 μm. Hence, the radial stress σr is insignifi- 

ant and thus negligible for these shell-walled structures [ 4 8 , 4 9 ].

ig. S5 c-d compares the natural pollen and spore systems dur- 

ng germination with artificially transformed pollen microgels dur- 

ng swelling [ 9 , 15 ]. Both illustrations show similar boundary condi- 

ions, although the factors that triggered the shell expansion were 

ifferent. The key membrane tensile stress, shown as σθ in the 

chematic illustration, was induced by opening the nanoscale wa- 

er/ion channels and apertures, facilitating the expansion of the liv- 

ng pollens during germination [ 5 , 34 ] and the changes in the bioin-

pired pollen microgels under pH or ionic treatments [ 15 , 40 ]. To

imulate the swelling/deswelling of pollen grains and pollen mi- 

rogels, we developed finite element analysis (FEA) models of the 

xine with the boundary conditions calculated or derived from the 

ultiphysics models of the intine under different pH conditions. 

ig. S5 e illustrates the exine structure in the FEA simulations of 

he swelling/de-swelling of Camellia pollen and Lycopodium spores. 

he tri-aperture on the exine was modeled with the contact cohe- 

ive interaction set for weakly or strongly bonded interfaces, which 

aried according to the deformation of the shells of Camellia pollen 

nd Lycopodium spores. The expansion boundary conditions of the 

xine from Camelia pollen and Lycopodium spores were based on 

he magnitude of σθ or swelling pressure, P i, swel l ing , which was de- 

ermined from the multiphysics models of the intine. Details of the 

verall approach behind the multiphysics model for intine layer 

nd finite element analysis (FEA) for exine layer are described in 

upplementary Methods. 

.8. Statistical analyses 

Statistical analyses were performed using the Origin 2018 soft- 

are package (OriginLab). An unpaired Student’s t -test and one- 

ay analyses of variance with Tukey’s multiple comparison tests 

ere used to calculate statistical significance; a p value of less than 
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Fig. 4. Evolution of surface morphology and mechanical performance of KOH-treated pollen and spores over different incubation times. a, Surface morphology of defatted 

Camellia pollen. b, Surface morphology of 3-h KOH-treated Camellia pollen. c, Surface morphology of 12-h KOH-treated Camellia pollen. d, Surface morphology of defatted 

Lycopodium spore. e, Surface morphology of 3-h KOH-treated Lycopodium spore. f, Surface morphology of 12-h KOH-treated Lycopodium spore . (Scale bars = 1 μm) g, Atomic 

force microscopy (AFM)-characterized modulus of wet Camellia pollen. h , AFM-characterized modulus of wet Lycopodium spores. ∗p < 0.05, ∗∗p < 0.01, ns: not significant. 
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.05 was considered statistically significant. The data are presented 

s the mean ± standard deviation, wherever appropriate. 

. Results and discussion 

.1. Structural changes in pollen grains after microgel formation 

First, we observed morphological changes of the exine layer and 

pertures in Camellia pollen and Lycopodium spores, as model sys- 

ems, before and after chemical treatments. Camellia pollen is tri- 

olporate and spherical, with an average diameter of ∼ 32 μm, as 

hown in Fig. 3 a. Its surface is smooth, with a perforated tectum. 

ig. 3 b shows the three closed apertures and perforated tectum of 

 spherical Camellia pollen grain after it has been defatted with 

cetone. However, the alkaline treatment damaged the Camellia 

ollen shell, opening its apertures and weakening the shell struc- 

ure. Thus, the dehydrated pollen shell collapsed, losing its spher- 

cal shape (as shown in Fig. 3 c and Fig. S7 ). In marked contrast,

ycopodium spores exhibited no significant morphological changes 

fter both defatting and alkali treatments, retaining their reticu- 

ated architecture and inflated trilete scar ( Figs. 3 d-f and Fig. S7 )

 47 , 57 , 58 ]. 

As the structural integrity of a pollen shell originates from the 

trong polymer network and mechanical stability of the sporopol- 

enin in the exine, we speculated that alkaline treatment caused 

ignificant changes occurred in the sporopollenin structures in the 
7 
xine of Camellia pollen, but not in that of Lycopodium spores. X- 

ay photoelectron spectroscopy (XPS) was used to analyze the sur- 

ace of Camellia pollen and Lycopodium spores, to determine the 

onding states of carbon (C) and oxygen (O) in the exine layer. As 

hown in the XPS-based analysis in Fig. 3 g, sporopollenin exine has 

 complicated chemical structure, mainly composed of a backbone 

f straight, branched, or cyclic aliphatic chains linked with satu- 

ated or unsaturated fatty acids via ester bonds (COOC) [ 4 , 59 , 60 ].

hose aliphatic backbones are also highly cross-linked via ether 

onds (COC), which provides additional mechanical and chemi- 

al stability [ 4 , 60 ]. Thus, the loss or reduction of ester and ether

onds can indicate sporopollenin degradation [ 4 , 59 , 60 ]. A signifi-

ant reduction in ester and ether bonds was observed in alkaline- 

reated Camellia pollen, resulting in an increase in the number of 

ydroxyl groups (OH) and a decrease in the number of carboxyl 

roups (COOH). The alkaline hydrolysis of ester bonds released 

ree fatty acids from the sporopollenin, restoring the hydroxyl 

roups of the aliphatic backbones. The reduction of ether bonds 

ay also lead to reduced cross-linking densities in the aliphatic 

ackbone. 

In contrast, Lycopodium spores show almost no pronounced 

hanges in either ester or ether bond patterns after alkaline treat- 

ent but did show changes in their carbonyl groups (C = O). It 

as been well-established that carboxylates form in KOH-treated 

ycopodium spores, which increases the hydrophilicity of the spore 

urface [58] . We found similar trends in other pollen and spore 
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Fig. 5. Comparison of pH response in the experimental and finite element method (FEM)-simulated results for chemically treated soft Camellia pollen grains and Lycopodium 

spores. a, Expansion ratios of 6-h KOH-treated Camellia pollen microgels, in terms of swelling pressure induced by pH change. b, Expansion ratios of 6-h KOH-treated 

Lycopodium spore, in terms of swelling pressure induced by pH change. c, Strain contours of 6-h KOH-treated Camellia pollen microgel, from pH 2 to pH 14. d, Strain 

contours of 6-h KOH-treated Lycopodium spore from pH 2 to pH 14. The large local deformation was concentrated at the trilete scar region. 
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pecies ( Fig. S8 ). The post-alkaline-treatment chemical structures 

f pollens of two other species ( Baccharis and Helianthus ) from 

he eudicot clade, and non-gelated pollens and spores from Typha 

monocot) and Pinus (gymnosperms), were compared with that of 

ycopodium spores. In the eudicot pollen grains, there was a signif- 

cant reduction in the number of ether and ester bonds, and an in- 

rease in the number of hydroxyl groups, whereas in the monocot 

ollens and the gymnosperms spores there was only a pronounced 

ncrease in the number of ester bonds. 

.2. Mechanical performance of transformed pollen and spores 

Changes in the chemical structures of the sporopollenin of the 

ifferent pollen and spore systems led to different surface mor- 

hological and mechanical alterations, as shown in Fig. 4 . As ex- 

ected, the alkaline hydrolysis of ester and ether bonds led to a 

ignificant loss of fatty acids, and thus a reduction in the cross- 

inking density of sporopollenin backbones in Camellia pollen. As 

 result, the perforated tectum of Camellia pollen exine became 

hinner and more porous, losing significant matrix components 

 Fig. 4 a-c; Fig. S9 ). In contrast, although the honeycomb-like ridges 

top Lycopodium pollen exine became more porous with prolonged 

OH treatment, the exine shell remained almost intact and showed 

o significant morphological changes ( Fig. 4 d-f), which was con- 
8 
istent with the details visible in Fig. 4 f. We used atomic force 

icroscopy (AFM) to measure the Young’s moduli of the exine 

nd intine of Camelia pollen and Lycopodium spores as a function 

f alkaline-treatment time. The degraded sporopollenin of Camel- 

ia exine showed significantly decreased Young’s moduli after pro- 

onged alkaline treatment, from ∼650 MPa for the exine of de- 

atted pollen to ∼400 MPa for the exine of 12-h KOH-treated 

ollen ( Fig. 4 g and Fig. S10 ). However, the average Young’s mod- 

li of KOH-treated Lycopodium exine (650–700 MPa) were similar 

o those of defatted Lycopodium exine, regardless of the KOH treat- 

ent time ( Fig. 4 h). Moreover, in case of Camellia pollen, the ratio 

f the average Young’s moduli of the exine to that of the intine 

M E/I ) tended to decrease with KOH treatment, from ∼1.7 (defat- 

ed pollen) to ∼ 1 (12 h KOH-treated pollen) even through this 

echanical change wasn’t as drastic as that of sunflower pollen 

15] . The defatted exine of sunflower pollen was much stiffer than 

hat of Camellia pollen, thus sunflower exine must be subjected to 

reater softening than Camellia exine. 

.3. Morphological basis of the difference between pollen and spore 

olume expansion in an acidic environment 

Angiosperms dominate the Earth’s surface: most green plants 

n all environments are angiosperms, and they exist in more ex- 
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Fig. 6. Softened aperture stiffness-driven volume expansion and morphology of Lycopodium spores. a-b, Scanning electron microscopy images of Lycopodium spores with 

weakened, slightly opened apertures after immersion in different body fluids. c, Cohesive sutured aperture model for Lycopodium spores, with the traction-separation law 

applied at the aperture suture. The model involves the traction σθ (loop stress) and separation δ (distance between two interfaces of an aperture), where apertural stiffness, 

k a , is defined as the aperture modulus ( E a ) divided by a constant cohesive thickness. In addition, sutures with length, L s , alternating with discontinuous parts (length L c ) 

are found on the Lycopodium apertures. The aperture suture ratio, A s , is defined as L s / L d , and a perfectly bonded aperture has an A s = ∞ . d, Morphology diagram and von 

Mises stress contours of the volume expansion and aperture opening of a Lycopodium spore with a softened aperture stiffness in the ( A s , A m ) plane, shown in a polar view. 

SIF = simulated intestinal fluid; L s = length of an aperture suture; L d = length of a periodic discontinuous region; E a = Young’s modulus of an aperture suture; E w = Young’s 

modulus of a spore wall; k a = stiffness of an aperture suture; k w = stiffness of a spore wall. 
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reme environments than any other group of plants [61] . Camel- 

ia are angiosperms and Lycopodium are gymnosperms and pro- 

uce sexual reproduction units (pollen) and asexual reproduction 

nits (spores), respectively. Like sunflower pollen, Camellia pollen 

as symmetrical tri-apertural geometry and undergoes significant 

tructural and mechanical alterations during alkaline treatment. In 

ontrast, Lycopodium spores are asymmetric, with an inflated trilete 

car on their proximal face and pronounced reticulated architec- 

ure on their distal face, and the mechanical behavior of their ex- 

ne is unchanged by alkaline treatment. These structural and me- 

hanical differences influence the responses of these two species 

o environmental stimuli. 
9 
To understand the underlying stimulus-responsive swelling and 

eswelling mechanisms of Camellia pollen and Lycopodium spores, 

e developed FEA models in conjunction with a multiphysics 

odel ( Figs. S2-3) . [15] The multiphysics model of de-esterified in- 

ine was used to predict the internal hydrostatic tensile force due 

o osmotic pressure, based on pH-dependent ionic concentrations 

f aqueous solutions. Fig. 5 compares the simulated results and 

xperimental measurements for Camellia pollen and Lycopodium 

pores after 6 h of KOH treatment. Two distinguishable dimension- 

ess expansion or swelling ratios of the pollen and spores were 

tudied: the equatorial swelling ratio ( λe ) and the polar swelling 

atio ( λp ), due to asymmetric 3D structures of pollen and spores, 
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here λe and λp are defined as R e /R and R p /R , and R e , R p and 

 denote the expanded radii of the polar and equatorial planes, 

nd the average pollen or spore radius, respectively ( Fig. S6 ). How- 

ver, our experimental observations were based on the swelling ra- 

ios at the maximum projection of the pollen and spore contours; 

hus, the experimental swelling ratios ( λ) were closer to the λe 

alues of the FEA models in Fig. 5 a and b , which were larger than

he λp values. The simulation results for Camellia and Lycopodium 

ere in a good agreement with their corresponding experimental 

esults. Camellia pollen exhibited a maximum equatorial swelling 

atio ( λe, max ) of ∼1.4, whereas Lycopodium spores did not swell, 

esulting in a constant swelling ratio ( λ) of ∼1.0 regardless of pH 

hanges. 

The strain and stress contours of the two systems gave clues 

bout the deformation mechanisms that drove the swelling- 

eswelling process in response to pH changes, as shown in Figs. 5 c 

nd d, and Fig. S11 . Camellia pollen accommodated its large de- 

ormation in its three apertures, and due to its oblate shape, λe 

nd λp varied with the expansion of the pollen shell. In contrast, 

he asymmetry of Lycopodium spores resulted in deformation con- 

entrating around their proximal face, at the location of the in- 

ated trilete scar. Thus, even though the projected spore diame- 

ers remained the same during swelling, they were nevertheless 

eformed ( Fig. 5 d). As a result, Lycopodium spore shells retained 

 near-ideal spherical shape, with the value of λp approximately 

qual to the value of λe . The deformation of spore shells was also 

ighly localized around apertures, and thus the accumulated strain 

nergy in these regions affected the germination of Lycopodium 

pores. We believe that these different deformation mechanisms 

re closely correlated with the reversible and irreversible germina- 

ion processes, because of the structure–property–performance re- 

ationship of these natural systems. This provides insight into the 

urvivability traits of diverse plant species [62] . We also examined 

his highly localized deformation of Lycopodium spores in conjunc- 

ion with their germination scheme, by simulating the rupture and 

pening of the trilete scar. 

.4. Tricolpate opening induced by apertural softening in 

ycopodium spores 

In contrast to Camellia pollen, Lycopodium spores have a solid 

nd rigid exine that is resistant to alkaline hydrolysis; in particular, 

he trilete apertures remain closed when spores are treated with 

lkaline solutions [ 15 , 57 , 58 ]. However, immersion in body fluids,

uch as blood plasma or simulated intestinal fluid (SIF), typically 

uptures the aperture region, causing spores to open ( Fig. 6 a, b). 

rucially, the rupture or breakage of these apertures is required 

or a spore to germinate and grow into a gametophyte called a 

rothallus, which is the natural mode of fertilization of non-seed 

ascular plants [24] . In the early stage of spore germination, the 

pening of apertures is essentially a biophysical or biomechani- 

al process [63] that involves divided cells that have outgrown the 

apsule being pushed from the spore [62] . The outermost spore 

ortex is degraded and softened by hydrolysis, and subsequently 

bsorbs a nutrient germinant that is associated with the release 

f ionic components. The spore then begins to absorb more water, 

nducing significant osmotic pressure and subsequently initiating 

pore germination [ 63 , 64 ]. Accordingly, we modeled the fracture 

echanism of a spore by modulating the stiffness and structure 

f the connective tissue between aperture plates, as illustrated in 

ig. 6 c. During SIF treatment, the spore apertures were prone to 

artial rupture, as shown in Fig. 6 b. Thus, we considered two pa- 

ameters for the relationship between the aperture and spore wall: 

he aperture suture–connectivity (aperture suture ratio, A s ) and the 

tiffness ratio (aperture modulus ratio, i.e., A m 

= Young’s modu- 
10 
us of the aperture suture/Young’s modulus of the spore wall). In 

esponse to hypothetical turgor/swelling pressure from the intine, 

he connectivity and stiffness of the connective tissue varied from 

ully connected ( ∞ ) to partially connected (A s = 0.125), and from 

igid (A m 

= 1) to very soft (A m 

= 1/3 × 10 −4 ). The induced local

eformation around the aperture region, which is visible in Fig. 5 , 

enerated fractures at the apertures as A m 

and A s decreased in 

agnitude. The suture regions of the rigid seed coat plates were 

hus disconnected and weakened during seed germination [65] . 

onsequently, we speculate that the sutures of spore apertures un- 

ergo changes similar to those of seed coat sutures. 

Clearly, the connectivity and stiffness ratios of the aperture- 

onnective tissue systems both played significant roles in the 

echanism of Lycopodium spore fracture during germination, as 

hown in Fig. 6 d and Fig. S12 . In the case with A s = ∞ and A m 

= 1 ,

he apertures of Lycopodium spores remained intact prior to any 

ign of germination: no fracture was observed. A s is a measure of 

he irregularity of spore apertures, and A m 

is a measure of the 

ydrolysis-induced softening of spores upon exposure to agents 

uch as enzymes or nutrient germinants. Thus, the results showed 

hat the degradation of connective tissue is due to increases in its 

iscontinuity and decreases in its strength, which indicates that 

pores experience more significant aperture opening than pollen. 

or many biological materials, the stiffness ratio between the hard 

hase and soft phase is known to be between ∼10 −2 - ∼10 −3 [66] .

hrough the degradation, this ratio may be significantly reduced 

67] . The interaction of weakening and local breakage of these 

pertures in the proximal region of spores is an efficient strategy 

or spore germination [ 24 , 27 , 67 , 68 ]. Thus, the rupturing of spores

ay be facilitated via aperture opening and closing due to the ex- 

ansion and contraction of de-esterified intine [15] , without signif- 

cant changes in spore volume, in contrast to the swelling-driven 

xpansion of pollen. 

onclusion 

In this study, we studied Camellia pollen grains and Ly- 

opodium spores as representative models of grains that form 

nd do not form microgel particles, respectively, to characterize 

he fundamental structure–property relationships associated with 

ermination-related shape transformations, and the chemical pro- 

esses underlying these processes. Upon alkaline incubation, sym- 

etrical Camellia pollen grains were transformed into microgel 

articles, due to weakening of their exine, and de-esterification 

nd subsequent swelling of their intine. However, upon alkaline 

ncubation, Lycopodium spores did not undergo extensive structural 

hanges. Computational modeling provided insights into the mech- 

nisms and pH-dependence of changes in the shape and material 

roperties of the specimens and agreed well with the experimen- 

al observations. Notably, the model predicted that there was local 

eformation of Lycopodium spore shells in their proximal region, 

ue to their asymmetric shell structures. The spores also exhib- 

ted significant fracture of their apertures when immersed in SIFs, 

nd such breakage events were necessary to facilitate irreversible 

ermination processes. These modeling efforts also revealed how 

arying the connectivity and rigidity of the material interface be- 

ween three closed apertures could trigger spore opening via a 

ombination of highly localized deformation and osmotic pres- 

ure gradients in the intine. Collectively, these findings offer in- 

ights into how pollen grains and spores could be transformed into 

iomimetic materials with apertures that open and close in re- 

ponse to environmental stimuli. Such germination-type processes 

ould therefore be harnessed to develop new classes of intelligent 

ensors and actuators. 
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