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Height estimation 

The dimensions of the obtained features were measured using various techniques, including optical 

Profilometry (Figure S1 a, d), SEM (Figure S1 b, e, f) and AFM (Figure S1 c). Depending on the shape and 

size of the features different methods were found suitable.  



 
Figure S1 Different methods of height estimation are shown for a), b), c) electron crosslinked samples and d), e), f) 

X-ray crosslinked samples. a) Profilometry: (left) optical image, (right) 3D structure of the hydrogel formed at 3 kV. 

b) SEM: (left) image of thin lines taken through the membrane; (right) the same sample was placed upside down and 

tilted to view projection of the cross-section. Height was estimated based on the angle of tilt. c) AFM of hydrogel 

done in a hydrated state (left) and same feature done in a dry environment (right). d) Profilometry of 536 eV X-ray 

sample (left) and 526 eV X-ray sample (right). e) SEM of X-ray lines formed at 526 eV. f) SEM of the labyrinth-like 

structure formed by squares alternating from 526 eV to 536 eV from the center out.  

 

Samples with larger dimensions were quantified using profilometry. For laterally thin samples, SEM was 

found to be most suitable. The sample was mounted on a tilted stage facing the electron beam. The projected 

height of the sample can be measured and used to calculate the actual height based on the tilt angle as shown 

for electron samples in Figure S1 b. For vertically thin features generated using low electron beam energy, 

AFM (Figure S1 c) was found to be most accurate for height estimation. Similar height estimations were 

done for X-ray crosslinked samples as shown in Figure S1 d, e, f. For consistency, all measurements were 

done after exposing the sample to vacuum.  

Since these hydrogels have a high-volume fraction of water, they shrink when exposed to air or vacuum. 

This is deduced by measuring the shrinkage of macro-sized UV cured hydrogels with time using an optical 

microscope, as shown in Figure S2 a. UV cured samples shrink to 20% of their original wet size. However, 

there can be differences in the water content of the UV cured samples and the electron beam cured samples 

depending on the density of crosslinking. In order to estimate the original dimension of electron beam cured 

wet hydrogel, AFM was done in the hydrated state in a liquid environment and then post drying on the same 

feature. Results, shown in Figure S2 b, suggest an average shrinkage of 50% ± 20% on vacuum drying. 

This is significantly less when compared to shrinkage fraction in UV cured samples (80%) suggesting 
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differences in the curing mechanism of the two techniques. The difference between these two techniques 

can be seen in the SEM images in Figure S2 c, where the UV cured samples exhibits rougher morphology 

upon drying indicative of a more porous structure. For comparison SEM image of X-ray crosslinked sample 

is also shown, reflecting patterns which are intermediate in size, between the UV and electron crosslinked 

samples. We conclude that the original dimensions of the as-prepared hydrated hydrogel via electron beam 

and X-ray samples are therefore approximately twice and two-four times as large compared to the dry 

values, respectively. All dimensions shown in the main text Figure 2 are from dry samples.  

 
Figure S2 Effect of drying on UV cured and E-beam cured samples. a) Volume Fraction remaining of UV cured 

samples S1 and S2 as a function of time b) dry height vs. wet height of different samples to estimate the dry fraction. 

Average Dry fraction for e-beam samples 0.52 (black line) and for UV cured samples is 0.2 (red line). C) SEM image 

of UV cured, X-ray cured, and electron beam cured samples at similar settings and magnification after drying. 

A correction factor of 2 is therefore multiplied to the dry height of the electron beam samples to obtain the 

wet height.  

X-ray Dose Estimation 

Intensity attenuation of X-rays with depth can be calculated using Beer-Lamberts law:  

 

𝑁 = 𝑁0 exp(−𝜇𝑑) (1) 

 

 

here 𝑁0  is the photon flux per unit area at the surface, 
1

µ
 is the attenuation length and d is the depth. Dose 

per unit mass can then be calculated as  
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here 𝜌 is the density of the interacting media and ℎ𝜈 is the photon energy. Beam shape at the sample was 

known to be Gaussian with FWHM of 150 nm. Measurements from photodiodes were calibrated to obtain 

the total photon flux on the sample. From the beam shape and total flux, 𝑁0 was calculated by averaging 

over the pixel area (same as step size). 
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Electron Dose Estimation 

The spatial distribution of energy is computed using Monte-Carlo simulations1, where a primary beam of 

known energy is allowed to interact with a stack of 50 nm Silicon Nitride membrane and bulk water. The 

electrons are allowed to experience elastic and inelastic collisions in a cascade-like process as they travel 

until they reach threshold energy and thermalize. The elastic interactions were treated as discrete events 

using Motts cross-section, whereas the inelastic events were approximated based on the mean energy loss 

model by Joy & Luo 2. Figure S3a shows the trajectory of electrons with the color denoting the energy of 

electrons for 5 keV primary beam. The corresponding energy deposited distribution into the water is shown 

in Figure S3 b. 

 
Figure S3 Results from Monte-Carlo simulation generated by simulating 625000 electrons, for a 5 nm beam diameter 

at 5 keV primary beam energy. a) The trajectory of electrons, with color denoting the energy of the electron. b) spatial 

distribution of the energy deposited distribution in water. 

 

Monte Carlo simulations, indicate fast decrease of the dose with radial distance from the point of incidence 

of the primary beam. Since most experiments are done in scanning mode, literature typically reports the 

dose at the surface, averaged over the pixel area, in units of e-/nm2, referred to as  𝑐𝑝
𝑜 , or in units of Gy 

(J/kg), referred to as 𝜑𝑝
𝑜 in the main text. The dose can be expressed as  

𝑐𝑝
𝑜 =

𝐼𝐵 τD n

𝐴𝑝

(3) 

 

Where 𝐼𝐵 is the beam current in e-/ sec, 𝐴𝑝 is the pixel area in nm2, τD is the dwell-time per scan in seconds 

and n is the number of scans. Unless otherwise mentioned, in this study the pixel size is 100 nm x 100 nm 

and the number of scans is 1.  

This can be further converted into pixel averaged surface dose in Gy (J/kg) using conversion relation: 

𝜑𝑝
𝑜 (𝐺𝑦 𝑜𝑟

𝐽

𝑘𝑔
) = 𝑆𝑃 ( 𝑀𝑒𝑉

𝑐𝑚2

𝑔
 ) ( 

1.6 ∗ 10−19 ∗ 106

10−3 ) ∗ 𝑐𝑝
𝑜 (

# 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑛𝑚2
) (1014

𝑛𝑚2

𝑐𝑚2) (4) 

 

here 𝑆𝑃 is the density normalized stopping power for electrons, which in turn is a function of the energy of 

electrons. For example, once we know the 𝑐𝑝
𝑜  for the set of parameters (1nA, 1 ms 100nm x 100nm), for 

known energy of primary beam (say 𝐸 = 3 keV, with the 𝑆𝑃 of electrons in water in 56.21 MeV cm2/g), 𝜑𝑝
𝑜 

is 5.61 x 108 Gy. 

 

Table S1 A few examples of the dose values used for PEG crosslinking and electron microscopy of 

microorganisms. 

Radiation 
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3.75
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X-rays ~12 

keV 

~ 3 107 Gy Pegilation of Au NP in solution 3 

Electrons 

10 keV 20-

100 pA 

~ 0.1 C/m2= 1 e/nm2 Dry PEG 6800  4 

50 eV 

electrons 

~ 5·103 e/nm2 Carbonization of PEG 5 

    

 Cells viability dose   

TEM 5×10–3 e–/nm2 at 100 kV Reproductive death of E. coli 6 

TEM 37 e–/nm2, Minimum dose required for high 

resolution (5 nm) imaging of bio 

specimen (note that this is larger than 

viability dose) 

6 pp 468– 480 

TEM 6.2×10–4 e–/nm2 colony-forming properties of E. coli Isaacson, M. 

S. Specimen 

Damage in the 

Electron 

Microscope. In 7  

pp 43– 44 

TEM  1 to 80 e–/nm2 E.coli increasingly compromised after 

ca 30 e/nm2  

8 

ESEM 

30 kV 

103 to 105 e−/ nm2   fixed COS7 fibroblasts, can be kept 

undamaged  

9 

Soft X rays 

385 eV 

1 ph/ nm2 (~25 kGy) Myofibrils contraction stops 10 

 

For clarity and direct comparison with literature values, we report the 𝑐𝑝
𝑜  and  𝜑𝑝

𝑜 value for various instances 

in the main text. For more accurate estimations where the spatial distribution is needed (for example, as 

inputs into the Kinetic model below), we use Monte Carlo simulations. 

A systematic discrepancy is observed between the experimental height and the one predicted from Monte-

Carlo simulations, as shown in Figure S4 

 
Figure S4 Height vs. Energy of Primary beam for parameters of 400 pA current and 1 ms dwell time for the electron 

beam. (blue) dry height measured from experiments. (orange) wet height estimated assuming 50% shrinkage. (green) 

Height estimated assuming critical crosslinking dose of 106 Gy. 

           

 
 
  
 
  
  
 
 



 

We hypothesize that this discrepancy is a result of diffusion of radiolytic species which contributes to an 

increase in the size of the experimental features. A kinetic model, taking into account the effect of diffusion, 

is therefore formulated and presented here to bolster this theory.  

Kinetic Model 

A kinetic model involving generation, reaction, and diffusion of the radiolytic species is built for application 

to liquids in SEM. This is based on a prior model by Schneider et al. that was developed for TEM11, 12 . The 

model is adapted to account for the highly non-uniform spatial dose deposition in case of SEM, by coupling 

it with Monte-Carlo simulations. The model framework comprises of a coupled differential equation (Eqn. 

5) based on transport of dilute species for each primary and secondary radiolytic species. All parameters 

including the rate constants and diffusion coefficients can be found elsewhere 12. 

Briefly, the model can be described as follows. Energy is deposited by the electron beam into the hydrogel 

solution. The calculated 2D axisymmetric energy distribution, shown in Figure S3 b, is fed as input into the 

kinetic model. This energy dose acts as a source for generation of primary radiolytic species via breakdown 

of water (𝑒ℎ
−, 𝐻, 𝐻2, 𝑂𝐻, 𝐻2𝑂2, 𝐻𝑂2, 𝐻+, 𝑂𝐻−) which in turn react to produce secondary species 

(𝐻𝑂2
−, 𝐻𝑂3, 𝑂2, 𝑂2

−, 𝑂3, 𝑂3
−, 𝑂−). Empirical G-values11, 12 for primary radiolytic species ( 

Table S) are used to correlate dose and the concentration of radiolytic species produced (Eq. 6). G-values 

for secondary species is 0. All species are allowed to react and diffuse until they reach a steady state (~1 

ms).  

Table S2 G-values for primary radiolytic species 

Species G-values (molecules/100 eV) 

eh
-  3.47 

H 1.00 

H2 0.17 

OH 3.63 

H2O2 0.47 

HO2 0.08 

H+ 4.42 

OH- 0.95 

 
𝑑𝐶𝑖(𝑟, 𝑧)

𝑑𝑡
= 𝐷𝑖 𝛻2𝐶𝑖(𝑟, 𝑧) + ∑ 𝑘𝑗𝑘  𝐶𝑗(𝑟, 𝑧) 𝐶𝑘(𝑟, 𝑧)

𝑗,𝑘≠𝑖

−  ∑ 𝑘𝑖𝑙  𝐶𝑖(𝑟, 𝑧)𝐶𝑙(𝑟, 𝑧)

𝑙

+ Si(𝑟, 𝑧) (5) 

 

𝑆𝑖(𝑟, 𝑧) =  𝜑𝐵(𝑟, 𝑧)𝐺𝑖  (6) 

Where (𝑟, 𝑧) are cylindrical coordinates, axisymmetric across the vertical axis along the line of incidence 

of the Primary beam. 𝐶𝑖 is the concentration, 𝐷𝑖 is the diffusion constant, Si is the source term, 𝜑𝐵 is the 

energy density deposited and 𝐺𝑖 is the G-value of the 𝑖𝑡ℎ species.  

 

Imaging of composite gels with SEM 

 

For many applications, it is important to image the encapsulated particles inside the gel with high spatial 

resolution. Figure S5 depicts the SEM image of 50 nm Au nanoparticles entrapped inside the crosslinked 

hydrogel matrix collected with the detector sensitive to fast backscattered electrons (BSE).  In this SEM 

imaging mode, the contrast of the objects is determined by the difference of the atomic numbers (Z) of the 

nanoparticle and matrix material as well as on the depth at which the electrons are collected. In the SEM 



image Au particles with much larger effective Z compared to hydrogel matrix appear brighter, and both: 

their signal strength and the resolution wanes with the depth of the nanoparticle inside the gel (Figure S5). 

To evaluate the feasible imaging depth for hydrogel embedded objects we conducted MC simulation of the 

BSE images of heterogeneous and compared them with the experimental data (Figure S5). As can be seen, 

SEM can be used to probe nanoparticles as deep as a few hundred nanometers using a 20kV beam energy 

with resolution still better compared to conventional optical microscopy. 

 
Figure S5 (Left) SEM image (Eb=20 keV) of embedded Au nanoparticles collected with backscattered electrons. The 

observed effective diameters increase, and BSE signal reduction is due to the different depth of embedded 

nanoparticles. (Right) MC simulated diameter of 50 nm nanoparticles as a function of the particle depth. Insets are 

comparisons experimentally observed and MC simulated SEM images 

Raman Analysis 

Raman analysis was done to validate the chemical effect of the curing process. Raman spectra of dried 

PEGDA correlates well with the previous studies13, 14 showing C-H-C bending peak at 1470 cm-1 ( Figure 

S6 peak b) and C=C peaks at  1640 and 1410 cm-1 ( Figure S6 peaks a, d and e). Peaks at 1600 and 1676 

cm-1 are from the initiator Irgacure 2959 as indicated by their appearance only after the initiator is added. 

Literature suggests 1600 cm-1 peak corresponds to C=C stretching in an aromatic ring. Post-exposure to 

electron beam the C=C stretching peaks of PEGDA and unidentified peak at 1705 cm-1 are reduced (peaks 

a, d and e in S6), supporting crosslinking induced by a breakdown of pi bonds. The spectra in the left and 

right panels have been collected in dry and hydrated conditions and using different spectrometers. No major 

differences can be observed except the relative intensity of water (ca. 2900-3900 cm-1) band. For spectrum 

collection under wet conditions a small droplet of PEGDA solution was drop casted near a hydrated e-

patterned patch (see inset). 



 
Figure S6. Left panel: Raman spectra for dried PEGDA sample excited using 532 nm laser, (black) without initiator 

before e-beam exposure, (red) with initiator before e-beam exposure, (green) with initiator after e-beam exposure. All 

spectra are normalized w.r.t. peak b representing C-H-C bending. Peaks a, c, d, e, and f are the ones which are useful 

in interpreting the chemical structure and its changes on exposure to e-beam and are discussed in the text. Right panel: 

Raman spectra collected under hydrated conditions from the e-beam gelated PEGDA pad (red curve) and PEGDA 

solution (black curve).  

Plasmonic sensor measurements 

Humidity-dependent optical spectroscopy measurements reported in Fig. 4 b, c of the main text were 

performed using commercially-available microscope, spectrometer and CCD camera. Spectra were 

collected from a small nanoparticle agglomerate in dark field mode in the wavelength range from 400 nm 

to 750 nm using 150 Gr/mm grating blazed at 800 nm. The sample was enclosed in a commercially available 

environmental cell with an optical window. Relative humidity of argon gas inside the cell was controlled 

using custom-made humidifier (Fig. S7) consisting of two flow meters and a bubbler flask.  The ratio 

between the dry gas flow and the gas flow through the bubbler (100% relative humidity) determined the 

final gas humidity the sample was exposed to.  

 



 
Figure S7. Schematic of the humidity-dependent optical measurements. Flow meters F1 and F2 control the flows of 

humid and dry gas. Both flows are mixed and sent to the environmental cell.  

 

Electrochemical delamination 

 

Before SEM studies, the electrochemical delamination tests have been conducted using a planar 

electrochemical cell equipped with two Pt electrodes and filled with 20% w/v PEGDA in PBS solution 

doped with Irgacure 2959 initiator.  The anodic potential at the working electrode was set close to the onset 

of water splitting reaction but to avoid bubbles formation. Under these conditions, the cell was irradiated 

 

Figure S8. The effect of EC on beam-induced in-liquid PEGDA crosslinking. a), b) UV curing of PEGDA with 

anodic potential applied to different electrodes; c) The setup for electrochemical control of the e-beam induced 

crosslinking; C-V curves for Pt-Pt electrodes in 20% w/v PEGDA in PBS and SEM images of the log-pile 

strictures printed under selected biases.  



with UV light to crosslink the polymer. After irradiation, the cell was rinsed in DI water and the gel was 

inspected with an optical microscope. Figure S8 a, b shows the results of two different experiments where 

anodic potential applied to different electrodes. As can be seen, gel formation has been inhibited at the 

anode under these conditions.   Electrochemical delamination experiments have been conducted using 50 

nm thick SiN membranes coated with 10 nm to 20 nm of Pt as working electrodes or doped Si membranes. 

PBS solution was used as an electrolyte. The measurements have been done using a two-electrode setup 

(Figure S8 c). Figure S8d depicts current-voltage curves for such an EC cell and SEM images of the 

standard log-pile structure written under specified EC potentials. Cathodic potential generally leads to 

parasitic gelation of PEGDA while anodic potential progressively quenches beam induced crosslinking and, 

therefore, can be used to modulate the size and adhesion of the structures. 
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