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Sporopollenin, the polymer comprising the exine (outer solid shell) of pollen,

is recognized as one of the most chemically and mechanically stable naturally

occurring organic substances. The elastic modulus of sporopollenin is of great

importance to understanding the adhesion, transport and protective func-

tions of pollen grains. In addition, this fundamental mechanical property is

of significant interest in using pollen exine as a material for drug delivery,

reinforcing fillers, sensors and adhesives. Yet, the literature reports of the

elastic modulus of sporopollenin are very limited. We provide the first

report of the elastic modulus of sporopollenin from direct indentation of

pollen particles of three plant species: ragweed (Ambrosia artemisiifolia),

pecan (Carya illinoinensis) and Kentucky bluegrass (Poa pratensis). The mod-

ulus was determined with atomic force microscopy by using direct

nanomechanical mapping of the pollen shell surface. The moduli were atypi-

cally high for non-crystalline organic biomaterials, with average values of

16+2.5 GPa (ragweed), 9.5+2.3 GPa (pecan) and 16+4.0 GPa (Kentucky

bluegrass). The amorphous pollen exine has a modulus exceeding known

non-crystalline biomaterials, such as lignin (6.7 GPa) and actin (1.8 GPa). In

addition to native pollen, we have investigated the effects of exposure to a

common preparative base–acid chemical treatment and elevated humidity

on the modulus. Base–acid treatment reduced the ragweed modulus by up

to 58% and water vapour exposure at 90% relative humidity reduced the

modulus by 54% (pecan) and 72% (Kentucky bluegrass). These results

are in agreement with recently published estimates of the modulus of

base–acid-treated ragweed pollen of 8 GPa from fitting to mechanical

properties of ragweed pollen–epoxy composites.
1. Introduction
Plant pollens are among the most unique naturally occurring microparticles.

Pollen grains are microscopic capsules carrying male gametes for plant

reproduction. They have evolved optimized exine shells with remarkable

structure and surface chemistry to facilitate pollination and germination.

Recently, pollen grains have attracted increasing research interest due to

their unique adhesion characteristics, low weight, high mechanical strength,

functionalizability, fluorescence and biocompatibility [1]. For example,

Fadiran & Meredith used vinyltrimethoxysilane-functionalized ragweed

pollen to reinforce poly(vinyl acetate). The resulted polymer–pollen composite

showed an 80% increase in tensile strength and a wider glass transition [2].

Similarly, ragweed pollen were recently reported to result in a 47% increase

in tensile strength, a 70% increase in strain at break and a 14% increase in

modulus of epoxy composites at 10 wt% pollen loading [3]. Uddin et al.
[4,5] have demonstrated the oral delivery of vaccines to mice via ragweed

pollen and the potential for pollen to be used for controlled release of pharma-

ceuticals has been reviewed [6]. Moreover, pollen have been used as templates

for fabricating metal-oxide magnetic replicas [7,8], magnetic-core particles [9]

and metallized shells [10] with unique combinations of multimodal adhesion

and optical properties.
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A native pollen shell consists of three domains from out-

side to inside: (i) pollenkitt, (ii) exine and (iii) intine [11]. The

pollenkitt is an adhesive and viscous liquid coated on the

exine. It can protect pollen from drying, promote adhesion

and support pollination. The exine is the tough outer solid

wall that often bears spines, bumps or grooves and exhibits

an enormous species-specific diversity of morphology due to

the size and shape of these surface features. The intine,

made of cellulose, is a thin wall just inside the exine surround-

ing the generative cells inside the pollen shell. The exine

influences adhesion and determines the external surface chem-

istry and mechanical properties of pollen grains. The exine is

mainly composed of sporopollenin, one of the most chemically

and thermally stable biological polymers [12,13]. The chemical

composition of sporopollenin has been a subject of study and

debate [14], but the most recent consensus suggests that it con-

sists of saturated and unsaturated aliphatic chains with

conjugated aromatics that are highly cross-linked by ester or

ether bonds to form a rigid structure. Meanwhile, the surface

of the pollen exine contains hydroxyl groups that provide

facile sites for functionalization [15]. The mechanical proper-

ties of sporopollenin are rarely reported in the literature, but

they are of great importance to the natural protective

performance and adhesion behaviour of pollen shells. For

example, it was shown recently that the spines on sunflower

and ragweed pollen particles can lock onto similarly sized

features on flower stigma surfaces, resulting in pressure-

dependent adhesion behaviour [16]. High modulus could sup-

port this unusual particle adhesive function, because of the

frictional forces that would arise when pollen grains are pressed

onto stigma hair features. In addition, some researchers

reported that the mechanical properties of pollen shells were

of great importance to understanding the contaminant adhesion

on gecko skin [17]. The pollen modulus and its dependence on

relative humidity (RH) are also expected to be important in the

process of harmomegathy, in which desiccating pollen grains

fold inwardly and lessen water loss by blocking pollen aper-

tures [18]. This dehydration-induced folding and its reversal

upon rehydration at the stigma are dependent on the modulus,

and yet the dependence of sporopollenin modulus on water

vapour exposure is unknown. Two somewhat-indirect

measurements of the modulus of pollen shells have been

reported. Liu et al. used a micromanipulation technique to

measure the product of Young’s modulus and the wall thick-

ness (E � h) of desiccated ragweed pollen to be 1653+
36 N m21 under compression [19]. To obtain this value from

compression data, a model of the pollen shell was required,

and the pollen grain was treated as a smooth, spherical capsule

with an air-filled core and an impermeable wall. Because the

pollen shell is actually a porous wall with elaborate surface mor-

phology, a technique that does not require a morphological

model would be desirable. Another paper used two-phase com-

posite models to extract the ragweed pollen modulus of 8 GPa

from mechanical measurements of epoxy–pollen composites

[3]. However, this approach depends on assumptions of the

model, which neglects particle surface morphology and imper-

fections in the adhesive interface between pollen and polymer.

Because these prior estimates of the modulus are relatively

high for an organic, non-crystalline material, a direct

measurement is preferable for confirming whether these

prior estimates are reasonable.

Atomic force microscopy (AFM) measures the force on a

cantilever tip as a function of its vertical position. The
resulting ‘force–distance (f–d) curves’ can be analysed to

determine properties of the material beneath the tip, includ-

ing adhesion, topography and stiffness [20]. However, these

f–d curves can only provide data at one point on the material

at a time. The technique of force volume imaging can collect

f–d curves from a large number of pixels to create a map of

the properties across the sample [21]. Nevertheless, it is typi-

cally too slow to map properties over a large sample. To solve

this problem, the so-called pulsed force mode was developed

in 1997 [22]. This technique improves speed by using a rela-

tively fast sinusoidal ramping of the probe. Unfortunately,

this also makes measurements of material properties less

quantitative [22,23]. Peak force tapping, developed in 2010,

reduces mapping time from hours (force volume mode) to

minutes (peak force tapping) for a 5 mm � 5 mm area [23].

Meanwhile, it also allows one to measure the complete f–d

curve on each pixel, and precisely control peak force applied

to the substrate. This technology enabled a technique known

as peak force quantitative nanomechanical property mapping

(PFQNM), with which mechanical properties can be mapped

as a topological image containing stiffness, adhesion and

topography information with nanoscale resolution [23,24].

By carefully selecting the AFM probe, one can measure elastic

moduli from 1 MPa to 100 GPa without destroying the

sample. PFQNM mode has been demonstrated to be an effec-

tive technique for characterizing both soft and hard materials

in the literature, such as living cells [25], diatoms [26],

polymer composites [27], cement [28] and steel [29].

In this paper, PFQNM AFM was used as a direct method to

measure, for the first time, the elastic moduli of three types of

pollen shells (ragweed, pecan and Kentucky bluegrass). These

three types of pollen shells represent a broad variety including

common flowering weeds, trees and grasses, covering a range

of morphologies from echinate (spines are longer than 1 mm in

length) to spinulose (spines are less than 1 mm in length).

Meanwhile, the elastic moduli of pollen shells could be influ-

enced by common chemical treatments and water vapour

exposure, important for commercial applications or in the natu-

ral environment. Therefore, the ragweed pollen was treated

with an acid followed by a base washing, commonly used

for cleaning pollen, to investigate the effect of the treatment

on the elastic modulus. Furthermore, the pecan and Kentucky

bluegrass moduli were measured after exposure to a 90% RH

environment, to understand the effect of water saturation on

the elastic modulus.
2. Experimental section
2.1. Materials
The native non-defatted pollen grains of three different species

were purchased from Greer Laboratories (Lenoir, NC, USA)

and stored at 08C, including ragweed (Ambrosia artemisiifolia),

pecan (Carya illinoinensis) and Kentucky bluegrass (Poa praten-
sis). Methanol, ethanol and chloroform were purchased from

Sigma–Aldrich and used as received. Two types of silicon

AFM probes, RTESPA-300 and RTESPA-525, were purchased

from Bruker. A set of standard samples (PFQNM-SMPKIT-

12M) was obtained from Bruker to calibrate the probes and

AFM system. Silicon wafers were purchased from University-

Wafer, Inc. (South Boston, MA, USA). Epoxy glues (LOCTITEw,

2 h setting time) were purchased from Henkel Corporation

(Rocky Hill, CT, USA) to fix pollen gains on the silicon
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wafer. Potassium hydroxide (KOH, EMD Millipore) and

phosphoric acid (H3PO4, BDH Chemicals) were used for

base–acid treatment.

2.2. Sample preparation
Prior to use, the pollen grains were washed with a mixture of

chloroform and methanol (3 : 1), which is a good solvent for the

pollenkitt coating on the pollen grains [1]. The washed pollen

grains were rinsed with ethanol and dried at ambient con-

ditions (208C and 24% RH) for 24 h. The resulting pollen

grains are referred to as the cleaned pollen of ragweed (CPr),

pecan (CPp) and Kentucky bluegrass (CPk). CPr was further

treated with KOH and H3PO4 by methods described in detail

elsewhere [2]. The resulting ragweed pollen was referred to

as base–acid-treated ragweed pollen (BAPr) and used to inves-

tigate the effect of AB treatment on Young’s modulus of

ragweed pollen. In addition, exposure to elevated humidity

was studied. CPp and CPk were stored in 90% RH for 24 h

to prepare water-saturated pollen (WSPp and WSPk). WSPp

and WSPk were re-saturated in the 90% RH environment

every 30 min for 10 min during AFM measurements. To

avoid the movement of the pollen grains during the

AFM measurements, pollen grains were glued onto a

Piranha-cleaned Si wafer with a thin layer of epoxy resin by

using a micromanipulator (NARISHIGE, Japan) and an optical

microscope (Olympus BX51) [30].

2.3. Scanning electron microscopy
Clean pollen grains and BAPr were characterized with a

Zeiss Ultra-60 FE-SEM to reveal the morphology. Ethanol

suspensions of the pollen grains were deposited by simple

drop-casting and dried on silicon wafers at ambient con-

ditions. Then, the silicon wafers were mounted on metal

stubs using carbon tape and sputtered with Au/Pd in a

Hummer sputtering system to prevent charge build-up

during measurement. Scanning electron microscopy (SEM)

was also performed on AFM probes before and after mechan-

ical measurements to examine the radii of probe tips. The

probes were mounted on metal stubs with carbon tape. The

sputtering process was not conducted on the probes so that

they could be used for the AFM measurement. All images

were obtained under an accelerating voltage of 5.0 or 10.0 kV.

2.4. Peak force quantitative mechanical properties
mapping

The elastic moduli of pollen grains were characterized with a

PFQNM mode on a Dimension ICON AFM (Bruker). Similar

to the tapping mode, peak force (PF) tapping intermittently

brings the probe and sample together to contact the surface

for a short period at a high frequency (1–2 kHz). Unlike

the tapping mode, where the amplitude of the cantilever

vibration is kept constant, PF tapping controls the maximum

force (i.e. the peak force) on the tip. The conventional tap-

ping mode is used mainly for imaging topography or

qualitatively characterizing mechanical properties based on

differences in phase response. However, the PF tapping

mode analyses f–d curves at every imaging pixel simul-

taneously, resulting in the capability to determine

quantitative adhesion, modulus and energy dissipation

information. This allows measurement of the latter data

with the same lateral resolution as a topographical image,
which is suitable to assess the mechanical properties of

micrometre-sized pollen shells [23,24].

Figure 1a demonstrates what happens during the inter-

action between the probe tip and a clean ragweed pollen,

using data based on the RTESPA-300 probe and CPr.

When the modulation frequency of the cantilever is about

1 Hz, the time from point A to point E is about 1 ms,

which enables fast scanning of thousands of contacts

between the probe and the sample. As the tip is far away

from the sample (point A), there is little or no force on

the tip. When approaching the sample, the tip is pulled

down to the surface of the sample (point B) by attractive

forces (usually van der Waals) as represented by a negative

force (below the horizontal dashed line). The tip stays on

the surface and the force increases until the z position of

the probe reaches the bottom-most position at point C,

where the peak force occurs. Then, the probe starts to with-

draw and the force decreases until the pull-off point (point

D), where the adhesion can no longer hold the tip. Once the

tip detaches from the surface, the cantilever oscillates for a

period and the force is small or zero (point E). Figure 1b
shows the same data as figure 1a but with the force plotted

as a function of the vertical position. This plot can be com-

pared directly with the f–d curve that has been used by

many researchers. The f–d curve must be converted to the

force–separation (f–s) curve (figure 1c) to retrieve the mech-

anical properties, according to the following equations and

figure 1d.

Dx ¼
Ftip

k
ð2:1Þ

and
Dd ¼ Dz� Dx: ð2:2Þ

In the above equations, Dx is the deflection of the can-

tilever, Ftip is the loading force applied on the sample by

the probe, k is the spring constant of the cantilever, Dd is

the deformation of the sample and Dz is the distance of

the movement of the probe. In figure 1c, the withdrawal

curve can be fitted with an appropriate model to obtain the

elastic modulus.

In the PFQNM mode, the elastic or Young’s modulus is

calculated by using the Derjaguin–Muller–Toropov (DMT)

model to fit the withdrawal portion of the f–s curve [31].

This model is appropriate when deformation of the sample

is lower than the tip radius, which is the case presented

here. Therefore, the DMT model is more suitable for hard

materials than the classical Hertz model and the Johnson–

Kendall–Roberts (JKR) model [29,32]. The reduced Young’s

modulus, Er, is given by

Er ¼
3ðFtip � FadhÞ

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RðDdÞ3

q , ð2:3Þ

where Fadh is the adhesive force at point D (negative value)

and R is the radius of the AFM tip. The tip radius is calibrated

by using SEM, a tip calibration grating and standard

samples, as discussed in detail in the following section.

The reduced elastic modulus is related to the sample elastic

modulus, Es, by

Er ¼
1� v2

s

Es
þ

1� v2
tip

Etip

" #�1

, ð2:4Þ
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Figure 1. (a) Plot of force as a function of time for RTESPA-300 interacting with CPr; the insets are probe – sample interactions at different points of the plot,
including point (B) jump-to-contact, (C) peak force, (D) pull-off and (E) free oscillation of the probe after surface detachment. (b) Plot of force as a function of z
(vertical) piezo position. (c) Plot of force as a function of probe – sample separation distance. (d ) An illustration of the relationship between probe deflection (Dx) of
the probe and sample deformation (Dd ). (Online version in colour.)

Table 1. AFM probes used in this work.

probe type tip material
nominal spring
constant (N m21) sample modulus

reference sample
(nominal modulus)

RTESPA-300 silicon 40 0.2 – 2 GPa PS (2.7 GPa)

RTESPA-525 silicon 200 1 – 20 GPa HOPG (18.0 GPa)
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where ns and ntip are Poisson’s ratios of the sample and the

AFM tip, respectively. In this work, we assume that Etip is

much larger than Es, and so, the second term on the right-

hand side of equation (2.4) is negligible. For typical values

of the silicon modulus (170 GPa) and Poisson ratio (0.22)

[33], over the range of moduli values determined below for

Es, this assumption creates 2–7% difference between Er and

Es. Poisson’s ratio of polymers generally ranges between 0.2

(very rigid) and 0.5 (rubber), which gives a 4%–25% difference

between Er and Es [34]. As we assume that pollen shells have a

similar Poisson’s ratio to rigid polymers, based on the heavily

cross-linked structure of sporopollenin, ns is set to be 0.35 for

the pollen shells in this work. All calculations are done in real

time for every f–s curve over the scanned area.

For each measurement, a 5 � 5 mm2 area was scanned by

the probe, resulting in 512 � 512 f–s curves, and the aver-

age modulus was calculated based on these individual

measurements. A larger magnification (smaller area) was
investigated when artefacts were detected due to the mor-

phology effect, which is discussed in detail in the Results

section. Five pollen grains were measured for each species,

and two to four measurements were taken from each pollen

grain. Each measurement generates an image containing

256 by 256 pixels. All measurements were conducted at

24% RH and 208C.
2.5. Probe selection
Considering the pollen shell as a rigid material, probes

require a stiff cantilever to apply sufficient force to indent

the sample. Two types of Bruker AFM probes, RTESPA-300

and RTESPA-525, were selected to cover the modulus range

from 200 MPa to 20 GPa. Table 1 shows some specifications

of the probes. The spring constant (k) and tip radius (R) of

probes were determined through a combination of absolute

and relative calibration methods.
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Figure 2. SEM images of the clean pollen shells of (a,b) pecan (CPp); (c,d ) Kentucky bluegrass (CPk); (e,f ) ragweed (CPr), and (g,h) base – acid-treated ragweed
pollen (BAPr).

Table 2. Dimensions of pollen grains.

type
diameter
(mm)

length of
spine (nm)

radius of
spine (nm)

CPp 38+ 2 190 – 240 45+ 4

CPk 26+ 3 80 – 130 57+ 12

CPr 15+ 3 500 – 1000 52+ 5

BAPr 15+ 3 500 – 1000 52+ 5
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2.6. Probe calibration
Both absolute and relative calibration methods are used to

obtain probe parameters for PFQNM. Based on equations

(2.1) and (2.3), Er is proportional to k/(R1/2). The absolute

method gives a direct measurement of R and k. By contrast,

the relative method uses a reference sample with known elas-

tic modulus to acquire the ratio of k/(R1/2). A combination of

both methods was used in this work to ensure the accuracy of

the calibration. Both methods require measurement of the

deflection sensitivity on a hard sample. In this work, a sap-

phire sample (SAPPHIRE-12M) from the PFQNM sample

kit was used to obtain the deflection sensitivity. Then, the

spring constant was calculated using Sader’s method [30],

where the dimensions of the cantilever were obtained using

SEM, and the resonant frequency and Q factor were obtained

using the thermal tuning function of the AFM. The tip radii

before and after AFM measurements were obtained by

SEM. The tip radii were also calibrated on a tip characteriz-

ation sample, RS-12M, from the PFQNM sample kit. For the

relative method, polystyrene (PS) and highly oriented pyroly-

tic graphite (HOPG) films were used as the reference samples

(table 1). Although the nominal elastic modulus of PS slightly

exceeds the suggested modulus range for RTESPA-300, it is

close to the upper limit. Furthermore, the relative method

requires that the deformation of the measured samples

should be consistent with the deformation of the reference

sample. According to the instrument manufacturer, the defor-

mation of both the reference sample and the unknown samples

are required to be larger than 2 nm and must be comparable

with the deflection of the probe cantilever (0.3 � deflection ,

deformation , 3 � deflection) [23]. Otherwise, the probe will

be too stiff or too soft for the given samples, which can lead

to cumulative errors in following model fitting. In addition,

because data from PFQNM are a distribution, a MATLAB

code was developed and used to rule out data not conforming

to these deformation guidelines.
3. Results and discussion
3.1. Pollen morphology
SEM images of CPr, CPp, CPk and BAPr are shown in figure 2.

Grooves and tiny pores can be observed, demonstrating that
the pollenkitt has been eliminated by washing with the

methanol/chloroform mixture. Base– acid treatment does

not have a significant impact on the morphology. The dimen-

sions of the pollen grains are shown in table 2. CPp has small

bumps sparsely distributed on the surface. While CPr and

BAPr have very large spines and tiny pores, CPk also has

similar bumps to CPp, but the bumps of CPk are much

denser than those of CPp. In addition, CPp and CPk some-

times have folded or collapsed shells. Features including

spines, pores, bumps and folds were carefully avoided in

AFM measurement and the results below are based on

relatively flat, featureless areas.
3.2. Probe calibration
Figure 3 shows SEM images of the RTESPA-525 AFM probes

at various times during the measurement stage. The dimen-

sions, resonant frequency and Q factor were used to

calculate the spring constants (k) with Sader’s method (‘absol-

ute’ technique). This method was reported to have the least

uncertainty, which mainly comes from the errors of measure-

ment of the cantilever width [35]. Table 3 shows the tip radii

measured with the different methods before and after

measuring five pollen grains. Before the AFM measurements

of pollen samples, the difference in radii comparing the SEM

images to the results of absolute or relative calibration is due

to wear that occurred during the calibration. The discrepancy

between the absolute method and the relative method is

mainly because of the imperfect tip shape, which deviates

from the spherical tip shape assumption of the DMT

model. However, after measuring five pollen grains, SEM
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Figure 3. SEM images of RTESPA-525: (a) new probe, (b) after calibration on HOPG; (c) after measurements on five pollen grains.

Table 3. Tip radii measured or estimated by different methods before and after AFM measurement of pollen.

probe SEM (nm) absolute method (nm) relative method (nm)

before RTESPA-300 10+ 0.15 20.7+ 2.1 50+ 7.6

RTESPA-525 10+ 0.11 23.4+ 1.8 60+ 3.6

after RTESPA-300 n.a. n.a. 160+ 30

RTESPA-525 480+ 165 n.a. 210+ 20
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images show much higher tip radii than the results measured

with the relative method. This is because only a small portion

of the blunt tip is in contact with the sample during AFM

measurement, and this contacting radius is what is relevant

to the measurement of modulus values. After measuring

each individual pollen grain, the probe was indented on

the PS or HOPG sample again to check for drift in the mod-

ulus measured for the reference sample, which could

indicate a change in tip size. If the average moduli of PS or

HOPG were consistent with the nominal value, the probe

was used to measure the next pollen grain. Otherwise, the

tip radius was adjusted in the software to match the

measured moduli of PS or HOPG with the reference mod-

ulus values. Figure 4 shows the measured moduli of PS

and HOPG before and after the tips were used to character-

ize five pollen grains. The measured moduli of PS and

HOPG drifted from initial values of 2.67 and 17.8 GPa to

final values of 3.14 and 23.4 GPa at the end of all measure-

ments, due to the wear on the tip. SEM confirmed the

wear on the tip that occurs after measuring five pollen

grains (figure 3c,d ). The more blunt tips lead to a shorter

indentation depth (d ) and the calculated modulus will be

artificially higher according to equation (2.3). Correcting

the tip radius to achieve the nominal modulus value

accounts for changes in tip radius during measurement. By

contrast, the surfaces of the calibration standards and the

pollen do not show wear following indentation

measurements.
3.3. Excluding curved morphologies with data analysis
In preliminary experiments, the RTESPA-300 probe was

used to scan 5 � 5 mm2 areas on CPp, CPk, CPr and BAPr

by AFM. Multiple channels were recording the topological

and mechanical properties of the sample in real time. For

example, figure 5 shows the height, three-dimensional (3D)

height, adhesion, deformation and modulus maps of BAPr.

The 3D height image shows four intact spines, as well as
several half spines at the edges. Moreover, tiny pores and

grooves on the pollen surface can even be observed from

the 3D height and deformation images. Correlations can be

found between the height images and the other mechanical

property maps. For the deformation image, the area sur-

rounding the tips of spines showed larger deformation

(lighter colour on the map) than the other areas. Conse-

quently, the moduli of those areas were much lower than

the other areas according to equation (2.3). This contrast is

more likely due to the spiny morphology rather than the

intrinsic heterogeneity of the moduli of pollen shell. As

shown in figure 5f, the surface near the tip of the spine

was much steeper compared to the horizontal surface

between spines. When the probe taps this steep surface, it

is easy to slip down the surface. The slip can only happen

after contact point (point B in figure 1a), and thus, the

slipping distance will be mistakenly accounted for as defor-

mation of the sample by the DMT model. In addition, the

DMT model assumes that the interaction is between a

sphere and a flat surface. Thus, the DMT model does not

hold when the tip is tapping the steep surfaces around the

spines. Adhesion maps also showed remarkable correlations

with the spiny morphology.

The adhesion forces at the area surrounding the tip of the

spine are much higher than those at the tip of the spine and

the spacing between spines. This may be due to the differ-

ence in contact areas formed at different locations. When

the probe taps near the apex of the spine, it makes contact

over a relatively small area near the probe tip. However,

when the probe taps the steep side surface around the

spine’s apex, it could achieve a much larger contact area

by contacting with the spine side-by-side. Therefore, the

adhesion forces around the spine apex could be larger

than those at the apex or the space between spines. It is

noted that large adhesion forces were also observed at

some grooves or pores of the pollen shell. This could also

be due to the larger contact areas formed when the probe

taps and even inserts into those specific morphologies. Similar
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morphology effects were also reported in the literature for

modulus mapping of individual chitin nanorods with

PFQNM [32].

The other three types of pollen also showed similar mor-

phology effects on the mechanical characterization. Although

CPp and CPk (figure 2) have less morphology effect due to

their smaller bumps than ragweed pollen, the modulus

data over spines and bumps are not included in the following

data analysis, to avoid potential artefacts caused by the mor-

phology issue. After a 5 � 5 mm2 area was scanned first to

give a morphology map, smaller portions of the 5 � 5 mm2

area without spines or bumps were rescanned to obtain

mechanical properties.
3.4. Probe effect
The elastic moduli of pollen shells are still largely unex-

plored in the literature. Only one paper reported the

product of the Young’s modulus and wall thickness (E � h)

of desiccated ragweed pollen as 1653+ 36 N m21 [19].

This value is based upon the mean rupture force and defor-

mation of the ragweed pollen under compression. An

accurate average modulus can be obtained only if the wall

thickness is known accurately. If the thickness of the

pollen shell is taken to be approximately 1 mm based upon

SEM images in the literature, Young’s modulus will be

about 1.6 GPa [2]. Therefore, the RTESPA-300 probe,

with a suggested sample modulus of 20–2000 MPa, was

chosen for the characterization. Figure 6a shows the average
elastic moduli of CPp, CPk, CPr and BAPr measured by

using RTESPA-300. BAPr has the lowest modulus of

1.46+ 0.38 GPa, while CPr shows a much higher modulus

of 8.45+ 0.43 GPa without base–acid treatment. CPk and

CPp show relatively large moduli of 8.70+ 1.15 GPa and

7.54+ 2.72 GPa, respectively. The smaller sample size of

CPr and BAPr is due to the morphology of ragweed

pollen. The long spines make it difficult to get usable data

on every ragweed pollen. It is noted that all results except

for BAPr exceed the suggested moduli range of RTESPA-

300. Moreover, most of the deformation data of these

samples are below 2 nm. Small deformation indicates that

RTESPA-300 is too soft to make a significant indentation

on the pollen shell. Therefore, RTESPA-300 is not a suitable

probe for CPr, CPp and CPk.

As RTESPA-300 was not appropriate, a stiffer probe,

RTESPA-525, was used for AFM measurement. Figure 6a
shows the moduli of the pollen grains measured by

RTESPA-300 and RTESPA-525, respectively. The moduli

measured by RTESPA-525 are between 1 and 20 GPa,

which is the suggested sample moduli range of the probe.

The deformations are sufficient and comparable with the

deflections for fitting the DMT model (figure 6b). Hence,

the results from RTESPA-525 were more reliable than those

from RTESPA-300. Overall, higher elastic moduli were

obtained with RTESPA-525 for CPp and CPk. With

RTESPA-525, the average moduli of CPr, CPk and CPp are

16.2+ 2.45 GPa, 16.1+3.96 GPa and 9.53+2.33 GPa,

respectively. Thus, the moduli of CPr, CPk and CPp are
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scale bar is 1 mm. (Online version in colour.)
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even higher than most non-reinforced polymers [36]. It is

interesting that the moduli are close to the elastic moduli

of phenolic plastics, and phenolic compounds were found

in sporopollenin [37]. The high elastic moduli indicate the

great potential of pollen shells to be used as a polymer rein-

forcing filler with the advantages such as low density, low

cost, bio-renewability and ready surface modification [2]. It

is noted that these two types of probes give similar results

for CPp with a difference of 2 GPa, as well as overlapped

error bars. It indicates that RTESPA-300 could be used for

some samples (CPp) with higher moduli than the range
suggested by Bruker, even though RTESPA-525 is a better

choice in this work.
3.5. Effect of base – acid treatment
Both RTESPA-300 and RTESPA-525 gave higher moduli for

CPr compared with BAPr. The moduli of BAPr decreased

by 58.4% and 47.9% using RTESPA-300 and RTESPA-525,

respectively. The results indicate that the base–acid treatment

can reduce the stiffness of pollen shells by about 50%, while

the morphology can be maintained. Synthetic polyester



Pk Pp
0

5

10

15

20

25

el
as

tic
 m

od
ul

us
 (

G
Pa

)

 water-saturated pollen
 clean pollen

Figure 7. The average moduli of WSPk and WSPp compared with the moduli
of CPk and CPp. (Online version in colour.)

rsif.royalsocietypublishing.org
J.R.Soc.Interface

15:20180533

9

polymer has been reported to show a similar effect with

respect to acid–alkali treatment, where the Young’s mod-

ulus of polyester fibre was reduced by 41% (acid treated)

and 28% (alkali treated) [38]. Considering the cross-linked

structure of sporopollenin by ester bonds, this reduction is

presumed to be due to the degradation of the macromolecu-

lar network through hydrolysis. Although the base–acid

treatment can reduce the elastic moduli of pollen shells,

BAPr shows higher moduli than some common polymers.

Therefore, BAPr can still be useful for reinforcing polymer

matrices, which is important because the base–acid treat-

ment has been shown to facilitate the surface modification

of pollen shells and their compatibility with polymers.

This is consistent with the results of Fadiran et al. who used

AB treatment of Pr as a precursor to silanization of pollen

with vinylsilane coupling agents to prepare Pr-poly(vinyl

acetate)-reinforced composites [2].

3.6. Effect of water vapour exposure
In a previous work by Lin et al. [39], it was shown that

cleaned ragweed pollen can become saturated with water

as the humidity is raised, through both adsorption and

absorption. It was found that ragweed gained water in the

amount of 16% dry mass at a humidity of 70%. As described

above, ragweed pollen are more difficult to characterize

using AFM than pecan and Kentucky bluegrass due to the

spiny morphology. Therefore, only CPp and CPk were

used to investigate the effect of exposure to water via elev-

ated humidity. The same samples of CPp and CPk that

were measured previously by the RTESPA-525 tip at normal

room humidity were stored in a 90% RH environment for

24 h. Then, the resulting water-saturated pecan and Kentucky

bluegrass pollen (WSPp and WSPk) were measured quickly

with AFM while holding RH at 24% RH to avoid water con-

densation during measurements. WSPp and WSPk were also

re-saturated at 90% RH every 30 min during the experiment.

Figure 7 shows the average moduli of WSPp, CPp, WSPk

and CPk measured with probe RTESPA-525. CPp and CPk

show average moduli higher than 10 GPa. However, both

WSPp and WSPk show reduced moduli of 4.37+1.96 GPa

and 4.45+1.24 GPa, respectively. In comparison with those

of CPp and CPk, these values correspond to a decrease of

54.1% (WSPp) and 72.3% (WSPk), a result that indicates that

while water saturation reduced the stiffness of the pollen

shells, the moduli still exceed 4 GPa. The topological image
(figure 8) of WSPk also showed a different morphology com-

pared with CPk. WSPk has a relatively smooth surface

compared to CPk, which may be due to levelling of bumps

following the swelling of the sporopollenin with water.

One concern for the experiment is whether absorbed

water will affect PFQNM by introducing capillary adhesion.

At high humidity (70% RH), the water taken up by the

pollen exine is mainly absorbed by the bulk sporopollenin

according to Lin et al. [39]. Only 25% of water is adsorbed

on the surface or condensed in small cavities. However, in

this work, pollen shells are only pre-stored in high humidity.

The experiments were still conducted in air a 24% RH, where

additional water condensation between the tip and pollen is

unlikely [40]. Moreover, the loading force of the cantilever

is 1–2 mN, while the capillary force is only tens of nano-new-

tons at the most. In other words, even if a capillary or

pendular bridge is formed in the probe–sample interaction,

it will only have a small effect on the modulus measurement

according to equation (2.3).

3.7. Comparison with other biomaterials
As a non-crystalline material, sporopollenin showed a sur-

prisingly high elastic modulus under dry conditions,

comparing with other amorphous, neat biomaterials.

Table 4 shows the Young’s moduli of several biomaterials,

including protein fibres from animals, hemicellulose and

lignin from plants. In general, the plant polymers show

higher Young’s moduli than the animal ones. Under dry

conditions, sporopollenin has the highest Young’s moduli,

16.2 GPa for ragweed and Kentucky Bluegrass, and

9.53 GPa for pecan. The second highest moduli are 6.7 GPa

(lignin) and 6.0 GPa (b-glucan), which are 2.7 and 2.4 times

less than ragweed pollen exine. Animal proteins (actin, tubu-

lin and collagen) and arabinoxylan have the lowest Young’s

moduli between 1 and 3 GPa. It is worth noting that sporopol-

lenin bears some resemblance to lignin. Lignins are a class of

complex aromatic, hydroxylated polymers that act as a binder

for cellulose in plants and algae. Both sporopollenin and

lignin have similar precursors (ferulic acid and phenylalanine)

and phenolic ester/ether cross-linking. In addition, lignin has

a similar response to elevated water content as sporopollenin.

The Young’s modulus of lignin decreased by 54% (from 6.7 to

3.1 GPa), when the water content increased from 3.2 to

12 wt%. Meanwhile, the moduli of pecan and Kentucky blue-

grass pollen exine decreased by 54.1% and 72.3%, when the

environment’s RH increased from 24% to 90%. In addition,

the hydration effect of pollen exine indicates the amorphous

structure of sporopollenin, which is already confirmed with

X-ray diffraction [41].

3.8. Implications in the natural world and materials
science

Implications of the high modulus of sporopollenin in the

natural world relate to the protective effect for generative

cells offered by the very stiff external shell. Under natural

loading forces, the high stiffness prevents significant com-

pression of the internal cells, preserving their reproductive

function. Even after extended exposure to elevated humid-

ity of 90%, the exine retains a relatively high modulus

over 4 GPa, indicating an important ability to continue to

provide resistance to deformation under wide swings in
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Figure 8. Three-dimensional-height images of (a) CPk and (b) WSPk by RTESPA-525. (Online version in colour.)

Table 4. Young’s modulus of representative biomaterials.

material Young’s modulus (GPa) method reference

actin

tubulin

1.8

1.2

nanomanipulation

thermal

fluctuation

[43]

[44]

lignin 6.7 (3.2% water)

3.1 (12% water)

tensile test [42]

hemicelluloses

arabinoxylan

b-glucan

1.3, 2.9

6.0

tensile test

tensile test

[45,46]

[47]

collagen 2.7, 4.59 AFM manipulation [48,49]

sporopollenin 9.5 – 16 (24% RH) 4.4 (90% RH) AFM PFQNM this work
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humidity. A second natural effect of the stiffness, beyond

protection of the germ cell contents, is the influence of

spine stiffness on pollen adhesion. For example, prior

work has shown that pressing spiny sunflower pollen into

a sunflower stigma results in a pressure-dependent inter-

locking effect between pollen spines and complimentary

hair-like features on the stigma [16]. If the spines were sig-

nificantly softer and compliant, the interlocking would

likely not occur. In nature, an oily plant-derived pollenkitt

film is present on many pollens. In our studies, the pollen-

kitt liquid film has been removed in order to prevent the

formation of capillary bridges with the indenter tip and

so that it does not prevent the hydration of pollen in our

elevated humidity experiments. There is a possibility that

the pollenkitt could soften the exine to some extent, acting

as a plasticizer, if it is solubilized in the sporopollenin.

We cannot rule out this whether the oily pollenkitt is

absorbed, to some extent, in the exine and this would be

a useful subject for future study. The high modulus of spor-

opollenin supports material applications of pollen exine that

have begun to emerge, especially the use of pollen to

reinforce polymer composites where the modulus of the

pollen directly increases the modulus of the composites

[2,3]. In vaccine or drug delivery [4,5], a high modulus

will support retention of shape and preservation of release

characteristics in vivo.
4. Conclusion
For the first time, the elastic moduli of three types of pollen

exine (shells) were measured directly by using AFM peak

force quantitative nanomechanical mapping. Kentucky

blue grass and ragweed pollens had moduli of 16 GPa,

while pecan particles had a lower modulus between 8 and

10 GPa. In addition, sporopollenin was observed to be a

very tough material qualitatively and did not sustain any vis-

ible damage by SEM inspection even after multiple

indentations with much stiffer silicon AFM tips. By contrast,

silicon AFM tips were readily abraded after indentation on

sporopollenin. A base–acid treatment, which is commonly

used to clean, and process pollen, reduced the modulus of

ragweed pollen from 16+ 2.5 to 3.5+0.5 GPa. Furthermore,

water vapour saturation at elevated humidity of 90%

decreased the moduli of pecan and Kentucky blue grass pol-

lens by 54.1% and 72.3%, respectively. This sensitivity is

consistent with prior observations of water absorption by

sporopollenin [39] and is similar to that observed for other

natural amorphous biological materials [42]. In addition,

AFM images indicate the swelling of sporopollenin after

water vapour exposure. Overall, we conclude that that spor-

opollenin is an unusually stiff biomaterial, with a modulus

that exceeds most other non-crystalline biomaterials. High

stiffness likely supports the protective effects of the pollen
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exine for internal germ cells as well as adhesive functions of

pollen exine, particularly when pollen are pressed onto other

patterned substrates. For example, it was shown recently that

pollen spines can lock onto similarly sized features on flower

stigma surfaces, resulting in pressure-dependent adhesion be-

haviour. Stiff sporopollenin features support the appearance of

load-dependent frictional forces as stigma hairs are forced in

between the pollen spines. These results also indicate the

potential of pollen particle exine shells as relatively stiff

materials that can be used in applications such as reinforcing

fillers for polymers [2,3] and protective shells for sensitive

materials such as drugs [4–6].
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