
Large Impacts of Small Particles: The Effects of Active Particles on Colloidal Gels and Crystals and 

of Inulin Microparticles on Gut Retention in Mice 

 

by 

 

Keara Therese Saud Greatwood 

A dissertation submitted in partial fulfillment 

 of the requirements for the degree of  

Doctor of Philosophy 

(Materials Science and Engineering) 

in the University of Michigan 

2022 

Doctoral Committee: 

 

Professor Michael J. Solomon, Co-Chair  

Professor Sharon C. Glotzer, Co-Chair  

Professor Brian J. Love 

Professor Robert M. Ziff 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Keara T. S. Greatwood 

  

ktsaud@umich.edu  

  

ORCID iD:  0000-0001-8456-2139 

 

  

  

© Keara T. S. Greatwood 2022 

 



 ii 

Dedication 

To my mom and dad for their continued love, support, and example. 

And to Angelica Rose Galvan for continually inspiring and reminding me of the 

humanity in all that we do. 

 

 



 iii 

Acknowledgements 

Ubuntu – “I am because you are” 

Ubuntu is a word from the Zulu language that I was fortunate enough to be introduced to 

in my study abroad experience in South Africa. Though there are many interpretations and 

applications of the word, one common understanding is that ubuntu is the recognition that we are 

all bound to each other in ways we cannot see. It is a principle (or word) used by many, most 

notably: Nelson Mandela. This word has found meaning in many aspects of my life. However, at 

the end of this Ph.D. journey, ubuntu feels more relevant than before because this dissertation 

only exists because of you all. Though the words here are my own (with input, of course, from 

my adviser and wonderful collaborators), they have been inspired, encouraged, and motivated by 

so many others before and beside me – whether they (you) realize it or not. And so, to you all, I 

am so thankful. 

The Ph.D. is no walk in the park. The professor of my “Intro to Engineering” class at NC 

State, Dr. Laura Bottomley, said the Ph.D. isn’t about smarts but about stubbornness and, boy, 

was she right. I found myself ready to quit many times throughout the six years, but the support 

and encouragement from so many people kept me here, kept me stubborn. That’s not to say that 

quitting the Ph.D. is easy; in many cases that is the harder thing to do, and I don’t think that is 

acknowledged enough. However, I do believe that this Ph.D. and these past few years at 

Michigan are for a reason, a reason that I don’t know the full extent of even now. And I wouldn’t 

be closing this chapter without the presence of so many people in my life. For much of my Ph.D., 



 iv 

the only thing that kept me going was the idea of acknowledging these people. And so it is with 

great pleasure that I am now able to do just that, even if it is in this simple way. 

To begin, I need to thank my adviser, Dean Michael J. Solomon. I came to Michigan with 

the intention of doing something that ultimately fell through before I even arrived. To say I was 

at a loss for what to do would be an understatement. However, upon Prof. Sharon Glotzer’s 

recommendation, I talked to you and found a sort of haven in your group (as many others have).  

Though you have had many responsibilities that could have resulted in little interaction with your 

students, you somehow made the time, and consistently at that. I am extremely grateful for the 

sacrifices you made to make this possible. In addition, your thoroughness and precision has 

helped develop me as a scientist beyond what I thought possible. Thank you for supporting not 

only this development in core group-related research projects but also in my pursuits of a food 

science research project. Through this pursuit, you have helped me apply our group’s expertise in 

ways that I know have better prepared me for future endeavors. Beyond research, your work to 

move our university forward will continue to be an inspiration. 

I would also like to thank my co-adviser, Prof. Sharon Glotzer. As mentioned before, 

Sharon is the reason why I found the Solomon group. She continues to be a fabulous role model 

for what a female in STEM can be. Additionally, many of her amazing students have supported 

much of this Ph.D. work. I would additionally like to thank my other committee members Prof. 

Brian Love and Prof. Robert Ziff. Prof. Love has offered invaluable support and perspective 

through his classes and at particularly challenging times. Through his fractals class, Prof. Ziff 

has helped deepen my understanding of fractal gels (the system studied in Chapter 2 of this 

dissertation). He also continually reminds me of the inherent joy of learning. Thank you. 



 v 

I am also so thankful for my many research collaborators. Dr. Megan Szakasits worked 

with me in the active colloidal gel space. She not only helped provide a strong foundation and 

direction for my research after her departure but has also been a role model for navigating STEM 

as a female. Thank you for all you have taught me. Prof. Mahesh Ganesan worked with me in 

Chapter 2 of this dissertation, helping bring ideas to (modeling) life and teaching me so much 

along the way. Aside from his pivotal role in the JoR paper (Chapter 2), he totally transformed 

our group dynamics. His genuine passion for learning and teaching is contagious. I cannot (and 

would not want to) imagine the 2019 – 2021 and COVID years without him. Thank you for all 

you have done for me and our group. Julia Roarty was one of my undergrad researchers whose 

assistance in experimental setup made Chapter 2 possible. Ryan King helped in the creation of 

the code used to analyze the colloidal crystals in Chapter 3. I cannot thank you enough for so 

selflessly offering your help and expertise. I am also grateful to Dr. Sabina Wilkanowicz and Jin 

Xu for their contributions to Chapter 4 of this dissertation. Without Sabina, this final project 

would not even exist as an idea. Sabina first introduced me to electrohydrodynamic processing in 

2018 which is the foundation of Chapter 4. She has taken me under her wings in more ways than 

one.  I don’t know where I’d be without her guidance and perspective on research and life. 

Thank you for being there for me in ways that you never had. And thank you, Jin, for being open 

to this new project and for your understanding as we navigated the complexities of an 

interdisciplinary project. I have learned so much from you about the pharmaceutical science 

space. This project has been a highlight of my Ph.D. experience. 

I also need to thank the numerous members of the Solomon group – Carlos Silvera 

Batista, Sepdieh Razavi, Yanliang Liu, Maria Ma, Yufei Wei, Megan Szakasits, Ryan Hall, Nina 

Gasbarro, Rachael Hamilton , Peng-Kai Kao, Tianyu Liu, Joanne Beckwith, Alice Sneha George, 



 vi 

Tianyu Liu, Clémence Abriat, Syahidah Mohd Khairi, and Chih-Mei Young. I consider myself 

so lucky to have been surrounded by such brilliant and caring people. From the very beginning 

when Yanliang Liu told me “Your health is more important than this experiment”, I knew I was 

in the right group. I’ve learned so much from all of you. I want to thank Peng-Kai Kao for 

countless walks and talks, for being there in the good and bad, and for constantly (and perhaps 

simply) showing up.  You have been the source of so much laughter and fun even when there 

wasn’t much to smile about. Thank you, Nina, for making me feel seen and validated. Thank 

you, Joanne Beckwith, for being there for my first grad school breakdown and for encouraging 

me even now from afar in this final stretch. Thank you Tianyu Liu for your positivity and 

generous heart. Thank you, Yufei Wei, for always being so willing to help me with the 

rheometer. Thank you, Ryan Hall, for always being eager to share advice and to try new things. 

Thank you, Alice Sneha George, for always being willing to offer a helping hand. Thank you, 

Clémence Abriat, for your friendship and encouragement along the final stretch. And thank you, 

Joanne and Megan, for introducing me to Dom’s donuts – grad school simply wouldn’t have 

been as sweet without Dom’s. 

One former member of the Solomon group who has had a particularly profound impact 

on me is Prof. Carlos Silvera Batista. I worked with Carlos in my first year of graduate school. In 

this single year, Carlos prepared me for the Ph.D. in ways that I continue to realize today. Thank 

you for taking the time to help me truly learn, for setting an example and ideal for the Ph.D. from 

the start, for seeing me as a person, and for helping me to see others as well. I wouldn’t have 

made it to this point without you and your support. I cherish the mentorship and friendship that 

has evolved over the years. In addition to all this, you have also introduced me to your wife, the 

amazing Dean Julianne Vernon. Julie, you came into my life as a more official mentor at one of 



 vii 

my lowest points. However, even before this, you were a role model for me. Thank you for 

taking time to mentor me and help me navigate this final year. I don’t want to imagine what it 

would have bene like without you. You have empowered me to be a more confident version of 

myself and to own my decisions. Thank you, both. 

Another person I am blessed to have met through this graduate school experience is Dr. 

Tim Chambers. I had the privilege of GSIing with Tim for two MSE lab courses. First as a 

mentor and now as a friend, Tim has been there for so much of this Ph.D. journey and so many 

critical life decisions. Thank you for being there and for keeping me excited about learning in all 

aspects of life.   

I am additionally so incredibly thankful for Ms. Angelica Rose Galvan. You were one of 

the first people at Michigan who truly inspired me and continues to inspire me every day. Thank 

you for your contagious and genuine enthusiasm for learning, for your contributions of your 

unique “interstitial” expertise to the inulin project, for continuing to remind me of the humanity 

in all of us, and for so much more.  

This work was also only possible because of the foundation and continued support I’ve 

received from the Park Scholarships program at NC State. Thank you especially to Eva Feucht 

for always being ready and eager to connect me with someone who had experience in a problem 

or question I had. 

I would also like to thank the many friends who have provided support throughout the 

Ph.D. Thank you, Emily Cengel, for being there and reminding me that I am an empowered 

young manifestation of the goodness of God who could do this. Thank you, Emily McGuinness 

for many Zoom calls as we both navigated this Ph.D. and academic space. Thank you, Anna 

White, for being my first writing buddy and for your general positivity through so many lows of 



 viii 

grad school. Thank you to Joey Valle for being a writing buddy and for inspiring me to look 

beyond this work. Thank you to Luisa Barrera for countless baked goods, fruit picking outings, 

and venting when that’s all that could be done. Thank you to Andrea Lupini for reminding me to 

take a pause and enjoy the amazing people around me. Thank you to Bobby Graham for being a 

light in my NCRC experience, taking a pause and sharing some caffeine. Thank you to Kathleen 

Chou for so much encouragement especially in this final stretch. Thank you to Anna 

Michmerhuizen for encouraging me academically and spiritually. I’m also so grateful for the 

numerous people I’ve met and community I’ve found in GradSWE and GradCru. All these and 

many more have impacted me in this pursuit more than you know. 

I also need to thank my family for their unwavering support through all of this. I am so 

privileged to have been raised in a household where science and science experiments were 

“cool” - where the “Mobius strip” is a frequent topic at holiday gatherings. I wouldn’t be here 

without this foundation and the example that my parents have set forth for me and all my siblings 

– thank you, Mom and Dad. More than this, I am also so fortunate to be surrounded by family 

members who have been there for me emotionally. I can’t imagine closing this chapter without 

you here. Sam and Dylan, thank you for letting me escape to your Royal Oak home, helping me 

with my own home, and sharing your precious pup. I couldn’t have made it through the first few 

Michigan winters without you also in Michigan. Thank you to my brothers, Denvir and Sean, for 

lending an ear and reminding me to “Raise it up”. And thank you to all my family members (by 

blood and by marriage, the Saud, Denvir, and Greatwood families) for the countless phone calls 

and visits which helped remind me that I am not alone.  

And last, but certainly not least, I’d like to thank my husband, Colin Greatwood. The 

significant other of a Ph.D. student takes the brunt of it all. Colin, through this process, you have 



 ix 

seen some of the worst in me, but for some reason you’ve stuck around and even cooked most of 

my meals this past year. You’ve supported me in countless ways: thank you for helping repair 

various lab equipment; thank you for listening to my ramblings about what my particles were 

doing on any given day; thank you for bringing me flowers to lab just to cheer me up (even 

though we both know they’d die in a few days because of the lack of sunlight); and thank you for 

making this house a home where so many people have been able to come and be in community. 

There are so many more things I could list off that you’ve done that I’m grateful for and that 

have made this Ph.D. possible, but what I believe is the most important is you continuing to 

remind me of the more important things in life. This perspective is one I too easily forget, and 

without which, none of this would matter. Thank you for being my rock. 

To conclude, no words could ever do justice to all that these and so many others have 

done for me in this pursuit, and I need to concede that it is impossible for me to acknowledge all 

the people who have made it possible. As given by the title of this dissertation (“Large impacts 

of small particles”), I believe that even the “smallest” of encounters can have a profound impact, 

and in my six years here, there have been countless things, people, and experiences that have 

encouraged me in this pursuit (and beyond). Though I may not be able to recognize everything 

and everyone, please know that “I am because you are.” Thank you. 

 

 

  



 x 

 

 

 

 

 

 

Table of Contents 

Dedication ....................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

List of Tables ............................................................................................................................... xiv 

List of Figures ............................................................................................................................... xv 

Abstract ....................................................................................................................................... xxii 

Chapter 1 Introduction .................................................................................................................... 1 

1.1 Colloids ................................................................................................................................. 1 

1.1.1 Brownian dynamics ........................................................................................................ 1 

1.1.2 Active colloids and dynamics ......................................................................................... 3 

1.2 Colloidal interactions and assembly ...................................................................................... 4 

1.2.1 Colloidal gels .................................................................................................................. 7 

1.2.2 Colloidal crystals ............................................................................................................ 8 

1.2.3 Interactions with Active Colloids ................................................................................... 9 

1.3 Rheological Properties of Colloids ..................................................................................... 10 

1.3.1 Linear and Nonlinear rheology ..................................................................................... 12 

1.4 Prebiotics ............................................................................................................................. 13 

1.5 Research Objectives and Organization of the dissertation .................................................. 14 

Chapter 2 Yield Stress Behavior of Colloidal Gels Embedded with Active Particles .................. 16 

2.1 Abstract ............................................................................................................................... 16 

2.2 Introduction ......................................................................................................................... 17 



 xi 

2.3 Experimental Methods ........................................................................................................ 21 

2.3.1 Colloidal and Janus Particles ........................................................................................ 21 

2.3.2 Preparation of colloidal gels ......................................................................................... 21 

2.3.3 Microstructural characterization of gels ....................................................................... 22 

2.3.4 Microdynamical comparison of colloidal gel networks ............................................... 24 

2.3.5 Active energy determination by measurement of free particle dynamics .................... 24 

2.3.6 Rheological characterization of gels ............................................................................ 26 

2.4 Results and Discussion ........................................................................................................ 28 

2.4.1 Passive gel rheological characterization ....................................................................... 33 

2.4.2 Yield stress determined from start-up of steady shear flow ......................................... 34 

2.4.3 Dependence of Rheology on Active Energy ................................................................ 37 

2.4.4 Yield stress from oscillatory shear rheology ................................................................ 40 

2.4.5 Yield stress from creep measurements ......................................................................... 42 

2.4.6 Comparison of yield stresses from the three rheological tests ..................................... 43 

2.4.7 Hypothesis to explain the activity-induced decrease in storage modulus .................... 45 

2.5 Conclusions ......................................................................................................................... 50 

2.6 Supplementary Material ...................................................................................................... 52 

2.6.1 Yield stress from crossover of G’ and G” in oscillatory strain sweeps ........................ 52 

2.6.2 Pair-Potentials for particles in the gels ......................................................................... 53 

2.6.3 Gel structure comparison of fluorescent vs undyed colloidal gels ............................... 54 

Chapter 3 Microdynamics of Active Particles in Defect-Rich Colloidal Crystals ....................... 65 

3.1 Abstract ............................................................................................................................... 65 

3.2 Introduction ......................................................................................................................... 66 

3.3 Materials and Methods ........................................................................................................ 69 

3.3.1 Colloidal and Janus Particles ........................................................................................ 69 



 xii 

3.3.2 Characterization of the active particle energy .............................................................. 69 

3.3.3 Preparation of colloidal crystals and introduction of activity ...................................... 71 

3.3.4 Void analysis of colloidal crystals ................................................................................ 72 

3.3.5 Microdynamical characterization of Janus particles in colloidal crystal lattices ......... 73 

3.4 Results and Discussion ........................................................................................................ 75 

3.4.1 Void Defect Properties ................................................................................................. 75 

3.4.2 Ensemble microdynamical characterization of embedded Janus particles ................... 79 

3.4.3 Local variability in Janus particle concentration .......................................................... 82 

3.4.4 Local variability of embedded Janus particle microdynamics ..................................... 83 

3.5 Conclusions ......................................................................................................................... 87 

3.6 Supplementary Material ...................................................................................................... 89 

Chapter 4 Electrosprayed Microparticles from Inulin and Poly(vinyl) Alcohol for Colon Targeted 

Delivery of Prebiotics ................................................................................................................... 92 

4.1 Abstract ............................................................................................................................... 92 

4.2 Introduction ......................................................................................................................... 93 

4.3 Experimental section ........................................................................................................... 95 

4.3.1 Materials ....................................................................................................................... 95 

4.3.2 Fluorescence conjugation of inulin and PVA ............................................................... 95 

4.3.3 Preparation of mixtures for electrospraying ................................................................. 96 

4.3.4 Characterization of mixtures for electrospraying ......................................................... 96 

4.3.5 Microparticle production via electrospraying .............................................................. 97 

4.3.6 Fluorescence conjugation of inulin and PVA ............................................................... 98 

4.3.7 Inulin release study ..................................................................................................... 100 

4.3.8 Rheological characterization of MP suspensions and PVA-inulin mixtures.............. 100 

4.3.9 Gut retention studies ................................................................................................... 101 

4.4 Results and Discussion ...................................................................................................... 102 



 xiii 

4.4.1 Properties of mixtures for electrospraying ................................................................. 102 

4.4.2 Particle size, size distribution, and morphology ......................................................... 103 

4.4.3 Chemical composition by FTIR ................................................................................. 105 

4.4.4 Confocal laser scanning microscopy (CLSM) assesses colocalization of PVA and 

inulin .................................................................................................................................... 106 

4.4.5 Microparticle Hydration ............................................................................................. 107 

4.4.6 Rheological characterization of microparticle suspensions ....................................... 110 

4.4.7 Inulin release profile ................................................................................................... 114 

4.4.8 Gut retention study ..................................................................................................... 115 

4.5 Conclusions ....................................................................................................................... 119 

4.6 Supplementary information ............................................................................................... 120 

Chapter 5 Conclusions and Future Work .................................................................................... 124 

5.1 Effects of active motion .................................................................................................... 124 

5.1.1 Rheological implications in colloidal gels ................................................................. 124 

5.1.2 Microdynamical implications of active particles in colloidal crystal monolayers ..... 130 

5.1.3 The need for a new active matter system ................................................................... 132 

5.2 Electrosprayed inulin microparticles ................................................................................. 133 

5.3 Closing .............................................................................................................................. 135 

Bibliography ............................................................................................................................... 136 



 xiv 

List of Tables 

Table 2-1: Summary of yield stresses of passive and active gels from the different rheological 

tests ............................................................................................................................................... 44 

Table 3-1: Summary of void properties. Error is standard error of the mean ............................... 76 

Table 3-2: Fraction of Janus particles located within void, void-adjacent, and interstitial regions. 

The error is standard error of the mean. ........................................................................................ 82 

Table 3-3: Summary of microdynamical enhancement descriptors for different activity 

levels. Error is standard error of the mean. ................................................................................... 85 

Table 3-4: Summary of void properties in an AC electric field assisted colloidal crystal without 

Janus particles before and after the addition of 3.3wt% H2O2 (the amount of H2O2 used to 

activate Janus particles with EA = 2.55 kBT). ............................................................................... 91 

Table 4-1: Conductivity, viscosity, and surface tension, of electrosprayed material mixtures .. 102 

 



 xv 

List of Figures 

Figure 1-1: Summary of the relative temperatures, or pair potential interactions, and volume 

fractions and the resulting colloidal states [25] .............................................................................. 5 

Figure 2-1: Visualization of active and passive gel (𝜙𝑜 = 0.029) 3D structures across multiple 

length scales imaged 1800 s after initial gelation. Scale bar of the 10x objective is 200μm; 40x 

objective is 50μm; 100x objective is 20μm. Active gels have an active to passive particle ratio of 

1:1200 and contain Janus particles from batch B1 and 0.25 wt% H2O2 producing an EA/kBT = 25.

....................................................................................................................................................... 28 

Figure 2-2: The radial distribution functions of passive and active gels. The inset shows the 

fractal scaling. Active gels at EA/kBT = 3.6 and EA/kBT = 11 contain Janus particles from batch 

B1 and 0.1 wt% and 0.2 wt% H2O2, respectively.......................................................................... 29 

Figure 2-3: Mean squared displacement (<Δr2(Δt)>) of passive gels and active gels 1800 s after 

initial gelation. Active gels contain Janus particles from batch B3 and 0.2 wt% H2O2. The inset 

shows ε(Δt) vs lag time. The line indicates the average enhancement across the set of lag times 

reported. Error bars are standard error of the mean. ..................................................................... 32 

Figure 2-4: Passive gel (EA/kBT = 1) storage and loss moduli (G’ , G’’) as a function of a) time at 

0 = 0.003 and 𝜔 = 1 rad/s; b) 𝜔 at 0= 0.003 and time = 1800 s; and c) 0 at 𝜔 = 1 rad/s and time 

= 3300 s. Error bars are standard error of the mean...................................................................... 33 

Figure 2-5: Elastic moduli and stress with increasing active energy ratios. (a) Elastic moduli as a 

function of time (0 = 0.003, ω = 1 rad/s) and (b) subsequent start-up of steady shear flow at a 𝛾 

= 0.02 s-1 of passive and active gels with increasing hydrogen peroxide concentration. Active 

gels contain Janus particles from batch B1 and 0.1 wt% and 0.2 wt% H2O2, respectively. The 

initial peak stress value in the curve of b) is taken as the yield stress of the gel. Error bars are 

standard error of the mean. For clarity of presentation, only two of the seven active gel data sets 

are plotted; the complete data set is available in Figure 2-19 and Figure 2-19 in the 

supplementary material. ................................................................................................................ 35 

Figure 2-6: Yielding parameters from start-up of steady shear tests of active gels with increasing 

active energy. (a) Ratio of active to passive gel elastic moduli, characterized at t = 3000 s, (b) 

ratio of active to passive yield stress from start-up of steady shear, and  (c) ratio of active to 

passive yield strains. The active energy of the embedded particles is normalized relative to kBT. 

Lines in (a) and (b) are exponential decay fits intended to guide the eye. The line in (c) is a linear 

regression. The active gels in this figure contain 0.003% v/v of Janus particles from batch B1 

with H2O2 concentrations 0.025%, 0.05%, 0.1%, 0.15%, 0.2%, and 0.25%. The passive gels 

contain no Janus particles and a H2O2 concentration of 0.5%. Additionally, kBT = 4.04 x 10-21 

J/K. Error bars are standard error of the mean. ............................................................................. 38 



 xvi 

Figure 2-7: Yield behavior from oscillatory strain amplitude sweeps (𝜔 = 1 rad/s and t = 1800 s) 

of passive and active gels (a) Viscoelastic moduli as a function of strain amplitude. (b) Elastic 

stress (G’* 𝛾0) plotted as a function of strain amplitude. Active gels contain Janus particles from 

B1 and 0.2 wt% H2O2. The G’-G’’ crossover point and the maximum in elastic stress curve are 

taken as the yield stress in each graph, respectively. Here kBT = 4.04 x 10-21 J/K. ...................... 41 

Figure 2-8: Creep compliance, J(t,σ) of (a) passive and (b) active gels beginning at 1800 s after 

initial gelation. Active gels contain Janus particles from batch B2 and 0.2 wt% H2O2 (EA/kBT = 

5.6). Error bars are standard error of the mean. ............................................................................ 42 

Figure 2-9: Variation of active to passive gel storage modulus with free particle active energy, 

EA/kBT. Experimental values from Figure 6a are plotted as filled circles with a solid trend line.  

Dashed lines indicate theory predictions calculated pointwise at each experimental condition for 

different levels of cluster activation from  = 0 (EA,c = kBT) to  = 1 (EA,c = EA). The best-fit line 

is plotted as the heavier dashed line. Generated by Mahesh Ganesan. ......................................... 49 

Figure 2-10: Process for extracting the area of connected regions in confocal images in reflection 

mode of fluorescent and undyed colloidal gels. (a) Raw confocal image, (b) Processed image and 

(c) cluster size distribution from processed image. ...................................................................... 55 

Figure 2-11: Probability histogram of size distribution of connected regions in fluorescent and 

undyed gels ................................................................................................................................... 56 

Figure 2-12: Confocal images (40x objective, NA = 0.95) to check for microbubbles in active gel 

systems containing 0.25 wt% and 0.3 wt% H2O2. The scale bar is 50 μm. Gels with 0.30 wt% 

H2O2 displayed micro-bubbles at 1800 seconds or earlier while gels with 0.25 wt% showed no 

micro-bubbles for the duration of the 4500 seconds experiment. Because of this, the maximum 

amount of H2O2 in rheology experiments was 0.25 wt% H2O2. Active gels have an active to 

passive particle ratio of 1:1200. .................................................................................................... 56 

Figure 2-13: Microdynamics and energy of free active particles. a) mean squared displacements 

of active particles from batches 1 and 2 at each hydrogen peroxide concentration. Each condition 

contains at least 7 measurements. Error bars are standard error of the mean. b) Summary of the 

particle velocity (V), run length (l), and active energy (EA) at each hydrogen peroxide 

concentration computed for each condition. Calculations were performed as described in the text. 

The velocity was calculated by fitting the short time mean squared displacements to the limiting 

expression, ∆𝑟2∆𝑡 = 4𝐷∆𝑡 + 𝑉2∆𝑡2, described by Howse et al. [16]. Run length was calculated 

using the velocity extracted from short-time mean squared displacements and the reorientation 

time computed from the rotational diffusivity as per theory [16]. Errors are standard errors of the 

fit. Active energies were calculated using per Takatori et al. as described in the text [131]. 

Additionally, kBT = 4.04e-21 m2kg/(s2K). ................................................................................... 57 

Figure 2-14: Linear viscoelastic moduli, (a) G’ and (b) G” of passive colloidal gels as a function 

of time (0  = 0.003 and 𝜔 = 1 rad/s) with various plate coatings. The results show that PDMS 

accurately captures the rheology of our colloidal gels because the results for this coating are not 

distinguishable from those for the smooth plates or rough plates (P1500 grit silicon carbide 



 xvii 

sandpaper). Szakasits et al. further show the PDMS plates also accurately capture the rheology of 

a standard PEO solution [20]. Error bars are standard error of the mean. .................................... 58 

Figure 2-15: Gap study of passive gels at gaps of h = 300, 500, and 750 μm. Storage and loss 

moduli (G’, G’’) as a function of (a) time at 0  = 0.003 and ω = 1 rad/s; (b) frequency at 0 = 

0.003 and time = 1800 s; and (c) strain amplitude at ω = 1 rad/s and time = 3300 s. .................. 59 

Figure 2-16: The lower stress limit of the rheological instrument used in this study was estimated 

from flow curve measurements of viscosity standards (  = 500𝑐𝑝,  10301𝑐𝑝,  3749𝑐𝑝).   Shear 

rates (𝛾) at which the viscosities (η) became consistent – having a standard error of the mean less 

than 2.5% of the reported value – define the lower stress limit as 𝜎 =  𝜂𝛾 = 2.9 x 10-3 Pa, marked 

here as the red-line.  The shear stresses measured in this study are higher by two-fold or more 

than this lower limit ). ................................................................................................................... 60 

Figure 2-17: The passive colloidal gel was initially visually homogeneous at t = 0 sec during a 

steady shear experiment (𝛾 = 0.02 𝑟𝑎𝑑/𝑠𝑒𝑐) with a 43mm glass plate. At 130 seconds into the 

experiment, the beginning of flocculation is visible along the edges of the fixture. By the end of a 

2400 second experiment, the sample is fully comprised of flocculated roll cells. Because of this 

visible flocculation, only data for t < 60s is analyzed................................................................... 60 

Figure 2-18: Pairwise potentials, Uel(s) (electrostatic repulsion), Uvdw(s) (van der Waal’s 

attraction) and U(s) = Uel + Uvdw as a function of the interparticle separation s normalized by the 

thermal energy kBT.  The horizontal dotted line indicates the well depth, Ea. The horizontal dot-

dashed line is drawn at U(s)/kBT = -1.  The interaction range, where U(s)/kBT  -1, is  = 0.13a, 

where a is the particle radius. Here, T = 298K. Generated by Mahesh Ganesan. ........................ 61 

Figure 2-19: Full data set from Figure 2-5 (a) in the text. The (a) elastic and (b) viscous moduli 

of colloidal gels as a function of time and with increasing H2O2 concentration/active energy 

ratios are plotted (0 = 0.003 and ω = 1 rad/s). The active gels in this figure contain 0.003% v/v 

of Janus particles from B1 with H2O2 concentrations of 0.025%, 0.05%, 0.1%, 0.15%, 0.2%, and 

0.25%. The passive gels contain no Janus particles and a H2O2 concentration of 0.5%. 

Additionally, kBT = 4.04e-21 m2kg/(s2K). ................................................................................... 62 

Figure 2-20: Full data from Figure 2-5(b) in the text. The steady shear stress at a shear rate of 

0.02 s-1 for passive gels and active gels of all active energy ratios are reported after 1800 s of 

initial gelation. The active gels in this figure contain 0.003% v/v of Janus particles from B1 with 

H2O2 concentrations 0.025%, 0.05%, 0.1%, 0.15%, 0.2%, and 0.25%. The passive gels contain 

no Janus particles and a H2O2 concentration of 0.5%. Additionally, kBT = 4.04e-21 m2kg/(s2K).

....................................................................................................................................................... 63 

Figure 2-21: Creep compliance, J(t), of passive gels fit with a single mode Jeffreys model. The 

experimental curve represents the linear region of creep response (stress of 0.001 – 0.03 Pa) from 

Figure 8(a) of the main text.  The error bars are standard error of mean. Equations for creep 

response of Jeffreys model used here are provided in [154], [155]. Generated by Mahesh 

Ganesan. ........................................................................................................................................ 63 



 xviii 

Figure 2-22: Initial 1800 s time sweeps (0 = 0.003 and 𝜔 = 1 rad/s) of the passive and active 

gels (a) before oscillatory strain sweeps and (b) before creep experiments. (a) contains Janus 

particles from B1 with 0.2 wt% H2O2; (b) contains Janus particles from B2 with 0.2 wt% H2O2. 

These data are monitored to confirm the effect of activity and to compare the drop in modulus to 

that in the start up of shear flow experiments ............................................................................... 64 

Figure 3-1: Void identification; (a) original CLSM image; (b) image with identified voids in dark 

blue and identified Janus particle as a red sphere; (c) image with unique voids identified by color 

– each color represents a different void. Scale bar is 20 m. ....................................................... 73 

Figure 3-2: Representative CLSM images of colloidal crystal monolayers with trajectories of 

embedded Janus particles overlaid. The conditions are: first row, passive control; second row, EA 

= 1.05 kBT; and third row, EA = 2.55 kBT. The columns display images taken at specific times of 

the experiment. The column at far right shows the full trajectory in detail. The scale bar is 20 m 

in all cases. .................................................................................................................................... 75 

Figure 3-3: Average anisotropy of voids in the colloidal crystal as a function of their average 

area for the different Janus particle conditions studied. The trendline is a linear regression of the 

data for all conditions. Error bars are standard error of the mean. ............................................... 76 

Figure 3-4: (a) Mean squared displacement of passive and active Janus particles in crystals. The 

data were collected 900 seconds after initiation of the AC field (passive case) or after the 

addition of H2O2 (active cases). (b) 𝛿(𝜏) vs lag time. In (b), the horizontal lines indicate the 

average enhancement across the set of lag times reported. Error bars are standard error of the 

mean and standard error of the mean of the MSDs and 𝛿(𝜏) functions, respectively. ................. 79 

Figure 3-5: Mean squared displacements of passive and active Janus particles in crystals 900 

seconds after initiating the AC field and after addition of H2O2, respectively. Results in (a) are 

for passive Janus particles in void regions, (b) are for Janus particles with EA = 1.05 kBT, and (c) 

are for Janus particles with EA = 2.55 kBT. Error bars are standard error of the mean. ................ 83 

Figure 3-6: Mean squared displacements of passive and active Janus particles in crystals 900 

seconds after initiating the AC field and after addition of H2O2, respectively. Results in (a) are 

for Janus particles in void regions, (c) are for void adjacent regions and (e) are for interstitial 

sites. Microdynamical enhancement, 𝛿(𝜏), vs lag time is in (b) voids, (d) adjacent to voids, and 

(f) in interstitial sites. The dashed horizontal line indicates the average enhancement across the 

set of lag times reported. Error bars are standard error of the mean. ............................................ 84 

Figure 3-7: (a) The region of the mean squared displacements of dilute passive and active Janus 

particles in an AC electric field (16Vrms/mm, 5MHz) used to determine the (b) velocity, run 

length, and active energy, EA, inputted to the colloidal crystals at each hydrogen peroxide 

concentration. Error bars are standard error of the mean.............................................................. 89 

Figure 3-8: (a) The same mean squared displacements (<r2(t)>, MSD) of dilute passive and 

active Janus particles in an AC electric field (16 Vrms/mm, 5 MHz) from Figure 3-7 but reported 

to longer lag times. Data are reported until the measured standard deviation of the mean squared 

displacement exceeds approximately 20% of the average values. (b) 𝛿(𝜏) vs lag time. In (b), the 



 xix 

horizontal line indicates the average enhancement across the set of lag times reported which are 

1.59 ± 0.04 and 2.66 ± 0.08 for 1.05 kBT and 2.55 kBT, respectively. Taking the rotational 

reorientation time (𝜏𝑅 = 0.78 𝑠) as the characteristic time, we find 𝛿𝜏𝑅 = 1.37 ± 0.19 for the 

1.05 kBT case and 𝛿𝜏𝑅 = 2.13 ± 0.24 for the 2.55 kBT case. Error bars are standard error of the 

mean of the MSDs and 𝛿(𝜏) functions. ........................................................................................ 91 

Figure 4-1: Scanning Electron Microscopy and size distributions of dry inulin as-received (a & 

d), electrosprayed MPs made of pure PVA (MW = 89,000-98,000 g/mol) (b & e), and 

electrosprayed MPs made of PVA (MW = 89,000-98,000 g/mol) and inulin at a ratio of 1:3 (c & 

f). All micrographs were taken with a voltage of 5.0 kV, a working distance of ~10 mm, beam 

intensity of 8.00. The scale bars are 2 μm. ................................................................................. 103 

Figure 4-2: FTIR spectra for PVA-inulin microparticles compared to their primary components: 

PVA powder and inulin powder ................................................................................................. 105 

Figure 4-3: Confocal laser scanning microscopy images of dry electrosprayed FITC-PVA:Cy5-

Inulin MPs. (a) & (d) shows the FITC channel only; (b) & (e) shows the Cy5 channel only; (c) & 

(f) shows combined FITC and Cy5 channels. The scale bar for (a) - (c) is 5 μm while that of (d) - 

(f) is 2 μm. ................................................................................................................................... 106 

Figure 4-4: Confocal laser scanning microscopy images of the time evolution of (a) an 

electrosprayed FITC-PVA:Cy5-Inulin MP suspension,  (b) an electrosprayed FITC-PVA MP 

suspension, and (c) a FITC-inulin suspension. PVA and inulin are displayed in green and red, 

respectively. Images were taken at the same location at different times after mixing with water, 

scale bar = 10 μm. ....................................................................................................................... 107 

Figure 4-5: Size distributions of as-received inulin, PVA MPs, and PVA-Inulin MPs in their 

hydrated state after 30 minutes of exposure to water in the dilute regime. Generated by Jin Xu.

..................................................................................................................................................... 109 

Figure 4-6: (a) Time dependent linear elastic modulus over 4 hrs (γ = 0.04% and ω = 1 rad/sec); 

(b) Frequency dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%) and (c) Shear-rate 

dependent viscosity (t = 4 hr, γ ̇ = 0.1 to 300 s-1) of PVA-inulin MP suspensions and pure inulin 

suspensions. ................................................................................................................................ 111 

Figure 4-7: Release profile of inulin from the microparticles compared to inulin as-received. 

Generated by Jin Xu.................................................................................................................... 115 

Figure 4-8: Gut retention study of PVA-inulin MPs. Mice were orally gavaged with Cy7-labelled 

inulin，PVA-Cy7-Inulin mixture or Cy7-MPs, and fecal samples were collected at indicated 

time points (a) Images of fecal pellets collected and (b) normalized fluorescence intensity of the 

feces, quantified from (c) (N=5). Generated by Jin Xu. ............................................................. 116 

Figure 4-9: Fecal inulin content of mice over 24 hours after oral administration of as-received 

inulin, PVA-inulin mixture, and PVA-inulin MPs. Generated by Jin Xu. ................................. 117 



 xx 

Figure 4-10: Electrosprayed PVA-inulin mixtures are allowed to rest for 1 hr before measuring 

viscosity because of the time needed to reach steady state behavior as shown in this figure. 

Frequency is 1 rad/s. ................................................................................................................... 120 

Figure 4-11: Oscillatory strain amplitude sweep of microparticle suspensions (frequency = 1 

rad/s). A strain amplitude of 0.04% is shown to be in the linear regime. ................................... 120 

Figure 4-12: A rheological study to determine the presence of any gap effects with the 

microparticle suspensions.  Time sweeps, frequency sweeps, and flow curves at 500um, 750um, 

and 1000um show no significant gap effects and so 500um gap was used to conserve sample. 121 

Figure 4-13: Time dependent linear elastic modulus over 4hrs (γ = 0.04% and ω = 1 rad/sec); 

Frequency dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%); and shear-rate 

dependent viscosity (t = 4 hr, 𝛾 = 0.1 to 300 s-1) of PVA-inulin MP suspensions and PVA-inulin 

mixtures. Mixtures begin with higher viscoelastic moduli, but values converge with those of the 

MP suspensions in less than an hour. Both samples are shear thinning but MP suspensions 

display greater shear thinning. At most physiologically relevant shear rates (0.1 s−1 and 10 s−1) 

[93], [219], [220], MP suspensions have a greater viscosity than mixtures. .............................. 121 

Figure 4-14: Time dependent linear elastic modulus over 4hrs (γ = 0.04% and ω = 1 rad/sec); 

Frequency dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%); and shear-rate 

dependent viscosity (t = 4 hr, 𝛾 = 0.1 to 300 s-1) of PVA MP suspensions and PVA solutions. 

MP suspensions have greater viscoelastic moduli than PVA solutions. However, no time 

dependence of these moduli are observed for either MP suspensions or solutions. PVA solutions 

are Newtonian and do not show shear rate dependence. However, PVA MP suspensions show 

shear thinning behavior. .............................................................................................................. 121 

Figure 4-15: Time dependent linear elastic modulus over 4hrs (γ = 0.04% and ω = 1 rad/sec); 

Frequency dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%); and shear-rate 

dependent viscosity (t = 4 hr, 𝛾 = 0.1 to 300 s-1) of PVA-inulin MP suspensions, PVA-inulin 

mixtures, and inulin suspensions. This figure shows the convergence of the viscoelastic moduli 

of these three samples. However, shear rate ramps show a difference in their viscosities. All 

samples are shear thinning. Inulin suspensions have the lowest viscosities at all shear rates. At 

most physiologically relevant shear rates (0.1 s−1 and 10 s−1) [93], [219], [220], PVA-inulinMP 

suspensions have a greater viscosity than mixtures of equivalent concentrations. ..................... 122 

Figure 4-16: Area under the curve of the Figure XX in the main text. These data show PVA-

inulin MPs have the greatest area. Generated by Jin Xu. ........................................................... 122 

Figure 4-17: Gut retention study of PVA-inulin MPs. Mice were orally gavaged with Cy7-

labelled inulin，PVA-C7y-Inulin mixture or Cy7-MPs. (a) Images of gastrointestinal tracts were 

acquired through IVIS imaging system at indicated time points and (b) normalized fluorescence 

intensity of the GI tract area, quantified from (a). ) The fluorescent signal persisted in the 

abdomen area for up to 12.5 hours and then started to decrease in all tested formulations. No 

statistical difference was observed among groups, suggesting the GI transit time is comparable at 

individual levels by the endpoint of live animal imagine. Fig XX(b) provides quantification of 

the fluorescent signals in the abdomen area from Fig. XX(a), which demonstrates similar 



 xxi 

patterns of inulin clearance for all inulin formulations.   Extended gut retention was not identified 

in the mouse live imaging results, because the method cannot differentiate the various segments 

of GI tract when the stomach and intestines are naturally arranged in mice. Furthermore, the 

delay in colon transit may be overwhelmed by the overall fluorescence signals along the GI tract, 

leading to negligible difference. Generated by Jin Xu. .............................................................. 123 

Figure 5-1: Trajectories of 4 m platinum Janus particles (25nm Pt) in DI water with an AC 

electric field strength of (a) 0 V/cm, (b) 100 V/cm, and (c) 200 V/cm. The electric field was 

applied perpendicularly to the substrate made of ITO slides and a spacer with varying thickness. 

Pixel-micron ratio is 0.25 m/px ................................................................................................ 128 

Figure 5-2: 2D depletion gels made in a sealed 8-well plate (200 L/well) with 0.036 vol% 4 m 

PS particles and (a) 1.0 g/L PEO and 1.5mM NaCl or (b) 0.9 g/L NaCMC. Gels were imaged 

here after 3.5 day......................................................................................................................... 129 

 



 xxii 

Abstract 

 

In this dissertation, we investigate how colloidal particles affect and interact with their 

environments. Two colloidal particles are studied: active Janus particles and electrosprayed 

polyvinyl alcohol (PVA) / inulin microparticles. Inspired by the motion seen in nature, active 

colloids are self-propulsive and inherently out of equilibrium. We study how active colloids 

affect nonlinear rheological properties of colloidal gels and interact with defect-rich colloidal 

crystals. Inulin is a prebiotic fiber commonly used to modify rheological properties of foods and, 

more recently, to work synergistically with cancer immunotherapies. We study how 

electrospraying inulin into microparticle form affects its rheological properties and gut retention. 

In chapter two, we explore how a small fraction of active particles (active-to-passive 

particle ratio of ~1:1200) affects the yield stress behavior of colloidal gels. The active particle 

system used is a platinum Janus colloid whose active motion results from the asymmetric 

decomposition reaction of hydrogen peroxide. Colloidal gels are prepared by the addition of a 

divalent salt to a suspension of polystyrene microparticles and Janus particles in water and 

hydrogen peroxide. We find that active particles cause a significant yield stress reduction (up to a 

factor of three); however, no change in yield strain is observed. We explain how the small 

number of active particles can have this rheological effect through modeling. We use a combined 

theory of how activity changes the spring constant of interparticle bonds in the gel with an 

argument that the number of active clusters – rather than number of active particles – controls the 

rheological impact of the activity. The modeling of this theory agrees well with experimental 

data. 
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In chapter three, we explore how a small fraction of active particles (active-to-passive 

particle ratio of ~1:720) interact with and affect defect-rich colloidal crystal monolayers. This 

study utilizes the same platinum Janus particle as chapter two. The crystal monolayer is made of 

passive, Brownian particles with diameters four times that of the Janus particles. These larger 

particles are assembled into a crystal monolayer by an alternating current electric field. We find 

that active particles cause a reduction in void number (by up to ~50%) but an increase in void 

size and anisotropy (by up to 190% and 40%, respectively). We examine how these changes may 

relate to differences in the microdynamics of active particles by region. We specifically compare 

microdynamics in void, void-adjacent (within three particle diameters of a void), and interstitial 

regions. At the highest active energy, dynamics are increased in void-adjacent regions, about the 

same in interstitial regions, and decreased in void regions compared to the ensemble dynamics.  

In chapter four, we investigate the relationship between the rheological properties and gut 

retention of PVA-inulin microparticles. Inulin is a fructan polysaccharide with prebiotic 

properties which is found in many vegetables. PVA is a biocompatible polymer that can exhibit 

mucoadhesive properties. Microparticles are created via the electrospraying method which 

utilizes large electrical potential differences to create nano- and micro-sized features. In 

suspension, we determine that microparticle form causes shear thinning behavior. Furthermore, 

the release and dissolution of inulin causes an increase in sample modulus with time. When 

administered to mice, the PVA-inulin microparticle suspensions exhibit signs of greater gut 

retention than as-received inulin and mixtures of equivalent concentrations. We hypothesize that 

gut retention depends on established mucoadhesive properties of PVA and rheological properties 

of the samples.  
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Chapter 1 Introduction 

The underlying subject of this work is the exploration of the impact of different colloidal 

particles on their environments, particularly when they are synthesized to perform a function 

such as locomotion or dissolution. Colloids are a mixture of particles that range in diameter, a, 

from ~5 nm to ~5 um and are dispersed in a medium. The engineering science research 

performed here is an interdisciplinary combination of colloidal science, active motion, colloidal 

assembly, and rheology. Before delving into the specifics of our contributions to these areas 

(Chapters 2 – 4), in this chapter we first introduce the fundamental concepts from these fields 

that are critical to the understanding of this work and its impact. 

1.1 Colloids  

Colloids are ubiquitous: some examples of colloids in everyday life include milk – a 

colloidal system of fat globules suspended in a water-based solution; paint – a colloidal system 

where pigment particles are suspended in water or oil-based solutions; and toothpaste – a 

colloidal system of abrasive particles in a water-based solution. The particles in these systems 

can vary in shape from spheres to rods and ellipsoids to faceted polyhedral and more. Shape can 

play an important role in the behavior and interactions of colloidal particles [1], [2]. For the 

majority of the work in this thesis, we use the simplest shape of a colloid: a sphere. Properties of 

colloids important to their function that we review here are: their dynamics, their interactions and 

assembly, and their rheological properties. 

1.1.1 Brownian dynamics 
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A key feature of colloids is that in the dilute case, particle motion is dominated by both 

Brownian motion and viscous forces. Brownian motion is motion from random particle 

fluctuations that results from thermal energy. Specifically, thermal energy causes collisions of 

molecules with the larger colloidal particles which ultimately drive colloidal motion and 

diffusion. This motion is stochastic. Viscous forces come about from the drag experienced by a 

particle in a viscous medium described by Stokes’ law and from inertia. The diffusive process of 

a spherical colloidal particle can be described with the Stokes-Einstein equation for the diffusion 

coefficient, D, given in Equation (1-1) 

 
𝐷 =

𝑘𝐵𝑇

6𝜋𝜂𝑟
 (1-1) 

Where kBT, is Boltzmann’s constant, T is temperature, η is the solvent viscosity, and r is the 

particle radius [1]. This diffusive process can be observed through many techniques including 

dynamic light scattering and particle tracking from confocal laser scanning microscopy (CLSM). 

In this thesis, CLSM and particle tracking are used and will be described in more detail. Particle 

trajectories that are obtained from particle tracking can be used to calculate a particle’s mean-

squared-displacement (MSD). For a Brownian particle, referred to as a passive particle in this 

thesis, the MSD, < 𝑟2(Δ𝑡) >, can be described in the long time limit by the following equation 

(1-2) 

 < 𝑟2(Δ𝑡) > = 2𝑑𝐷Δ𝑡 (1-2) 

Where d is the Euclidean dimension, D is the diffusion coefficient and Δ𝑡 is the lag time. The 

brackets indicate an ensemble average over all possible trajectories of the particle. From this 

equation, it can be seen that the MSD of a Brownian particle vs lag time will produce a linear 

plot. If the particle is hindered by obstacles or inhibited by some type of confinement, the MSD 

may be no longer linear; sub-diffusive behavior is observed in such cases [3], [4]. 
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1.1.2 Active colloids and dynamics 

A relatively new type of colloid, known as an active colloid, has been shown to defy this typical 

diffusive process. Active colloids are inspired by the motion observed in nature, for example 

flocks of birds, swarms of fish, colonies of bacteria. The self-propulsion of active colloids arises 

from local gradients around individual particles which are produced from asymmetric conversion 

of external energy [5]. The external energy can come from many sources including light [6]–[9], 

electric fields [10]–[13], magnetic fields [12], [14], [15], and chemical reactions [16]–[20]. The 

energy conversion is usually made to be asymmetric through the design of the particle itself, for 

example, by making the colloids have two different faces (Janus), or by increasing the anisotropy 

of the particle. The resulting motion is often described as super diffusive. Specifically, the MSD 

vs lag time plot of active colloids is quadratic at short lag times. The MSD of active colloids for 

this limiting case at short lag times (Δ𝑡 << rotational diffusion time, 𝜏𝑅) is given in equation 

(1-3) below: 

 < 𝑟2(Δ𝑡) > = 4𝐷Δ𝑡 + 𝑣2Δ𝑡2 (1-3) 

Where D is the diffusion coefficient, Δ𝑡 is the lag time, and v is the active colloid velocity [21]. 

From this and the work from Takatori et al., the energy of active colloids can also be calculated 

and compared to thermal energy, kBT. Specifically, the active energy of a particle, 𝐸𝐴, follows 

equation (1-4): 

 𝐸𝐴 =  𝜉𝑣𝑙 (1-4) 

Where 𝜉 is the hydrodynamic drag coefficient, v is the particle velocity, and 𝑙 is the active 

particle run length which is equivalent to 𝑙 =  𝜏𝑅𝑉 = 8𝜋𝜇𝑎3𝑉/𝑘𝐵𝑇 [22]. Here 𝜏𝑅 is the is a 

reorientation time, related to the rotational diffusivity of the active colloid. 
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1.2 Colloidal interactions and assembly 

Colloids can assemble into many states depending on the volume fraction of the colloidal 

particles as well as the strength and direction of the forces present. These forces are a 

consequence of the potential energy landscape of the colloidal system. If the potential energy is 

pairwise additive, the contribution of the particle interactions can be characterized by the pair 

potential between particles, which itself can be scaled on the thermal energy of the system. High 

temperatures and small pair potentials yield to weakly interacting systems; lower temperatures 

and large pair potentials indicate strong deviations from ideal behavior. Some of the common 

assembled states of colloidal systems include stable dispersions, unstable aggregation and liquid-

liquid separation, gels, crystals, and glasses [1], [23], [24]. A summary of the relative 

temperatures, or pair potential interactions, and volume fractions that induce these states is 

provided in Figure 1-1. In the following sections, we will first describe the typical interactions 

present at the colloidal scale. We will then describe two of the states on this diagram in further 

detail: colloidal gels and colloidal crystals. The effect of active colloids on these states will be 

the focus of Chapters 2 and 3, respectively. 
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Figure 1-1: Summary of the relative temperatures, or pair potential interactions, and volume fractions and the 

resulting colloidal states [25]   

For colloids, the interface-to-volume ratio is large enough that their behavior is affected 

by surface properties of the particle [26]. Specifically, colloidal interactions are primarily 

dominated by repulsive electrostatic forces and attractive van der Waal forces. The former are 

surface interactions; the latter are volumetric in nature. Electrostatic forces stem from the charge 

on the surface of particles and can be moderated by ions in the dispersing solvent. Solvated ions 

determine the system’s Debye length, 𝜅−1 , which is the characteristic length at which charge 

interactions between colloidal pairs are screened. Van der Waal forces arise from random, local 

fluctuations of dipoles within in a single particle. They are less sensitive to ions or electrolyte 

concentrations in the dispersing solvent, but instead are most strongly related to the frequency-

dependent dielectric properties of the interacting particles and the solvent in which they are 

dispersed [1], [26], [27]. Together, electrostatic and van der Waal forces are frequently referred 

to as DLVO forces, named after the scientists who developed the theory of their additive nature 

for colloids: Derjaguin, Landau, Verwey, and Overbeek [26], [27].  
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The effect of DLVO forces can be quantified and modeled through the calculation of 

particle pair potentials. Particle pair potentials are a powerful way of predicting colloidal stability 

and assembly.  The total potential, W(D), between two colloidal particles is the sum of the van 

der Waal’s potential, Wvdw(D), and the electrostatic potential, Wel(D): 

 𝑊(𝐷) =   𝑊𝑒𝑙(𝐷) +  𝑊𝑣𝑑𝑤(𝐷) (1-5) 

Here, D is the surface-to-surface separation between the two particles [27]. Both the electrostatic 

potential and the van der Waal potentials are geometry and material dependent. (Recall that the 

force a colloid experiences is the gradient of the pairwise additive potential energy.) The 

electrostatic potential between two spheres of the same size is given by: 

 
𝑊𝑒𝑙(𝐷) =

𝑅

2
𝑍𝑒−𝜅𝐷 (1-6) 

Where R is the particle radius, Z is an interaction constant related to the electrophoretic mobility 

of the particle and the dielectric properties of the medium, and 𝜅−1 is the Debye length [27]. For 

two identical spheres with a separation that is smaller than the particle radius, R, the van der 

Waal’s potential follows: 

 
𝑊𝑣𝑑𝑤(𝐷) =  −

𝐴𝑅

12𝐷
 (1-7) 

Where A is the Hamaker constant. The Hamaker constant depends on both the refractive indices 

and dielectric permittivities of the particle as well as of the suspending medium [27]. 

Another attractive force that the author would like to highlight (though not a focus of this 

dissertation) are depletion forces. Depletion forces exist in the presence of a nonadsorbing 

polymer and originate from a drive to maximize entropy.  Specifically, when a solution contains 

a non-adsorbing polymer, osmotic pressure between the bulk part of a solution containing a non-

adsorbing polymer and a polymer-depleted region between two larger particles will push 
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particles together to maximize the entropy of the polymer [1]. Depletion forces can be a 

particularly useful tool for colloidal research and implications for depletion forces as it relates to 

this work will be discussed in Chapter 5. 

1.2.1 Colloidal gels 

By manipulating these potential interactions, different colloidal states can be achieved, 

including colloidal gels. Colloidal gels are a non-equilibrium state made of a network of particles 

arrested in a liquid. The arrest occurs due to strong, short-range interactions between the 

particles. This network gives the gel its structure and solid-like properties which are relevant in 

many industries including paints and coatings [28], food [29]–[31], and consumer products [32]. 

Exact properties can be controlled by parameters such as particle volume fraction, solvent and 

solute used, and the specific gelation mechanism [33]–[35].  

In this thesis, colloidal gels are made using a spinodal decomposition mechanism called 

diffusion limited cluster aggregation (DLCA). DLCA gelation occurs when electrostatic 

repulsive forces are shielded – usually by divalent salts [36], [37].  With this shielding, diffusive 

particles will strongly and irreversibly link when they encounter each other [38]. DLCA gels are 

well studied both structurally and mechanically [39]–[41]. The structure of DLCA gels can be 

described using the radial distribution function, g(r). The radial distribution function measures 

the probability of finding a particle at a distance, r, from particle at the origin. The g(r) for 

DLCA gels is given below: 

 
𝑔(𝑟) = (

𝑐

𝑎𝑑𝑓
)𝑟𝑑𝑓−3𝑒

−(
𝑟

𝑅𝑐
)𝛾

 (1-8) 

where c is the prefactor set by the density of particles in a cluster, a is the particle radius, df is the 

fractal dimension, Rc is the average cluster size and  is a cutoff exponent [42], [43]. The solid-
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like properties of DLCA gels can be described by the linear elastic modulus, G’. The relationship 

between the structure and elastic properties of DLCA gels made with spherical particles follows: 

 𝐺′ = 𝜅𝑎−1𝜙(3+𝑑𝐵) (3−𝑑𝑓)⁄  (1-9) 

Where  is the spring constant between two particles (determined using the pair potential), a is 

the particle diameter, 𝜙 is the volume fraction, dB is the elasticity exponent, and df is the fractal 

dimension [35]. This equation assumes fractal cluster structure, typical in DLCA gels for 𝜙 < 

0.1. Methods to measure G’ will be discussed further in Section 1.3 

1.2.2 Colloidal crystals 

Colloidal systems can also spontaneously assemble into crystals through control of 

particle volume fraction and particle interactions. Crystalline phases of colloids have been 

proposed as templates for membrane [44], [45] and battery [46], [47] applications. Furthermore, 

when particles fall in a specific size range, colloidal crystals can produce structural color and 

other useful optical properties due to Bragg diffraction [48]–[52]. 

Crystallization in colloids can occur with increasing volume fractions as shown in Figure 

1-1 and reported experimentally by Pusey and van Megen [53]. However, the high particle 

concentrations required for these crystals can be challenging to work with. High particle 

concentrations will often become jammed or glassy before reaching the crystal phase or can 

simply be difficult and time-consuming to generate [53]–[55].  Instead, crystallization in initially 

dilute colloidal suspensions can be induced through the application of external fields such as 

electric fields [51], [56], [57], gravity [58], [59], evaporation [48]–[50], [60],  and shear [61], 

[62]. Application of such fields can ameliorate kinetic effects that retard or prevent 

crystallization. 
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In this dissertation, colloidal crystals are formed using coplanar AC electric fields at high 

frequencies. This method of crystallization has many advantages such as its speed  [56], [57], 

[63], its applicability to many materials [63], [64], and its reversibility [56], [57], [63]. The 

presence of the AC field in a coplanar configuration induces crystallization through a 

combination of dielectrophoresis (DEP) and dipole-dipole interactions. DEP results from the 

interaction of a nonuniform electric field with the induced dipole of a particle. A particle with an 

induced dipole moves toward or away from strong field regions depending on its dielectric 

constant relative to the dielectric constant of the solvent. In both cases they act to minimize the 

system’s potential energy [65]. In the device described in Chapter 3, this involves particles 

moving to the center of the two electrodes, effectively increasing the local volume fraction in 

those regions. Dipole-dipole interactions arise between two particles with field-induced dipoles. 

This force is attractive by nature and aligned in the field direction. Particles will again act to 

minimize their potential energy, but instead by aligning their dipoles; this results in chaining in 

the direction of the field [65]. Together, these two interactions induce crystallization and the 

resulting order-disorder transition scales with r3E2 where r is the particle radius and E is the 

electric field strength [63], [65]. Though electric fields rapidly and reversibly crystallize a 

colloidal system, the resulting crystal quality can be far from perfect. Electric field assisted 

crystals often are polycrystalline and are embedded with defects such as vacancies and 

interstitials [56], [57]. Such defects can have profound effects on material properties [48], [49], 

[60], [66] As such, methods for improving crystal quality are desired and heavily researched 

[55], [57], [58]. Chapter 3 aims to inform one such way of improving crystal quality with active 

colloids. 

1.2.3 Interactions with Active Colloids 
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Active colloids have drawn much interest because of their potential to affect the structure 

and properties these equilibrium states of colloids. For example, Palacci et al. found that one type 

of active colloid, polystyrene particles with a partially exposed hematite cube, will form “living” 

and dynamic crystals when in hydrogen peroxide and exposed to blue light [6]. Such dynamics 

are not possible in equilibrium systems. Active colloids have also been shown to autonomously 

find and repair cracks in electrical wiring [67] and anneal colloidal crystals at much faster rates 

than traditional thermal annealing [58]. The self-propulsive behavior has also found use in 

quicker oil collection for environmental remediation [68], more targeted drug delivery to the 

stomach tissues of mice [69], as well as alteration of gel structure and rheological properties 

[20], [70]. Despite these exciting implications of active colloids, much is still unknown about 

how they interact with and affect their environment [71]. Some studies have reported that active 

motion can be mediated by surfaces and interfaces [19], [72]–[74] or hindered by the presence of 

salt [10], [75] and by increases in solvent viscosity [76], [77]. Others have shown that active 

particles can activate passive particles and can act as cargo transporters [12], [78]–[81]. Chapters 

2 and 3 of this thesis aim to elucidate some of the effects of active particles on colloidal gels and 

colloidal crystal 

1.3 Rheological Properties of Colloids 

Rheology is the study of how materials flow and deform. Named by the scientist, Eugen 

Bingham, the word rheology comes from the Greek word rhéos, or ῥέω, meaning “stream” or 

“flow” [82], [83]. Understanding the rheological properties of a material (or how the material 

flows) has important implications for many industries including food [84]–[88], paints and 

coatings [28], [89], [90], consumer products [91], [92] and pharmaceuticals [92]–[95]. For 

example, rheological properties like viscosity and yield stress relate to the texture and mouthfeel 
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of a food product. Understanding and controlling these properties can influence consumer 

experience and enjoyment [84]–[86]. Additionally, the viscosity and elastic modulus are critical 

for the shelf-life of consumer products and paint [89], [91] as well as for many production 

processes [85], [96], [97]. 

The rheology of a material can be measured through several techniques depending on the 

pertinent timescale and viscoelastic modulus of the material. Some techniques include 

mechanical rheometry, active microrheology, particle tracking microrheology, and atomic force 

microscopy [98]. In this dissertation, we use a rheometer to study the rheological properties of 

colloidal gels with embedded active particles (Chapter 2) and of inulin-based microparticle 

suspensions (Chapter 4). Shear rheometers generally measure three properties: shear stress (force 

applied per unit area, σ or τ), shear strain (the displacement or extent of deformation, γ), and time 

(t). These quantities can be applied either in oscillation or in steady shear flow. Oscillatory 

rheology involves the sinusoidal application of a stress or strain. Given the geometry parameters 

and the ratio of the stress to stain, the viscoelastic moduli can be calculated. The elastic (or 

storage) modulus, G’, describes the energy stored when a strain cycle is applied; it is a 

quantification of how solid-like a material is and is the in-phase component of the stress. The 

viscous (or loss) modulus, G’’ describes the energy that is lost when a strain cycle is applied; it is 

a quantification of how liquid-like a material is and is the out-of-phase component of the stress 

[98]. Equation (1-10) (which applies only to a sample in its linear regime – described below), 

gives the theoretical description of the measured shear stress in terms of these moduli.  

 𝜏 = 𝐺′𝛾0 sin(𝜔𝑡) + 𝐺′′𝛾0 cos(𝜔𝑡) (1-10) 

Here, 𝜏 is the measured shear stress, 𝛾0 is the applied shear strain amplitude, 𝜔 is the angular 

frequency of the applied strain, and t is time. 
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On the other hand, steady shear rheology involves the continuous application of a stress 

or strain. Given the instrument geometry parameters and the measurement of the time dependent 

stress and strain, rheological properties such as the viscosity can be calculated. Equation XX 

gives the equation for the viscosity of a simple Newtonian fluid: 

 𝜂 =
𝜏

𝛾̇
 (1-11) 

Where 𝜂 is the viscosity and 𝛾̇ is the shear rate. 

In addition to oscillatory and steady shear rheology, one can additionally perform stress 

or strain-controlled experiments depending on the given application. In this dissertation we 

perform both. A common stress-controlled experiment is a creep experiment. For creep 

experiments, a fixed shear stress is applied, and the resulting strain is measured over time. These 

tests can provide information about the viscosity at low shear rates and can be very useful for 

viscoelastic systems with long relaxation times. Creep is performed and described further in 

Chapter 2. Common strain-controlled measurements are described in the next section on linear 

and nonlinear rheology. 

1.3.1 Linear and Nonlinear rheology 

There are two main categories of rheological measurements: linear and nonlinear. Linear 

rheological measurements occur at low strains where the strain varies linearly with stress and 

viscoelastic moduli are independent of the strain or strain amplitude. Linear rheology is useful 

for probing microstructural information. Nonlinear rheological measurements occur at higher 

strains where strain deviates from its linear dependance on stress. At these greater strains, the 

structure of the sample begins to change or yield. The onset of nonlinearity of a sample can be 

determined by, for example, performing an oscillatory strain amplitude sweep; the nonlinear 
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regime begins when the viscoelastic moduli is no longer independent of strain. A typical material 

response with strain will result in either a drop or brief overshoot before a drop [82], [99]. Both 

measurement types provide useful information about a material and how it will perform in 

material processing operations. Chapter 2 of this dissertation explores the nonlinear regime of 

colloidal gels with embedded active particles through three different rheological tests. Chapter 4 

explores both the linear and nonlinear regime of inulin-based microparticle suspensions. 

1.4 Prebiotics 

Through our evolving understanding of the gut, gut health, and gut microbiota, the 

importance of prebiotic foods has become more apparent. The term prebiotic is currently defined 

as  “a nondigestible compound that, through its metabolization by microorganisms in the gut, 

modulates the composition and/or activity of the gut microbiota, thus conferring a beneficial 

physiologic effect on the host.” [100] In other words, a prebiotic food is one that is not digested 

in the stomach or small intestine, but instead by bacteria in the colon.  Prebiotics can be found in 

many foods such as leeks, asparagus, garlic, bananas, and oats.  In feeding the gut microbiota, 

prebiotics provide many health benefits, including improved health of the gut bacteria, 

metabolite production, improved mineral absorption, and improved immune system defense 

[100]–[102]. These health benefits have drawn much attention in recent years, but there is still 

much to be understood about prebiotics and how they impart their effects [101]. We contribute to 

this space by studying the rheology and gut retention of different physical forms of inulin, a 

prebiotic fiber found in leeks, asparagus, and chicory root (Chapter 4). 
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1.5 Research Objectives and Organization of the dissertation 

The main objectives of this dissertation are to investigate the rich space of active matter 

and to better understand how active particles affect and interact with colloidal gels and colloidal 

crystals.  These objectives are the main focus of Chapters 2 and 3, respectively. Another separate 

objective was to apply the fundamental knowledge of colloidal science and rheology to 

contribute to food science. Chapter 4 focuses on addressing this goal through the study of inulin 

(a prebiotic fiber found in many foods) and its rheological and gut retention properties. The 

results from these studies have a common theme highlighting how small particles (or small 

changes) can have great impacts on their surroundings. 

In Chapter 2, we examine how embedded active particles affect the nonlinear rheology of 

colloidal gels. We observe significant rheological changes even with extremely small fractions of 

active particles. We explain this observation through modeling and a hypothesis that active 

particles can activate the cluster they are embedded in. This finding highlights how active 

particle interactions can be complex and contribute to greater effects than anticipated.  

In Chapter 3, we study how active particles interact with defects in a colloidal crystal. 

These interactions are important for understanding how active particles may anneal colloidal 

crystals. We find that the properties of defect-rich void regions change with active motion. 

Furthermore, the microdynamics of these active particles depend on the microstructural region 

they are in. These results suggest that the microstructural region is important for annealing. 

In Chapter 4, we create PVA-inulin microparticles using the electrospray technique and 

study their resulting rheological properties in suspension. We find that the microparticle form 

and the presence of inulin increases the viscoelastic moduli and extent of shear thinning. 

Moreover, we find that the PVA-inulin microparticles have signs of increased gut retention than 
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as-received inulin and mixtures of equivalent concentrations of materials. We hypothesize this 

increased gut retention is the result of the mucoadhesive properties of PVA and the rheological 

properties of the samples.  

We conclude the dissertation with a summary of the contributions as well as suggestions 

for future work. 

 



 16 

Chapter 2 Yield Stress Behavior of Colloidal Gels Embedded with Active Particles 

2.1 Abstract 

The yield stress behavior of colloidal gels with embedded active particles is studied with 

three experiments: start-up of steady shear, oscillatory strain amplitude sweep, and creep testing. 

Activity is generated by Janus particles with a platinum hemisphere; these particles undergo self-

diffusiophoretic and self-electrophoretic motion in hydrogen peroxide solutions. The free particle 

active motion of the Janus colloids is consistent with an active energy of 25 times thermal energy 

at the highest hydrogen peroxide concentration studied. Consistent with prior work, the gels with 

embedded active particles display enhanced microdynamics and a reduction in linear viscoelastic 

moduli. Furthermore, at the activity levels studied, the yield stress decreases by as much as three-

fold for gels with an active-to-passive particle ratio of only 1 to 1200. We additionally find the 

yield strain is independent of activity. The significant reduction in yield stress at a very low 

active-to-passive particle ratio is modelled by combining theory of how activity changes the 

spring constant of interparticle bonds in the gel with an argument that the number of active 

fractal clusters in the gel – rather than the number of active particles – drives the activity-induced 

softening of rheological properties. We estimate 1 in 40 fractal clusters in the gel is active due to 

the presence of an active particle. This approach explains how an extremely small fraction of 

active particles causes a substantial change in both linear and non-linear rheological properties. 

The results and modeling are potentially useful for the creation of gels with multi-state 

mechanical properties. 
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This chapter was adapted from a publication: K. T. Saud, M. Ganesan, and M. J. 

Solomon, “Yield stress behavior of colloidal gels with embedded active particles,” J. Rheol. (N. 

Y. N. Y)., vol. 65, no. 2, pp. 225–239, 2021.Keara T. Saud and Michael J. Solomon conceived 

this research and designed the experiments. Keara T. Saud conducted the experiments with 

assistance from Julia Roarty. Keara T. Saud and Mahesh Ganesan conceived the theoretical 

explanation for the modeling. Mahesh Ganesan performed the modeling. 

2.2 Introduction 

Colloidal gels are a class of soft matter which are made of a sample-spanning network of 

particles.  The network is generated by short-range attractive forces between the colloids [23]. This 

network is responsible for the solid-like viscoelastic properties of gels such as their elastic modulus 

and yield stress [39]–[41]; gels are important in industries such as paints and coatings [28], [103], 

foods [31], [84], [104], agricultural formulations, and consumer products [32]. One of the well-

studied colloidal gel systems is the diffusion-limited cluster aggregation (DLCA) gel. DLCA gels 

are created through spinodal decomposition brought about by quenching particles in the dispersed 

state into a state dominated by strong, short-range attractive potential interactions between 

particles. The gelation mechanism yields the fractal cluster microstructure of DLCA gels.  These 

fractal cluster properties of DLCA gels specify their viscoelastic properties [23], [35]. 

Under flow, the deformation-induced breaking and reorganization of network bonds in 

colloidal gels causes a solid to liquid transition, known as yielding [39], [41], [105]–[110]. This 

yielding and restructuring of colloidal gels is complex, and the structural transitions that generate 

it are not yet fully understood. The yield stress can be strain-rate dependent [41], [111].  In 

addition, different measurement techniques report different values of the yield stress for the same 

system [111], [112]. Common techniques to measure the yield stress include start-up of steady 
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shear, large amplitude oscillatory strain, and creep experiments [111]. Information available from 

yield stress measurements can be applied to engineer functional properties of gels, such as their 

product stability. The design of processing methods such as blending and mixing are also informed 

by such measurements [104], [111].  

One limitation in their formulation and application is that gel mechanical properties are 

largely static; that is, their control post gelation is very limited. Parameters that determine gel 

rheology include particle size, solid volume fraction, solvency, salinity, and additive levels [41], 

[105], [113]. However, in many settings, reconfigurable mechanical properties are desired [28]. 

For example, in the paints and coating industry, a high product viscosity is desired for storage to 

maintain homogeneity, while low viscosity is desired upon application to prevent nozzle clogging, 

streaking, and other non-ideal coating processes [28]. Current technologies to induce such a change 

in viscosity requires additives such as associative thickeners [89].  However, by exploiting the 

properties of active matter, such reconfigurable properties are potentially accessible through 

properties of the gel network itself.  

Active matter is comprised of entities which consume energy to self-propel or exert forces. 

Examples include flocking birds, swarming fish, and run-and-tumble bacteria such as Escherichia 

coli. [5], [114]. Active matter has been studied as a tool for self-assembly, microrobotics, 

electronics, environmental remediation, and complex fluids [115]–[118]. Colloidal forms of active 

matter exploit asymmetric conversion of external energy (such as from fuel or fields) around a 

particle to produce local gradients in electric or concentration fields. These local gradients induce 

self-phoretic motion of single particles [5]. Light [8], [119], magnetic fields [15], [120], electric 

fields [10], [121], and chemical reactions [16] are some of the methods available to induce the 

local gradients needed to generate active motion in colloidal systems. One extensively studied 



 19 

synthetic active particle system is that of a platinum-coated Janus colloid activated by hydrogen 

peroxide (H2O2) [16], [17], [75], [122]–[124]. In this system, the platinum located on one 

hemisphere of the Janus particle catalyzes the asymmetric decomposition of H2O2 into H2O and 

O2. The specific mechanism of active displacement is a combination of self-diffusiophoresis and 

self-electrophoresis due to concentration and ion gradients, respectively [75].  

Because it is well studied and does not require input of external power, the Janus active 

particle system is a good candidate to explore how active motion can affect different rheological 

properties, such as linear viscoelasticity and yielding. Well-established systems, like DLCA gels, 

are also themselves a good model system to investigate the rheological implications of active 

matter. Szakasits et al. embedded active particles in DLCA gels to explore the implications of 

activity on the microdynamics and linear viscoelasticity of colloidal gels [20], [125]. Their 

experiments found an increase in microdynamics and a decrease in viscoelastic moduli with 

increasing activity level. In these papers, activity level was controlled through the number of active 

particles embedded in the gel and the amount of active energy input to each particle via the 

concentration of the hydrogen peroxide reactant. They explain these findings with two interrelated 

theoretical approaches: 1) increased microdynamics result from the effect of active energy on 

direct and indirect vibratory strain fields on the gel network and 2) decreased moduli result from 

the effect of active energy on the pair bond spring constant [20], [125].  

Omar et al. performed a comprehensive examination by simulation of an active gel system 

similar to that of Szakasits et al. They found that a variety of microstructures can result within a 

parameter space specified by the level of active and thermal energy relative to the energy of inter-

particle interactions.  In fact, at higher active energies they found that activity can drastically 

change and even destroy the structure of colloidal gels [70]. 
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 These prior experimental and computational studies have focused on the effect of active 

energy on gel microstructure and linear rheology.  The next question to ask is how non-linear 

rheological properties vary; this question has yet to receive attention. Consequently, here we 

address the extent to which activity affects the non-linear rheology and yield stress of colloidal 

gels. Specifically, we address the following research questions: How does activity mediate the 

yielding process? Does the yielding behavior help elucidate the mechanism by which activity 

affects rheological properties? What additional theoretical development is needed to model the 

yield stress properties of active gels? 

In this paper, we explore the non-linear rheology of yielding in fractal cluster gels 

embedded with active Janus colloids, referred to as active gels, and compare these properties to 

fractal colloidal gels without active Janus colloids, referred to as passive gels.  We characterize 

yielding by means of three rheological tests: start-up of steady shear at a constant strain rate, 

large-amplitude strain sweep in oscillatory shear, and creep. We also report auxiliary 

measurements of the active gel microstructure and microdynamics. We find that all three non-

linear rheological tests show a reduction in yield stress with increasing levels of activity. The 

yield stress reduction is found to be proportional to the reduction in the linear elastic modulus, 

G’; the effect of activity on the yield strain of gels is not significant. To model the results, we 

hypothesize that individual Janus colloids activate whole fractal clusters in which they are 

embedded. The degree of change in the microdynamics, linear elastic modulus, and yield stress 

are all consistent with a description in which active clusters lead to an increase in the effective 

temperature of the system that subsequently softens the inter-particle bond spring constants. The 

activation of fractal clusters by active Janus colloids explains why so few active particles 

generate such large rheological changes of the gels. 
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2.3 Experimental Methods 

2.3.1 Colloidal and Janus Particles 

Monodisperse dyed and undyed polystyrene (PS) colloids are used in this study. Confocal 

experiments use red (580/605) fluorescent carboxylate-modified PS microspheres purchased from 

Thermo Fisher Scientific (F8821 lot 2096781, diameter d = 2a = 1.0 ± 0.04 m, density  = 1.055 

g/mL, zeta potential = -54.3 ± 3.4 mV). Rheology experiments use undyed carboxyl PS 

microspheres purchase from Thermo Fisher Scientific (C37274 lots 2124342 and 2145544, 

diameter d = 2a = 1.0 ± 0.05 m, density  = 1.055 g/mL, zeta potentials = -49.8 ± 3 and -61.0 

mV, respectively).  

Janus colloids used in this study are made by spin coating a monolayer of the fluorescent 

PS colloids (F8821 lot 2096781, Thermo Fisher Scientific) onto a cleaned glass slide and 

depositing 10 nm of platinum onto one side of the particle through physical vapor deposition 

(Enerjet Evaporator). These particles are then recovered from the slide and suspended in 18.2 M 

Millipore water until used. Three different batches of Janus particles were used in this study. Due 

to inherent batch-to-batch variability in the catalytically driven active motion, these batches are 

tracked and identified as B1, B2, and B3 in the data sets.  

2.3.2 Preparation of colloidal gels 

Each gel consists of 2.9% v/v of PS particles and, in the active gels, an additional 

0.0030% v/v of Janus particles. This results in a gel with an active to passive particle ratio of 

NA:NP = 1:1200. The gel is prepared by first washing the particles three times and then 

suspending them in a density-matched mixture of H2O (49.5%), D2O (purchased from Sigma 

Aldrich, 45.5%), and antifoam chemical (Xiameter 1410, Dow Chemical, density = 1 g/cm3, 
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0.5%). The antifoam compound was earlier reported to suppress the formation of oxygen bubbles 

from the decomposition of H2O2 [20]. Activity of the Janus colloids is initiated by the addition of 

hydrogen peroxide (H2O2) (30 wt% H2O2 in water, purchased from Sigma Aldrich).  A diluted 

hydrogen peroxide solution was added and vortex mixed into suspension just before the addition 

of MgCl2 (final concentration of 64mM), a divalent salt that causes slow aggregation and 

gelation at the specified concentration [37], [126]. The final concentrations of H2O2 in the gels 

were 0.025 wt%, 0.05 wt%, 0.1 wt%, 0.15 wt%, 0.2 wt%, or 0.25 wt%. Passive gels, used as 

controls, included H2O2 but lacked Janus particles.  This control formulation accommodates the 

previously reported fact that the addition of hydrogen peroxide stiffens the colloidal gel network, 

most likely through its effect on the pair potential interaction between colloids [125]. 

2.3.3 Microstructural characterization of gels 

To image the 3D structure of the gels, an inverted confocal laser-scanning microscope 

(Nikon A1Rsi equipped with NA = 1.4, 100x objective) is used. Particles used for these 

experiments were fluorescently labeled. We performed limited imaging experiments to confirm 

that the fluorescence does not affect the final gel structure. After the addition of the MgCl2 solution, 

the suspension is vortex mixed for homogeneity and immediately loaded into an 8-well chamber 

(purchased from Thermo Fisher Scientific) mounted on the microscope. The gels are allowed to 

quiescently form for 1800 s before imaging. This protocol matches the timing of the rheological 

testing. Following this gelation time, 3D image stacks comprised of ~200 slices are acquired 

beginning at the coverslip.  Two channels are imaged: the platinum layer is imaged in reflection 

mode with a 488 nm laser and the fluorescent PS of the colloidal volume is imaged with a 561 nm 

excitation and an emission band extending from 570 to 620 nm. The pixel size and stack spacing 
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are 83 nm and the image size is 512 x 512 pixels. The particle locations in the resulting image 

stack are determined using Trackpy [127]. 

The radial distribution function, g(r), of the gel, is computed from the colloidal positions, 

using tools available in the Freud Python library [128]. g(r) describes the average number of 

particles at a distance 𝑟 from a basis particle, relative to that of an ideal gas. The gels produced 

here have been modeled as fractal clusters of fractal dimension, 𝑑𝑓, and cluster size, 𝑅𝑐.  For the 

fractal regime of this structure, 𝑔(𝑟) ~ 𝑟𝑑𝑓−3 [129], [130]. Following this equation, the slope of 

the log-log plot of the g(r) data is used to calculate the fractal dimension. For r/d > 3 [129], we 

observe power law scaling and extract the 𝑑𝑓. The average cluster size is then computed using 

equation (2-1) 

 𝑅𝑐 = 𝑎𝛷𝑜

−1/(3−𝑑𝑓)
 

(2-1) 

 

where 𝑎 is the particle radius [35].  The extracted values for 𝑑𝑓 and 𝑅𝑐 are used to compare the 

microstructures of the different gels. 

To check for the possibility that the active colloids produce micro-bubbles due to platinum 

catalyzed H2O2 decomposition we used confocal microscopy; this method can detect bubbles not 

visible to the eye. This check involves placing the gel in a sealed 8-well plate immediately after 

gelation is initiated and observing it on the confocal microscope (40x objective, NA = 0.95) for 

the duration of the longest rheology experiment (4500 seconds). We continuously scan the well in 

a spiral pattern and capture images at 0, 300, 900, 1800, 3600, and 4500 seconds. As shown in 

Figure 2-12 we find that active gels with 0.3 wt% H2O2 produced micro-bubbles at 1800 seconds 

or earlier; gels with 0.25 wt% H2O2 added showed no micro-bubbles for the duration of the 4500-
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second experiment. For this reason, 0.25% H2O2 is the maximum concentration of H2O2 used in 

this study.  

2.3.4 Microdynamical comparison of colloidal gel networks 

The same particles used for microstructural characterization were used for microdynamical 

comparison. To confirm the microdynamical difference between passive and active colloidal gel 

networks as previously reported by Szakasits et al., the same inverted confocal laser-scanning 

microscope (Nikon A1Rsi equipped with NA = 1.4, 100x objective) is used. Passive and active 

gels are prepared as for the microstructural characterization and again allowed to quiescently form 

for 1800 seconds before imaging. Following this gelation time, 30 second videos are taken of the 

colloidal gels at a rate of 15 frames per second and at a height of approximately 10 m above the 

coverslip. The same reflective and fluorescent channels are used to capture the platinum and PS, 

respectively, in the system. The pixel size is 83 nm and the image size is 512 x 512 pixels. A 

Python implementation of the Crocker and Grier algorithm known as Trackpy [127] is then used 

to extract the mean squared displacement, <Δr2(∆t)>, of the passive and active gels where ∆t is the 

lag time The static error from this method (about 9 x 10-4 μm2), is taken from an earlier study. 

[125] This error is always at least 3 times less than the measured dynamics, an indication that the 

<Δr2(Δt)> of the gels is resolvable by the imaging system. We use the function ε(Δt) = 

< Δr2(∆t) >𝑎𝑐𝑡𝑖𝑣𝑒/< Δr2(∆t) >𝑝𝑎𝑠𝑠𝑖𝑣𝑒 to describe the enhanced dynamics due to activity. Data 

are reported until the measured standard deviation of the mean squared displacement exceeds its 

average value. 

2.3.5 Active energy determination by measurement of free particle dynamics 
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Because the activity of the Janus colloids varies with batch and [H2O2], we specify 

conditions of each experiment by means of the Janus particle active energy, as determined from a 

direct measurement of the active, free particle dynamics. Active colloids undergo random walks 

that are expanded relative to passive colloids moving under Brownian motion.  These active 

dynamics occur because the transformation of chemical energy drives locomotion.  We determine 

the active energy of a particle, 𝐸𝐴, at a given hydrogen peroxide concentration from its particle 

velocity by following Takatori et al. [131]. Specifically, we use 𝐸𝐴 =  𝜉𝑉𝑙 where 𝜉 is the 

hydrodynamic drag coefficient, 𝑉 is the active particle velocity, and 𝑙 is the active particle run 

length which is equivalent to 𝑙 =  𝜏𝑅𝑉 = (8𝜋𝜂𝑎3/𝑘𝐵𝑇)𝑉 where, η is the solution viscosity.  EA 

can be scaled relative to energy of passive particles, Ep = kBT, the thermal energy that drives 

Brownian motion [131]. Here, T = 298 K.  These quantities are those of the free particle, as 

measured at dilute solution conditions.   

To measure the active particle velocity needed to assign EA, dilute Janus colloids are 

imaged (Nikon A1Rsi, NA = 1.4, 100x objective) and tracked using a Python implementation of 

the Crocker and Grier algorithm known as Trackpy [127]. Videos, each containing 

approximately 5-15 Janus colloids, are collected at a rate of 30 fps at 9 locations spaced 200 m 

apart in the shape of a cross. The pixel size is 124 nm and the image size is 256 x 512 pixels. The 

mean squared displacement, <Δr2(∆t)>, is used to characterize the particle velocities, V, by 

fitting the data to the function 〈∆r2(∆t)〉 = 4𝐷∆𝑡 + 𝑉2∆𝑡2 and limiting the set of data analyzed 

to short times, as appropriate for this expression [16], [125]. Here, D is the diffusion coefficient, 

D = kBT/(6ηa).  Then, using the previously described equation, we compute the active energy, 

𝐸𝐴, at each H2O2 concentration for batches B1, B2, and B3.  For the range of H2O2 

concentrations added, the free particle active energy ranges from 1.2kBT – 25kBT. See 
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Supplementary material (Section 2.6) Figure 2-13 for all the resulting free particle active 

energies.  For the rest of the paper, we index the active gels as per the free particle active energy 

of the embedded Janus colloid, so as to allow comparison across different batches and H2O2 

concentrations.   

2.3.6 Rheological characterization of gels 

Rheology experiments were performed using undyed PS particles. Oscillatory and steady-

shear rheology is performed on a stress-controlled rheometer (Anton Paar MCR 702) at T = 20C 

with a 50 mm parallel plate geometry and Peltier temperature-controlled plate and hood. 

Poly(dimethylsiloxane) (PDMS) films of thickness ~1.5 mm are applied to both of the stainless-

steel plates of the rheometer as described in Szakasits et al. [20]. These films suppress oxygen 

bubble formation that would interfere with the rheological experiments. Specifically, PDMS films 

are oxygen permeable [132]–[134] and are found to prevent oxygen bubble formation; they are 

used to act as a sink for oxygen. Stainless steel plates modified with these PDMS films accurately 

measure the rheology of both standards and gels (See Figure 2-14) [20]. Immediately after adding 

salt for gelation and vortex mixing for homogeneity, the colloidal suspension is loaded onto the 

rheometer. The parallel plate fixture is lowered to the gap distance (h = 500 m) while rotating at 

 = 3 rad/s to ensure even spreading of the sample.  

We measure time-, frequency-, and strain-dependent viscoelastic moduli at h = 300, 500, 

and 750 m and observed that the results at the two larger gaps are comparable, but the moduli at 

300 m gap were lower than the larger gaps (Figure 2-15). We therefore use h = 500 m for all 

measurements. To reduce evaporation of the gel sample during experiments a solvent trap is used.  

Before probing the yield behavior, a linear oscillatory deformation (0 = 0.003 and  = 1 

rad/s) is performed for 1800 s. This prior measurement is used to probe the kinetics of gelation 
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and confirm its successful completion.  After this linear measurement, the yielding behavior of the 

gels is characterized in three ways:  

1) Start-up of steady shear (𝛾̇= 0.02 s
-1

) was performed for 1800 s to produce a load curve, 

i.e. the average stress as a function of strain; the peak stress was taken as the yield stress [41], 

[105] The particular shear rate of the measurement was chosen to allow better temporal resolution 

of the initial kinetic response while also ensuring that measured stresses were at least 2 times the 

instrument’s lower stress limits, which was determined to be 2.9 x 10-3 Pa by measurement of 

standards (Figure 2-16). Visible signs of flocculation (as shown, for example, in the Figure 2-17: 

The passive colloidal gel was initially visually homogeneous at t = 0 sec during a steady shear 

experiment (𝛾 ̇ = 0.02 𝑟𝑎𝑑/𝑠𝑒𝑐) with a 43mm glass plate. At 130 seconds into the experiment, 

the beginning of flocculation is visible along the edges of the fixture. By the end of a 2400 second 

experiment, the sample is fully comprised of flocculated roll cells. Because of this visible 

flocculation, only data for t < 60s is analyzed.) were first seen 120 seconds after the experiment 

was initiated. For this reason, we report data acquired up until 60 seconds.  

2) Oscillatory strain amplitude sweeps ( = 1 rad/s) were performed from 0 = 0.001 to 10. 

The yield stress is then the peak stress in the measured elastic stress curve [108], [109]. The 

specified frequency was chosen to avoid noise, which was observed at lower frequencies, and 

expulsion of the sample from the gap, which was observed at higher frequencies. The yield stress 

values obtained are at least two times the lower limit of torque resolution for the instrument, as 

determined in an earlier study by measurement of the linear viscoelastic moduli of aqueous 

solutions of poly(ethylene oxide) [20].  In addition, the yield stress estimated from the elastic stress 

method was checked by comparing results to those of the alternate method of the stress at which 

G’ and G’’ crossover (c.f. 2.6.1) [108], [109]. 



 28 

3) The creep compliance, J(t, σ) was measured at a number of values of the imposed 

stress (σ = 0.0001 to 0.1 Pa). For a yield stress material, at low imposed stress, the linear 

response is probed; the compliance approaches a nearly constant value in this case, consistent 

with a material with properties approaching that of an elastic solid.  As the imposed stress is 

increased, the plateau compliance increases, until, above the yield stress, the compliance no 

longer attains a plateau value. It instead grows steadily, approaching a linear increase with strain 

at high imposed stress [108]. The yield stress is the imposed stress at which the material 

transitions from exhibiting a plateau to a steadily growing compliance. 

2.4 Results and Discussion 

 

Figure 2-1: Visualization of active and passive gel (𝜙𝑜 = 0.029) 3D structures across multiple length scales imaged 

1800 s after initial gelation. Scale bar of the 10x objective is 200μm; 40x objective is 50μm; 100x objective is 20μm. 

Active gels have an active to passive particle ratio of 1:1200 and contain Janus particles from batch B1 and 0.25 

wt% H2O2 producing an EA/kBT = 25. 
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Figure 2-1 shows maximum projections of 3D volumes of passive and active gels 1800 seconds 

after initiation of gelation imaged with the 10x, 40x, and 100x objectives of the CLSM. The active 

gels in Figure 2-1 contain active colloids whose free particle active energy is EA/kBT = 25.  The 

fractal structure of the gel is apparent, especially at 100x magnification. As the magnification 

decreases, the fractal structure on smaller scales gives way to structure that is more uniform and 

fluid-like, consistent with the larger, cluster scale of the gel [135].  

 

Figure 2-2: The radial distribution functions of passive and active gels. The inset shows the fractal scaling. Active 

gels at EA/kBT = 3.6 and EA/kBT = 11 contain Janus particles from batch B1 and 0.1 wt% and 0.2 wt% H2O2, 

respectively. 

To characterize and compare the structures, the radial distribution function g(r), shown in 

Figure 2-2, is used to calculate the fractal dimension, 𝑑𝑓, and the average cluster size, 𝑅𝑐 (see 

Methods) [35], [125], [129], [130]. The inset shows the regime from which these structural 

parameters were calculated, as per the methods. The passive gel has a fractal dimension, 𝑑𝑓, of 

1.85 ± 0.06 and an average cluster size, 𝑅𝑐 , of 11.1 ± 1.8 𝜇m. The active gels have a 𝑑𝑓 of 1.84 ± 

0.11 and 1.78 ± 0.08 and a 𝑅𝑐 of 10.8 ± 3.0  and 9.30 ± 1.5 𝜇m for gels containing active particles 
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with active energy ratios of EA/kBT = 3.6 and 11, respectively. These parameters for the active gels 

are compared to those of the passive gels by using 2-sample t-tests. The difference between the 

active and passive gel fractal dimension and cluster size is not statistically significant at either 

level of active energy tested. (For EA/kBT = 3.6, p = 0.84 and p = 0.83 for 𝑑𝑓and 𝑅𝑐, respectively.  

For EA/kBT = 11, p = 0.11 and p = 0.11 for 𝑑𝑓and 𝑅𝑐, respectively.) This indicates that activity 

does not cause a detectable change in the average gel microstructure in the activity regime we 

probe in this study. Additionally, all three fractal dimensions are consistent with diffusion-limited 

cluster aggregation for which 𝑑𝑓~ 1.8 [20], [23], [43], [125], [136], [137]. 

The similarity in the network structure of active and passive gels can be explained by means 

of the simulation results of Omar et al. [70]. This study reports the microstructure of colloidal gels 

formed by a system of attractive passive particles in the presence of a small fraction of active 

particles. The strength of pair interactions is defined by an attractive force as Ea/ , where Ea is the 

well depth of the attractive pair potential and  is the interaction range.  The authors find that if 

the swim Peclet number of the active particles, Pes = 𝜉𝑉/(𝑘𝐵𝑇/𝑎) , is less than a critical value, 

then an active particle is unable to disrupt bonded particle pairs in the gel.  Pes determines the ratio 

of active forces to thermal forces.  The critical value, Pes*, specifies conditions where the active 

forces equal pair attractions. Below Pes* active particles do not change the gel microstructure vis-

à-vis a gel formed from passive particles alone.  To compare to Omar et al., we compute the ratio 

Pes/Pes* for the samples reported in Figure 3-1.  

Interaction between colloidal particles in the gel is described by a pairwise potential, U(s), 

defined here as the sum of van der Waal’s attraction, Uvdw(s) and the electrostatic repulsion, Uel(s) 

where, s is the surface-to-surface separation between particles [20]. A plot of the U(s) normalized 

by thermal energy, kBT, for the particles with properties described in Methods (Figure 2-18: 
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Pairwise potentials, Uel(s) (electrostatic repulsion), Uvdw(s) (van der Waal’s attraction) and U(s) 

= Uel + Uvdw as a function of the interparticle separation s normalized by the thermal energy kBT.  

The horizontal dotted line indicates the well depth, Ea. The horizontal dot-dashed line is drawn at 

U(s)/kBT = -1.  The interaction range, where U(s)/kBT  -1, is  = 0.13a, where a is the particle 

radius. Here, T = 298K.) along with complete expressions for the pair potential are provided in the 

SI. The magnitude of the well depth for this particle system is EA = 22.5 kBT and the interaction 

range where U(s)/kBT  -1 is  = 0.13a.  Together, Pes*  2 x 102.  From the microdynamical study 

of single active particle velocities (c.f. Figure 2-13: Microdynamics and energy of free active 

particles. a) mean squared displacements of active particles from batches 1 and 2 at each hydrogen 

peroxide concentration. Each condition contains at least 7 measurements. Error bars are standard 

error of the mean. b) Summary of the particle velocity (V), run length (l), and active energy (EA) 

at each hydrogen peroxide concentration computed for each condition. Calculations were 

performed as described in the text. The velocity was calculated by fitting the short time mean 

squared displacements to the limiting expression, 〈∆𝑟2(∆𝑡)〉 = 4𝐷∆𝑡 + 𝑉2∆𝑡2, described by 

Howse et al. [16]. Run length was calculated using the velocity extracted from short-time mean 

squared displacements and the reorientation time computed from the rotational diffusivity as per 

theory [16]. Errors are standard errors of the fit. Active energies were calculated using per Takatori 

et al. as described in the text [131]. Additionally, kBT = 4.04e-21 m2kg/(s2K).), we find that for 

all concentrations of H2O2 studied here, Pes/ Pes*  5 x 10-3 - 3 x 10-2 < 1. The comparison supports 

the Figure 3-1 observation of no structural change due to the inclusion of active particles in the 

gels.  
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Figure 2-3: Mean squared displacement (<Δr2(Δt)>) of passive gels and active gels 1800 s after initial gelation. 

Active gels contain Janus particles from batch B3 and 0.2 wt% H2O2. The inset shows ε(Δt) vs lag time. The line 

indicates the average enhancement across the set of lag times reported. Error bars are standard error of the mean. 

To quantify the microdynamical difference between passive and active gels, the ensemble-

averaged mean square displacements of particles in the gels were characterized. Figure 2-3 shows 

these <Δr2(t)> of passive and active gels (the latter containing particles with EA/kBT = 4.3). The 

magnitude of <Δr2(t)> is more than two times greater than the static error (as taken from prior 

work by Szakasits et al.) at all conditions, confirming that the measured active and passive 

displacements are resolvable. Defining ε(Δt) as the active to passive <Δr2(t)> ratio as per the 

methods, we see that when plotted against the lag time (inset of Figure 3-3) the microdynamics of 

active gels are, on average, 25% greater than that of the passive gels across the range of the data 

set. This level of dynamical enhancement is comparable to that previously reported by Szakasits 

et al for gels of a somewhat lower volume fraction. The <Δr2(Δt)> curves for both passive and 

active gels show small positive slopes on a log-log scale, suggesting that there is some slow 
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dynamics of the gels, in addition to localization dynamics.  Similar observations have been 

previously reported for colloidal gels. This time dependence could be the result of slow dynamics, 

arrested phase separation, or syneresis [125], [138], [139]. 

2.4.1 Passive gel rheological characterization 

 

Figure 2-4: Passive gel (EA/kBT = 1) storage and loss moduli (G’ , G’’) as a function of a) time at 0 = 0.003 and 𝜔 

= 1 rad/s; b) 𝜔 at 0= 0.003 and time = 1800 s; and c) 0 at 𝜔 = 1 rad/s and time = 3300 s. Error bars are standard 

error of the mean. 

Figure 2-4 plots the linear viscoelastic moduli as a function of (a) time, (b) frequency, and 

(c) strain for a colloidal gel made solely of passive particles. The volume fraction of passive 
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particles in the gel is 2.9%.  At 𝜔 = 1 rad/s and 0 = 0.003 (Figure 2-4(a)) the time-dependent 

moduli show an initial rapid increase, consistent with the onset of gelation. For t > 500 s, the 

moduli continue to increase, but at a much-reduced rate. At 1800 s, G’ = 1.8 ± 0.4 Pa and G’’ = 

1.4 ± 0.3 Pa. Aging is a common feature of colloidal gels; however, our experiments are completed 

in a short enough time (t = 3600 – 4500 seconds) that aging does not strongly affect the conclusions 

drawn from the measured viscoelastic moduli [139], [140]. Specifically, all measurements reported 

in this paper are captured within the bounds of 1800 s to 3000 s after gelation. When the non-linear 

deformation is initiated at 1800s yielding occurs quickly; in startup tests it takes ~20 seconds; in 

oscillatory strain tests it takes ~660 seconds; and in creep tests it takes ~1 second to see the onset 

of yielding at the particular stress probed. Extrapolating from the aging rate of 5.3 x 10-4 Pa s-1 

determined over the interval 1300 s to 1800s in Figure 3-4a, we estimate that the passive gel moduli 

change by 0.07%, 20%, and 0.03% over the period of each measurement, respectively. Though the 

estimated gel moduli for the oscillatory strain tests is significant, we note that the test is still a 

useful tool for comparing yielding behaviors. Additionally, since the aging should occur in both 

passive and active gels and the effect of aging is in the opposite trend that is expected of activity, 

the results allow conclusions to be drawn about the effects of activity. 

The frequency dependence of the linear viscoelastic moduli (c.f. Figure 2-4 (b)) displays 

power law behavior that is indicative of a gel past its gel point [141]. The strain amplitude sweep 

(c.f. Figure 2-4 (c)) shows an onset of nonlinearity at 0 ~ 0.01; the strain chosen for the time 

sweeps,  0 = 0.003, is therefore within the linear regime. 

 

2.4.2 Yield stress determined from start-up of steady shear flow 
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Figure 2-5: Elastic moduli and stress with increasing active energy ratios. (a) Elastic moduli as a function of time 

(0 = 0.003, ω = 1 rad/s) and (b) subsequent start-up of steady shear flow at a 𝛾̇ = 0.02 s-1 of passive and active gels 

with increasing hydrogen peroxide concentration. Active gels contain Janus particles from batch B1 and 0.1 wt% 

and 0.2 wt% H2O2, respectively. The initial peak stress value in the curve of b) is taken as the yield stress of the gel. 

Error bars are standard error of the mean. For clarity of presentation, only two of the seven active gel data sets are 

plotted; the complete data set is available in Figure 2-19 and Figure 2-19 in the supplementary material. 

When active particles are embedded in the gel, the linear viscoelastic response drops 

significantly, consistent with Szakasits et al. [20]. Figure 2-5 (a) shows these results – specifically 

G’(t) for passive and active gels. The linear elastic modulus decreases monotonically with 

increasing activity of the embedded active particles. (See Figure 2-19 in the supplementary 

material for full data set.) This trend confirms that activity generates change in linear rheological 

properties. 
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Following the test in Figure 2-5 (a), the stress response of passive and active gels in startup 

of steady shear flow is measured.  The measured stress is plotted as a function of strain in Figure 

2-5 (b); the shear rate of the flow is 0.02 rad/s. At each condition studied the stress initially grows 

to a maximum value.  This maximum occurs by 0 ~ 0.1.  After the maximum, the stress decays 

within less than a unit of strain.  As the experiment concludes the stress is once again increasing. 

The first peak in the stress is taken as the yield stress, consistent with literature. [41] Following 

this definition, the yield stress for passive gels is 0.058 ± 0.021 Pa while that of active gels here 

with 0.1 wt% and 0.2 wt% H2O2 is 0.038 ± 0.005 Pa and 0.020 ± 0.003 Pa, respectively. As is 

evident, the yield stress also decreases monotonically with increasing activity (see Figure 2-20 in 

supplementary material for full data set). The stress peaks from the start-up of steady shear tests 

do not show as sharp of drops compared to similar tests found in literature. For example, the peaks 

that Mohraz and Solomon report for similar tests on low volume fraction colloidal gels drop at 

least 60% after one unit of strain, while the 2.9 vol% gels here drop between 1 and 10% before 

rising again. [41] 

This minimal drop in stress is taken to be a result of shear induced flocculation, a 

phenomenon common in particle suspensions and dispersions that occurs at low shear rates and is 

affected by hydrodynamic interactions [142], [143]. Once the sample is yielded, the test occurs at 

conditions favorable for shear-induced flocculation. Specifically, it contains attractive particles in 

a Newtonian fluid and it is sheared in a confined geometry at low shear rates.  The upturn in the 

stress suggests a build-up of structure. This is visually confirmed by extending the steady shear 

test for passive gels to longer times and observing the specimen through a glass plate (43 mm 

diameter). Figure 2-17 in the supplementary material shows these tests; an initially homogenous 

gel changes, over time, to a series of flocculated roll cells that are visible to the naked eye. These 
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flocs are strikingly similar to the shear-induced flocs reported in literature [142], [143]. (Recall 

that active gel rheology data is only reported up to 60 seconds, which is a regime prior to when the 

initial flocs are first observed at 120 seconds.) 

Swan et al. explain that shear-induced flocculation occurs when the shearing of a 

homogenous suspension causes aggregates to form, as would take place in the breaking and 

restructuring during the yielding process. These aggregates (or flocs) grow under continuous shear. 

The growth generates structure that produces additional stress that ultimately exceeds the stress of 

the initial, pre-yielded gel. [143] Thus, shear-induced flocculation is the likely explanation for the 

minimal drop in stress that is observed post-yield in these gels. 

2.4.3 Dependence of Rheology on Active Energy  
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Figure 2-6: Yielding parameters from start-up of steady shear tests of active gels with increasing active energy. (a) 

Ratio of active to passive gel elastic moduli, characterized at t = 3000 s, (b) ratio of active to passive yield stress 

from start-up of steady shear, and  (c) ratio of active to passive yield strains. The active energy of the embedded 

particles is normalized relative to kBT. Lines in (a) and (b) are exponential decay fits intended to guide the eye. The 

line in (c) is a linear regression. The active gels in this figure contain 0.003% v/v of Janus particles from batch B1 

with H2O2 concentrations 0.025%, 0.05%, 0.1%, 0.15%, 0.2%, and 0.25%. The passive gels contain no Janus 

particles and a H2O2 concentration of 0.5%. Additionally, kBT = 4.04 x 10-21 J/K. Error bars are standard error of 

the mean. 

Start-up of steady shear was performed at a total of 7 different concentrations of H2O2. The 

resulting elastic moduli, yield stress, and yield strain are plotted in Figure 2-6 as a function of the 
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scaled active energy normalized against the passive case. (The mapping between active energy, 

batch, and H2O2 concentration is reported in Figure 2-13 in the supplementary material.) The 

ordinate scales of G’, σ y, or γy are all scaled relative to the passive case.  

As the active energy increases, there is a monotonic decrease in elastic modulus (Figure 

2-6 (a)), as indicated by the trend line. (The data follow the trend line well except for the datum 

point at Ea = 1.3kBT, which falls lower than the line, even when its error is considered. The error 

bars of all the other points, however, support the adoption of the trend line.) At the highest activity 

level, the elastic modulus is about 60% lower than the that of the passive gel. This reduction is less 

than that found in 1.5 vol% gels reported in Szakasits et al. This smaller reduction is consistent 

with the higher volume fraction of the gels studied here with network elasticity that is about 12-

fold greater than that characterized by Szakasits et al. (see Equation (2-2) in the theory section).  

Achieving corresponding levels of material softening therefore requires higher active energy 

states, precluded here due to onset of bubble formation (see Figure 2-12 in supplementary 

material). Figure 2-6 (b) shows the dependence of the yield stress of the gel on active energy, 

which also shows a monotonic decrease. The decrease in yield stress is of a magnitude and trend 

that is comparable to the decrease in linear elastic modulus. (Consistent with the modulus data the 

point at 1.3kBT is lower than the trend; however, the other points support the adoption of a 

trendline.) 

 The yield strain, or strain at which yielding occurs, is plotted in Figure 2-6 (c). It was 

determined as the strain of the peak stress in the start-up of steady shear experiments reported. 

This characterization approach is found in the literature [41]. Mohraz and Solomon suggest the 

yield strain determined in this way is associated with rupture of the fully extended gel backbone. 

It is distinguished from the limit of linearity, which is associated with strains leading to non-
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harmonic changes in the pair interaction between particles. Distinguishing between these two 

measures is important when comparing yield behavior from different rheological tests.  

A linear regression t-test was performed on these yield strains to determine if there was a 

statistically significant dependence on active energy. The p-value of 0.32 indicates no significant 

relationship. These trends in moduli, yield stress, and yield strain show that the reduction in yield 

stress is completely explained by the proportionate reduction in elastic modulus. 

In their work, Mohraz and Solomon proposed that the critical strain of a fractal cluster 

colloidal gel is related to properties of its fractal clusters through the equation: 1 +

0.6𝛾𝑐~𝜙(𝑥−1)/(𝑑𝑓−𝐷) where 𝑥 is the backbone fractal dimension and D is the Euclidean dimension 

of the system. The critical strain they define is equivalent to the yield strain measured here. The 

observation that the critical strain is independent of activity suggests that neither 𝑥 nor 𝑑𝑓 are a 

function of this quantity. This finding supports the microscopic visualization from which it was 

concluded that that the colloidal gel microstructure is independent of the energy of the active 

particles embedded in the gel. 

2.4.4 Yield stress from oscillatory shear rheology 
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Figure 2-7: Yield behavior from oscillatory strain amplitude sweeps (𝜔 = 1 rad/s and t = 1800 s) of passive and 

active gels (a) Viscoelastic moduli as a function of strain amplitude. (b) Elastic stress (G’* 𝛾0) plotted as a function 

of strain amplitude. Active gels contain Janus particles from B1 and 0.2 wt% H2O2. The G’-G’’ crossover point and 

the maximum in elastic stress curve are taken as the yield stress in each graph, respectively. Here kBT = 4.04 x 10-21 

J/K. 

Oscillatory strain amplitude sweeps also characterize the yield stress of the active gels. The initial 

linear elastic modulus is given in the supplementary material Figure 2-22 (a). Figure 2-7 (a) shows 

G’ and G’’ as a function of increasing strain amplitude at 𝜔 = 1 rad/s. The yield stress is determined 

from these data as the maximum in the elastic stress, as per the Methods section 2.3.6 [108], [109]. 

The elastic stress is the product of the elastic modulus G’ and the strain amplitude. Figure 

2-7 (b) plots the oscillatory shear data in this way. This analysis determines the yield stress to be 

0.027 ± 0.004 Pa and 0.012 ± 0.005 Pa, for the passive and active gels, respectively. The yield 
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strain by this method is 0.051 ± 0.012 for passive gels and 0.038 ± 0.012 for active gels. A 2-

sample T-test indicates that the difference in yield strain is not significant (p = 0.18). These results 

corroborate that activity is causing a drop in yield stress but no significant change in yield strain; 

it also supports the earlier conclusion that embedding the active Janus particles does not 

significantly affect the microstructure of the gels [41]. 

2.4.5 Yield stress from creep measurements 

 

Figure 2-8: Creep compliance, J(t,σ) of (a) passive and (b) active gels beginning at 1800 s after initial gelation. 

Active gels contain Janus particles from batch B2 and 0.2 wt% H2O2 (EA/kBT = 5.6). Error bars are standard error 

of the mean. 
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Figure 2-8 compares the creep compliance of passive and active gels. After the initial linear 

elastic measurements (Figure 2-22 (b)), the gels were subjected to progressively greater stresses 

from 0.001 to 0.1 Pa. In Figure 3-8a, for the passive gel, as the stress is increased from 0.001 to 

0.03 Pa, the compliance curves overlap and approach a constant value at long times. This stress 

independence in the regime 0.001 – 0.03 Pa is indicative of a linear response. For t < 102 s, 

representing the elasticity dominated region, this linear compliance relates to an elastic modulus 

of about 0.81 Pa (obtained by fitting to a single mode Jeffreys model, c.f. Figure 2-21) which is 

consistent with the linear G’ measurements at an equivalent frequency of about  ~ 0.1 rad/s 

(Figure 2-4 (a)).     

As the stress increases to 0.07 Pa, the compliance deviates from plateau behavior and 

instead grows monotonically with strain. At stresses of 0.08 and 0.1Pa, the compliance grows 

nearly linearly with strain. Recall that the yield stress is the imposed stress at which the material 

transitions from exhibiting a plateau to a steadily growing compliance. The data here shows such 

a transition between 0.05 and 0.07 Pa, an indication that the yield stress falls between these two 

values.  

The active gel (containing particles with EA/kBT = 5.6) in Figure 2-8 (b) displays a similar 

progression from the behavior of a viscoelastic solid to that of a viscous liquid. However, there are 

quantitative differences; the creep compliance attains a constant, plateau value for stresses at and 

below 0.02 Pa. Deviation from the compliance plateau value begins at a lower stress of 0.05 Pa 

instead of 0.07 Pa and a linear response to strain is observed by 0.05 Pa. From this, we take the 

yield stress for the active gel to be between 0.02 and 0.05 Pa. 

2.4.6 Comparison of yield stresses from the three rheological tests 
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Table 2-1: Summary of yield stresses of passive and active gels from the different rheological tests 

 σy
 

 Start-up of steady 

shear 

Oscillatory Strain Sweep 

(from elastic stress curve) 
Creep 

Passive gel (
𝑬𝑨

𝒌𝑩𝑻
= 𝟏) 0.058 ± 0.020 Pa 0.027 ± 0.007 Pa 

Between  

0.05 and 0.07 Pa 

Active gel (
𝑬𝑨

𝒌𝑩𝑻
= 𝟓. 𝟔) --- --- 

Between 

0.02 and 0.05 Pa 

Active gel (
𝑬𝑨

𝒌𝑩𝑻
= 𝟕. 𝟏) 0.032 ± 0.009 Pa --- --- 

Active gel (
𝑬𝑨

𝒌𝑩𝑻
= 𝟏𝟏) 0.020 ± 0.001 Pa 0.012 ± 0.009 Pa --- 

 

Table 2-1 summarizes the apparent yield stresses of passive and active gels found from the three 

rheological tests. The creep and start-up of steady shear methods are in good agreement. The 

decrease in the yield stress by these characterization methods is approximately 35-50%. On the 

other hand, the apparent yield stress from the oscillatory strain sweep technique is much lower 

than the other two methods.   Nevertheless, the relative decrease with activity is also about 50%.  

The effect of technique on the value of the measured yield stress has been discussed in the 

literature [111], [112]. Here, all methods show a similar reduction in the magnitude of the yield 

stress as activity is introduced into the fractal cluster gels. All tests additionally show no significant 

change in yield strain, which we earlier discussed as consistent with the lack of a microstructural 

change.  These results together indicate that it is the decrease in linear modulus that causes the 

concomitant drop in yield stress in this colloidal gel system. 

We note that even though the yield strain is here found to be independent of activity, this 

finding may not be general. Specifically, as identified earlier, our system has a very low active 

particle ratio (1:1200) and Pes/Pes* ratio ( 5 x 10-3 - 3 x 10-2). In this low activity regime, the 

active swim forces do not exceed the attractive forces of the system. However, as per Omar et al., 
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in a system containing swim forces greater than Pes* and, therefore great enough to cause a 

structural change, the yield strain would depend on activity. This dependence would in turn affect 

the effect of activity on the yield stress. 

2.4.7 Hypothesis to explain the activity-induced decrease in storage modulus  

Since the activity-induced reduction of yield stress arises due to the concomitant decrease 

in modulus (Figure 2-6), we focus on modeling the activity-induced decrease in the storage 

modulus. As shown Figure 2-6a, the gel modulus decreases as the level of active energy input by 

the Janus particles is increased. The magnitude of the decrease – about 60% – is unexpected given 

the very low abundance of active particles embedded in the gel.  The active to passive particle ratio 

in the gel is NA:NP = 1:1200. As free particles, these active colloids undergo locomotion at rates 

consistent with an active energy that is up to twenty-five times that of thermal energy. That is, EA 

= 25kBT, at its largest in the data set.  

If the active energy of the Janus particles were to affect linear rheology in proportion to 

their number and their active energy [20], the modulus change, G/G, would be expected to scale 

as  (NAEA + NPEP – kBT)/(kBT). Here NA and NP are the number fraction of active and passive 

particles, respectively. Although the active energy of each particle is high, their number density is 

low. The resulting decrease in modulus would be no more than about 2%.  Therefore, some other 

physical mechanism is required to explain the much greater (up to 3x) decrease in elastic modulus 

that are observed.  

To reconcile the modulus decrease, active particle concentration, and energy of the active 

particles, we hypothesize that a Janus particle activates the fractal cluster in which it is embedded.  

Enhanced fluctuations of active clusters – rather than active particles – then drive the decrease in 

rheological properties. Given the measured fractal dimension and size of the clusters, and if each 
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fractal cluster includes at most one active particle, the active to passive cluster ratio is 1:40 in the 

gels studied here. Before developing a quantitative model, we first review literature that is 

supportive of the conjecture that active particles could drive active fluctuations in the fractal 

clusters in which they are embedded. 

The active cluster hypothesis is motivated by dilute solution studies in which Brownian 

clusters of passive colloids were observed to exhibit stronger than expected self-propulsive 

dynamics when an active particle was embedded in it [8], [80], [81], [144], [145] and by a study 

of fractal cluster gels which reported that passive colloids in the gels exhibited enhanced dynamics 

[125].  First, assemblies of one to six passive colloidal cargo transported by single catalytic [81] 

and light absorbing [145] active colloids moved with speeds up to 25% of that of the micro-motor.  

Second, passive clusters containing up to 19 particles attached to a light actuated self-propelled 

Janus colloid displayed enhanced velocities equal to up to 30% of that of the free active particle 

and higher than would have been observed under purely Brownian dynamics [8]. Third, recent 

measurements on fractal cluster gels – containing on average ~ 1000 particles per cluster – showed 

that embedded active particles cause enhanced displacement of passive colloids [125].  These 

studies bracket the size of the fractal clusters produced in this paper, which average about 300 

particles.  They support the conjecture that a Janus particle could activate a cluster in which it is 

embedded.  We note that this activation might well be expected to proceed with some efficiency 

that is less than ideal.  These studies suggests that clusters might be activated with an efficiency 

of 25-30%  (i.e. EA,c = EA + (1 - )kBT were  ~ 0.25-0.3, where EA,c is the active energy of a 

cluster and  is an efficiency). 

We model the effect of active clusters on gel mechanics with the following: The elastic 

modulus of (passive) fractal cluster gels has been previously modeled as [35]: 
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 𝐺′ = 𝜅𝑎−1𝜙(3+𝑑𝐵) (3−𝑑𝑓)⁄  (2-2) 

Where, , the spring constant is [20], [130]:  

 
𝜅 =

𝑘𝐵𝑇

〈𝑠2〉 − 〈𝑠〉2
     (2-3) 

Where the bracket indicates a Boltzmann-weighted average (c.f. SI) and dB is the backbone bond 

dimension (  1.1 for DLCA gels [146]).   Applying equations (2-2) and (2-3) for the passive gel 

(𝑇 = 298 K) gives G’ = 1.5  0.6 Pa. This value agrees well (p = 0.70) with the measured value in 

Figure 2-4a of 1.8 ± 0.4 Pa.   

To apply equations 2 and 3 to active gels, 𝑇 is replaced with an effective temperature, 𝑇𝑒𝑓𝑓, 

whereby, 𝑘𝐵𝑇𝑒𝑓𝑓 is the total energy of the system including energy input by active clusters. From 

Szakasits et al. [20]: 

 𝑘𝐵𝑇𝑒𝑓𝑓 = 𝑁𝐴,𝑐𝐸𝐴,𝑐 + 𝑁𝑃,𝑐𝐸𝑃,𝑐      (2-4) 

 

Here, NA,c, NP,c and EA,c, EP,c are the number fractions and energies of the active and passive 

clusters, respectively.  Each active cluster is assumed to contain one Janus particle embedded in 

it.  Thus, NA,c is calculated as the ratio of number density of Janus colloids (c.f. Methods 2.3.2) to 

the number density of clusters in the gel.  For fractal gels, the number density of clusters of size 

Rc containing particles of radius a is 𝜙0𝑅𝑐

−𝑑𝑓𝑎𝑑𝑓−3, where 0 is the colloid volume fraction [147]. 

For the active gels studied here, NA,c = 0.024, NP,c = 0.976 and EP,c = kBT.  The probability of 

having more than 1 active colloid per cluster is vanishingly small given the extremely dilute 

concentration of Janus colloids (1 : 1200) in the gel that results in an active to passive cluster ratio 

of just 1 : 40.  
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Finally, two limiting cases for EA,c can be identified based on the level to which clusters 

are activated: (1) EA,c = EA, for which the active cluster has the same energy as the embedded 

active particle and (2) EA,c = kBT, for which fluctuations of the active particle are fully damped, 

and the cluster remains passive. Intermediate values, kBT < EA,c < EA, represent cases in which the 

active particle is only partially effective in activating the cluster [8]. Therefore, EA,c = EA + (1 – 

)kBT where,  [0 , 1] is the degree of cluster activation. As discussed previously, literature 

references [8] and [81], [145] study might suggest that  might be in the range 0.25-0.30.   

The active clusters affect the elastic modulus in the following way: Increasing levels of 

activity (i.e. EA,c) increase the system energy (equation (2-4)) and result in larger fluctuations in 

inter-particle separation.  Equipartition then generates a decrease in the spring constant (equation 

3), which finally results in a decreased elastic modulus (equation (2-2)).   

The theory predicts a family of curves, each corresponding to a different degree of cluster 

activation efficiency, .  These predictions are plotted in Figure 2-9 as the modulus ratio G’A/G’P 

calculated at each experimental condition of Janus particle active energy, EA/kBT.  When,  = 0 

(EA,c = kBT), no decrease in gel modulus is predicted.  As the degree of cluster activation increases 

up to  = 1 (EA,c = EA), the curves progressively shift downwards indicating greater levels of 

decrease in G’.   

The predictions are compared with experimental data and plotted as solid black circles with 

a trend line. The experimental line falls between the theoretical limits  = 0 and  = 1, implying 

that for the active gel, embedded Janus particles activate the clusters only partially.  The best 

agreement between calculated and measured values, obtained from a regression analysis, is when 

 = 0.29 ± 0.04.   
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The data point at EA/kBT = 1.3 (as discussed earlier) is somewhat confounding. In addition, 

the shape of the experimental curves differs somewhat from the family of model predictions. 

Specifically, the theory at high active energy predicts a greater drop in modulus than observed. 

There are a number of factors, each of which could be the subject of future research, which might 

explain the difference in trend. These factors are: (1) the gel may progressively stiffen upon the 

addition of H2O2 due to this chemical’s effect on pair interactions [125]; (2) additional attractive 

forces between active-passive particles might be induced by local chemical gradients formed 

during fuel decomposition [148]. 

Notwithstanding these avenues for future research, Figure 2-9 indicates that the hypothesis 

of fractal clusters activated by embedded Janus particles is consistent with the reduction in 

rheological properties for these gels comprised of very few active colloids.  The comparison 

suggests that the energy of active clusters is as great as 8.0 kBT for the H2O2 concentrations studied 

here.  These findings are consistent with prior studies that show fluctuations and motion of 

indirectly activated passive clusters are 25-30% of the embedded active colloids [8], [125].  

 

Figure 2-9: Variation of active to passive gel storage modulus with free particle active energy, EA/kBT. Experimental 

values from Figure 6a are plotted as filled circles with a solid trend line.  Dashed lines indicate theory predictions 

calculated pointwise at each experimental condition for different levels of cluster activation from  = 0 (EA,c = kBT) 

to  = 1 (EA,c = EA). The best-fit line is plotted as the heavier dashed line. Generated by Mahesh Ganesan.  
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2.5 Conclusions 

Through three commonly used rheological yield stress tests – steady, oscillatory and step 

shear – this study has shown that active motion causes a reduction in the yield stress that parallels 

the reduction in the linear viscoelastic moduli of colloidal gels embedded with active particles.  

This up to a factor of three reduction in yield stress was achieved at very low amounts of active 

particles embedded in the gel network. Simultaneously, these embedded particles generate no 

significant change in the yield strain. Rheological results combined with independent confocal 

measurements that show no significant change in fractal cluster microstructure of the gels, as 

quantified through 𝑑𝑓and 𝑅𝑐.  

We explain these findings by using a model for the elastic modulus of fractal cluster gels 

in combination with the activity-induced softening of pair bonds between particles in the gel. We 

find that the significant reduction in viscoelastic moduli at low particle loading is explained if the 

theory is applied at the level of active clusters rather than active particles. This hypothesis indicates 

that active particles embedded in fractal clusters activate the whole cluster, consistent with 

previous reports for Brownian clusters [8], [80], [81], [144], [145].  

 By considering varying degrees of coupling between the active particles and the fractal 

clusters, we find that the gels studied here are best explained by fractal clusters that are activated 

by the active particle embedded in them with an efficiency of about 30%. While this parsimonious 

model – with one adjustable parameter – captures both the scale of the rheological effect and the 

trend at low active particle energies, it over predicts the amount of rheological change at the largest 

active energies.  

The findings and modeling raise additional questions that could be the subject of future 

research.  First, the consistency of our findings with the hypothesis of active clusters motivates 
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work to characterize – either by simulation or experiment – the correlated microdynamics of 

colloids in fractal clusters containing Janus inclusions. Such a study could shed light on how the 

active dynamics of the Janus particles couple to produce active fluctuations of the clusters in which 

they are embedded. Second, additional modeling or simulation could address the nature of electric 

and chemical species fields within disordered materials with embedded catalytic Janus particles, 

including fractal clusters. Such a study would address the fundamental electro-diffusiophoretic 

origin of the coupling between active and passive colloids in networks such as those created in this 

study.  Further, additional research could also address the level to which added chemicals such as 

H2O2 modulate particle pair potentials, thereby presenting an additional factor needed in modeling.  

For instance, prior work has suggested that gel stiffening in the presence of H2O2 is independent 

of its concentration; however, such a dependence could explain the trend in activity effects.  Third, 

an unexamined dimension of this study is the potential effects of metallic van der Waals 

interactions on modeling results through the strong effects of metals on van der Waals interactions.  

Such a study could proceed by varying the platinum layer thickness and probing effects on 

rheological properties, since the Hamaker constant of metallodielectric particles depends on the 

metallic layer thickness [149]. Fourth, it would be interesting to increase activity levels further in 

the gel so as to produce a material with a variable yield strain, or even, an auto-yielding material. 

The latter would recapitulate in experiment features identified in the simulation study of Omar et 

al. Fifth, experimental and modeling work on the dynamics of isolated fractal clusters can address 

how the degree of cluster activation scales with the size and number of passive and active particles 

in each fractal cluster.  Work in the above directions would further elucidate the way in which 

interparticle interactions, microstructure, and dynamics mediate the rheological properties of these 

novel gel materials.   
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The results from this study create a new kind of functional material with multi-state 

mechanical properties. By simply “turning on” activity – for example, through the addition of fuel 

like hydrogen peroxide, light, or other means – a dramatical change in elastic moduli and yield 

stress could be obtained.  These materials can be considered to be functionally similar to stimuli-

responsive polymeric materials that change their chemical and physical properties when exposed 

to different stimuli such as light and mechanical force [150]–[153].  

An implication of the present work is that only minute quantities of the active agent (here 

–Janus particles) need be added to the formulation to affect rheology.  The small quantities of 

material added preserves the structure of the material. This attribute, for instance, results in a 

material with a reconfigurable yield stress but a constant yield strain.  

Finally, much still needs to be researched to support the potential application of active 

colloidal gels in areas such as consumer products, agriculture, and pharmaceuticals. Active matter 

constituents – both particle and fuel – that are inexpensive, safe, and environmentally benign are 

needed, for example.  Additionally, larger rheological changes than the three-fold levels observed 

here would expand the range of utility of this class of material.  Finally, even within the class of 

catalytic Janus particles improvements addressing fuel depletion and reaction product building 

(with the latter leading to bubbles) would be welcome. Nevertheless, the present work 

demonstrates that non-linear rheological properties can be manipulated by incorporating dilute 

concentrations of active matter into colloidal gels. 

2.6 Supplementary Material 

2.6.1 Yield stress from crossover of G’ and G” in oscillatory strain sweeps 

The crossover modulus from the oscillatory strain sweep measurements (found in Figure 7 

of the main text) is 0.58 ± 0.10 Pa and 0.25 ± 0.18 Pa for the passive (EA/kBT = 0) and active 



 53 

(containing Janus colloids with EA/kBT = 11) gels, respectively.  The strain amplitude of the 

crossover in both cases is 0.048 ± 0.003 and 0.081 ± 0.030 for passive and active gels, respectively. 

If this crossover point is taken as the yield point, the resulting yield stresses are 0.027 ± 0.004 Pa 

and 0.009 ± 0.003 Pa, respectively. A 2-sample T-test for the yield stress data equals 0.0114 

indicating that the differences are statistically significant. Both the yield stress measurements and 

their statistically significant difference are consistent with the results obtained from strain 

amplitude dependent elastic strain measurements, as reported in the main text Figure 2-7 (b).   

2.6.2 Pair-Potentials for particles in the gels 

Following [20], the potential interaction between particle pairs in the gel , U(s), as a 

function of their surface-to-surface separation s, is the sum of van der Waal’s attraction (Uvdw) 

and electrostatic repulsion (Uel) potential:  

 

 𝑈(𝑠) =  𝑈𝑣𝑑𝑤(𝑠) +  𝑈𝑒𝑙(𝑠) (2-5) 

 

Where, the individual terms are [27]: 

 
𝑈𝑣𝑑𝑤(𝑠) =  

−𝐴

6
[

2𝑎2

𝑠2 + 4𝑎𝑠
+

2𝑎2

𝑠2 + 4𝑎𝑠 + 4𝑎2
+ ln (

𝑠2 + 4𝑎𝑠

𝑠2 + 4𝑎𝑠 + 4𝑎2
)] (2-6) 

and: 

 𝑈𝑒𝑙(𝑠) =  (
𝑎

2
) 𝑍𝑒−𝜅𝑠 

(2-7) 

 

Here, A is the Hamaker constant (1.26 x 10-20 J for polystyrene in water), a is the particle radius 

(0.5 m) and -1 is the Debye Length (0.695 nm for [MgCl2] = 64mM) and Z is an interaction 

constant (Z  =  5.9 x 10-11 J m-1)[27]. 
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Boltzmann averages over thermal fluctuations of surface-to-surface separation were calculated 

as: 

 

〈𝑠〉 =  ∫ (𝑠𝑒−𝑈(𝑠)/𝑘𝐵𝑇)𝑑𝑠

∞

0

∫ (𝑒−𝑈(𝑠)/𝑘𝐵𝑇)𝑑𝑠

∞

0

⁄  (2-8) 

2.6.3 Gel structure comparison of fluorescent vs undyed colloidal gels 

To compare the structure of gels made of fluorescent particles (used in confocal 

experiments) and those made of undyed particles (used in rheology experiments), both gels are 

imaged in reflection mode with the 488nm laser on the confocal microscope (Nikon A1Rsi 

equipped with NA = 1.4, 100x objective). Visible structure is possible because of the low 

volume fraction of the gels. However, in this reflection mode, images are of lower quality and 

exact particle locations of a 3D image stack with Trackpy is not possible. Therefore, we instead 

use a 2D image ~ 8um above the coverslip with a MATLAB code that compares the area of 

connected regions in that image. The connected regions in this case are parts of clusters of the 

gel. An example of the process is given in Figure 2-10. 



 55 

 

Figure 2-10: Process for extracting the area of connected regions in confocal images in reflection mode of 

fluorescent and undyed colloidal gels. (a) Raw confocal image, (b) Processed image and (c) cluster size distribution 

from processed image. 

The probabilities of the sizes of the connected regions in the fluorescent and undyed gels (five of 

each) is evaluated to compare the structures. The results of this comparison are shown in the 

histogram of Figure 2-11. The histograms of the two gels are very similar, overlaying very well 

for sizes < 4000 (pixels^2). There are discrepancies for values > 4000 (pixels^2). However, the 

discrepancies occur for values that have a probability that is on average ~0.01 or less. Therefore, 

the difference is not as resolvable and could be a result of image acquisition. We therefore 

conclude that the fluorescence does not affect the gel structure. 
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Figure 2-11: Probability histogram of size distribution of connected regions in fluorescent and undyed gels 

 

 

Figure 2-12: Confocal images (40x objective, NA = 0.95) to check for microbubbles in active gel systems containing 

0.25 wt% and 0.3 wt% H2O2. The scale bar is 50 μm. Gels with 0.30 wt% H2O2 displayed micro-bubbles at 1800 

seconds or earlier while gels with 0.25 wt% showed no micro-bubbles for the duration of the 4500 seconds 

experiment. Because of this, the maximum amount of H2O2 in rheology experiments was 0.25 wt% H2O2. Active gels 

have an active to passive particle ratio of 1:1200. 
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Figure 2-13: Microdynamics and energy of free active particles. a) mean squared displacements of active particles 

from batches 1 and 2 at each hydrogen peroxide concentration. Each condition contains at least 7 measurements. 

Error bars are standard error of the mean. b) Summary of the particle velocity (V), run length (l), and active energy 

(EA) at each hydrogen peroxide concentration computed for each condition. Calculations were performed as 

described in the text. The velocity was calculated by fitting the short time mean squared displacements to the 

limiting expression, 〈∆𝑟2(∆𝑡)〉 = 4𝐷∆𝑡 + 𝑉2∆𝑡2, described by Howse et al. [16]. Run length was calculated using 

the velocity extracted from short-time mean squared displacements and the reorientation time computed from the 

rotational diffusivity as per theory [16]. Errors are standard errors of the fit. Active energies were calculated using 

per Takatori et al. as described in the text [131]. Additionally, kBT = 4.04e-21 m2kg/(s2K). 
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Figure 2-14: Linear viscoelastic moduli, (a) G’ and (b) G” of passive colloidal gels as a function of time (0  = 

0.003 and 𝜔 = 1 rad/s) with various plate coatings. The results show that PDMS accurately captures the rheology 

of our colloidal gels because the results for this coating are not distinguishable from those for the smooth plates or 

rough plates (P1500 grit silicon carbide sandpaper). Szakasits et al. further show the PDMS plates also accurately 

capture the rheology of a standard PEO solution [20]. Error bars are standard error of the mean. 
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Figure 2-15: Gap study of passive gels at gaps of h = 300, 500, and 750 μm. Storage and loss moduli (G’, G’’) as a 

function of (a) time at 0  = 0.003 and ω = 1 rad/s; (b) frequency at 0 = 0.003 and time = 1800 s; and (c) strain 

amplitude at ω = 1 rad/s and time = 3300 s. 
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Figure 2-16: The lower stress limit of the rheological instrument used in this study was estimated from flow curve 

measurements of viscosity standards (  = 500𝑐𝑝,  10301𝑐𝑝,  3749𝑐𝑝).   Shear rates (𝛾̇) at which the viscosities (η) 

became consistent – having a standard error of the mean less than 2.5% of the reported value – define the lower 

stress limit as 𝜎 =  𝜂𝛾̇ = 2.9 x 10-3 Pa, marked here as the red-line.  The shear stresses measured in this study are 

higher by two-fold or more than this lower limit ). 

 

 

Figure 2-17: The passive colloidal gel was initially visually homogeneous at t = 0 sec during a steady shear 

experiment (𝛾 ̇ = 0.02 𝑟𝑎𝑑/𝑠𝑒𝑐) with a 43mm glass plate. At 130 seconds into the experiment, the beginning of 

flocculation is visible along the edges of the fixture. By the end of a 2400 second experiment, the sample is fully 

comprised of flocculated roll cells. Because of this visible flocculation, only data for t < 60s is analyzed. 
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Figure 2-18: Pairwise potentials, Uel(s) (electrostatic repulsion), Uvdw(s) (van der Waal’s attraction) and U(s) = Uel 

+ Uvdw as a function of the interparticle separation s normalized by the thermal energy kBT.  The horizontal dotted 

line indicates the well depth, Ea. The horizontal dot-dashed line is drawn at U(s)/kBT = -1.  The interaction range, 

where U(s)/kBT  -1, is  = 0.13a, where a is the particle radius. Here, T = 298K. Generated by Mahesh Ganesan. 
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Figure 2-19: Full data set from Figure 2-5 (a) in the text. The (a) elastic and (b) viscous moduli of colloidal gels as 

a function of time and with increasing H2O2 concentration/active energy ratios are plotted (0 = 0.003 and ω = 1 

rad/s). The active gels in this figure contain 0.003% v/v of Janus particles from B1 with H2O2 concentrations of 

0.025%, 0.05%, 0.1%, 0.15%, 0.2%, and 0.25%. The passive gels contain no Janus particles and a H2O2 

concentration of 0.5%. Additionally, kBT = 4.04e-21 m2kg/(s2K). 
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Figure 2-20: Full data from Figure 2-5(b) in the text. The steady shear stress at a shear rate of 0.02 s-1 for passive 

gels and active gels of all active energy ratios are reported after 1800 s of initial gelation. The active gels in this 

figure contain 0.003% v/v of Janus particles from B1 with H2O2 concentrations 0.025%, 0.05%, 0.1%, 0.15%, 0.2%, 

and 0.25%. The passive gels contain no Janus particles and a H2O2 concentration of 0.5%. Additionally, kBT = 

4.04e-21 m2kg/(s2K). 

 

Figure 2-21: Creep compliance, J(t), of passive gels fit with a single mode Jeffreys model. The experimental curve 

represents the linear region of creep response (stress of 0.001 – 0.03 Pa) from Figure 8(a) of the main text.  The 

error bars are standard error of mean. Equations for creep response of Jeffreys model used here are provided in 

[154], [155]. Generated by Mahesh Ganesan. 
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Figure 2-22: Initial 1800 s time sweeps (0 = 0.003 and 𝜔 = 1 rad/s) of the passive and active gels (a) before 

oscillatory strain sweeps and (b) before creep experiments. (a) contains Janus particles from B1 with 0.2 wt% H2O2; 

(b) contains Janus particles from B2 with 0.2 wt% H2O2. These data are monitored to confirm the effect of activity 

and to compare the drop in modulus to that in the start up of shear flow experiments 
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Chapter 3 Microdynamics of Active Particles in Defect-Rich Colloidal Crystals 

3.1 Abstract 

Hypothesis 

 Because they are self-propulsive, active colloidal particles can interact with their 

environment in ways that differ from passive, Brownian particles. Here, we explore how 

interactions in different microstructural regions may contribute to colloidal crystal annealing. 

Experiments 

 We investigate active particles propagating in a colloidal crystal monolayer produced by 

alternating current electric fields (active-to-passive particle ratio ~ 1:720). The active particle is a 

platinum Janus sphere propelled by asymmetric decomposition of hydrogen peroxide. Crystals 

are characterized for changes in void properties. The mean-squared-displacement of Janus 

particles are measured to determine how active microdynamics depend on the local 

microstructure, which is comprised of void regions, void-adjacent regions (defined as within 

three particle diameters of a void), and interstitial regions. 

Findings 

 At 𝐸𝐴 = 2.55 kBT, the average void size increases as much as three times and the average 

void anisotropy increases about 40% relative to the passive case. The overall microdynamical 

enhancement, <d(t)>, of Janus particles in the crystal relative to an equivalent passive Janus 

particle is reduced compared to that of a free, active particle (<d(t)> is 1.88 ± 0.04 and 2.66 ± 

0.08, respectively).  The concentration of active particles is enriched in void and void-adjacent 

regions. Active particles exhibit the greatest change in dynamics relative to the passive control in 
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void-adjacent regions (<d(t)> = 2.58 ± 0.06). The results support the conjecture that active 

particle microdynamical enhancement in crystal lattices is affected by local defect structure.  

 This chapter was adapted from a publication that is in preparation: K. T. Saud and M. J. 

Solomon, “Microdynamics of active particles in defect-rich colloidal crystals”. Keara T. Saud 

and Michael J. Solomon conceived this research and designed the experiments. Keara T. Saud 

conducted the experiments.  

3.2 Introduction 

Colloidal crystals are a model system well suited to fundamental study of crystallization 

and crystal properties [2], [24], [156]. Such crystals are central to the function of structural color 

materials [48], [49]; they have also been proposed as templates for membranes [44], [45] and for 

batteries [46], [157].  Because their Brownian motion produces thermodynamic equilibrium, 

colloids can be self-assembled into crystalline states by a variety of methods including 

sedimentation [58], evaporation [48]–[50], and the application of electric fields [56], [57].  The 

quality of the resulting crystal has direct implications for mechanical [158]–[160] and optical 

properties [48], [49]. As such, control of the crystallinity via methods such as field-induced 

annealing has been the subject of research [57], [58], [66], [161], [162]. Annealing typically 

involves the use of thermal processing to evolve kinetically trapped microstructures into more 

favorable, equilibrium ones. However, other methods, including toggling electric and/or 

magnetic fields can also improve crystallinity through mechanisms that are similar to thermal 

processing [57] [163].  

One annealing method that has received recent attention involves the incorporation of 

active particles into the crystal lattice [58], [66], [161], [162]. Active particles are self-propelled 

objects; they are constituents of active matter that behave differently from their passive, 
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Brownian counterpart. Active matter has features in common with emergent structures found in 

nature, such as flocks of birds, swarms of fish, and colonies of bacteria. Colloidal forms of active 

matter make use of asymmetric energy conversion around individual particles to generate self-

propulsion. This energy can come from sources such as chemical reactions [16], light [6], [7], 

[164], and electric fields [10], [11], [165]. The local gradients of molecules and ions that result 

from this local energy conversion induce self-propulsive behavior of single particles. For 

example, platinum Janus particles experience self-propulsive behavior in the presence of 

hydrogen peroxide (H2O2) [16], [17], [75], [122]–[124]. Their self-propulsion stems from the 

species and ionic concentration gradients that result from asymmetric decomposition of H2O2.  

Such self-propulsion can contribute to annealing of colloidal crystals produced by self-

assembly.  Ramananarivo et al. propose the following mechanism for such annealing: propulsion 

yields increased collisions of active particles with other particles in the crystal lattice. These 

increased collisions drive fluctuations that can assist in freeing the system from kinetically 

trapped states. Van der Meer et al. showed by simulation that active particles enhance grain 

boundary mobility in both 2D and 3D colloidal crystals. This mobility promotes the formation of 

a single crystal [66], [162]. Ramananarivo et al. furthermore showed that incorporating small 

fractions of light-activated active particles into a 2D colloidal crystal resulted in accelerated 

annealing. This annealing could additionally be spatially controlled so that only regions that are 

exposed to the particle-activating light were annealed [58]. Additional studies have explored how 

active particles navigate a crystalline surface made of deposited, equally sized colloidal particles 

[74] and in non-close packed crystals at oil-water interfaces [19]. Computational studies have 

shown that active particles may also be able to pin crystal dislocations [159]. 
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These studies have shown that active particles can have complex interactions with 

crystalline environments and even promote annealing of defects in colloidal crystals. However, 

the interactions and mechanisms involved in this activity-controlled annealing have not been 

fully elucidated, particularly in crystals that are rich in defect structures. Specifically, studies 

have yet to address how changes in defect structures are correlated with the microdynamics of 

the active particles that are proximate to them. We are thus led to address the following question 

in this study: How do the local properties of the crystal lattice itself, including proximity to 

defect structures, affect the microdynamics of active particles relative to free solution? Within 

this same system, we also explore how the defect structures themselves are in turn affected by 

active particles. Addressing this research question will yield greater understanding of how active 

matter can promote annealing in crystals. Such understanding could assist in the selection of 

active particle properties (e.g. the level of active energy and the concentration) for an application 

requiring a certain level of annealing. Alternatively, if a specific microstructural region of crystal 

is impacted by active energy to a greater or lesser degree than other regions, this could inform 

understanding of that region’s potential for transformation by annealing. 

We thus here pursue a microdynamical analysis of platinum Janus particles in a colloidal 

crystal produced by AC electric field assisted self-assembly. Confocal laser scanning microscopy 

(CLSM) is used to visualize the microstructure of the colloidal crystals and the microdynamics 

of the Janus particles embedded in it. Activity induced microdynamical changes are quantified 

and the system is also evaluated for changes in microstructure correlated with the introduction of 

active particles. We resolve the microdynamics of Janus particles by identifying them as residing 

in one of three regions: voids, void-adjacent regions, and interstitial sites. For the case of active 

energy about twice the thermal energy, we find that the active Janus particles have the greatest 
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enhancement in microdynamics in the void-adjacent regions of the colloidal crystal. The results 

suggest further avenues to study how active particles anneal colloidal crystals. 

3.3 Materials and Methods  

3.3.1 Colloidal and Janus Particles 

Monodisperse polystyrene (PS) colloids are used in this study. Crystal lattices are self-

assembled from 3.7 ± 0.04 m red (580/605) fluorescent sulfate-modified PS microspheres 

purchased from Thermo Fisher Scientific (F8858, lot 2291491, density  = 1.055 g/m). Janus 

colloids used in this study are produced from 1.0 ± 0.03 m green, fluorescent sulfate-modified 

PS (F8852, lot 2234961, density  = 1.055 g/mL). To synthesize Janus particles, the 1.0 m 

particles are spin coated as a monolayer onto a cleaned glass slide; 25 nm of platinum is then 

deposited via physical vapor deposition (Enerjet Evaporator). This deposition covers the surface 

of one hemisphere of the particle with platinum; the other half is unmodified. The particles are 

recovered from the slide and suspended in 18.2 M Millipore water until used.  The stock 

concentrations of the self-assembled, passive colloids and the Janus particles are 0.034 vol% and 

0.0015 vol% respectively, as determined by hemocytometry (NanoEnTek Inc.). 

3.3.2 Characterization of the active particle energy 

Active colloids exhibit enhanced random walks relative to their passive counterparts. For 

Pt Janus colloids in aqueous solutions of hydrogen peroxide (H2O2), this enhancement is due to 

localized chemical reactions, which yield concentration and ion gradients. These species and 

ionic gradients drive self-diffusiophoretic and self-electrophoretic flow, respectively [75]. 

Measurements of the expanded random walk of the active particles characterize their 

active energy relative to what they would experience at thermal equilibrium. Briefly, following 
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Takatori et al. [131], the active energy of a Janus colloid, 𝐸𝐴 =  𝜉𝑉𝑙 where 𝜉 is the hydrodynamic 

drag coefficient, 𝑉 is the active particle velocity in free solution, and 𝑙 is the active particle 

persistence length which is equivalent to 𝑙 =  𝜏𝑅𝑉 = (
8𝜋𝜇𝑎3

𝑘𝐵𝑇
) 𝑉.  EA is scaled relative to the 

thermal energy of free passive particles, kBT, at T = 298 K.  

The self-electrodiffusiophoretic flows that govern locomotion are sensitive to system 

conditions like solvent, conductivity, and electric field magnitude[11], [13], [71], [166]; this is 

relevant to the present study because AC electric fields are used to self-assemble the crystal 

lattice of passive colloids in which the Janus particles are active.  We therefore characterized the 

locomotion of the free active colloids in this environment (Vrms = 16 V/mm; frequency = 5 

MHz). 

The active particle velocity was measured by imaging the dynamics of at least 35 

particles per activity level with confocal laser scanning microscopy (Nikon A1Rsi, NA = 1.4, 

100x objective). The active trajectories of these particles were determined by image analysis, 

using Trackpy, a Python implementation of the algorithm discussed in Crocker and Grier [167]. 

Two channels were used: the platinum layer of the Janus colloid was imaged in reflection mode 

with a 488 nm laser and the fluorescent PS of the Janus colloid was imaged at 488 nm excitation 

and for an emission band from 500 to 550 nm. The pixel size was 124 nm and the image size was 

256 x 512 pixels. Videos containing 1 – 3 Janus colloids were collected at a frame rate of 20 fps 

for a duration of 10 s. Particle velocities were calculated by fitting the early-time mean squared 

displacements (MSD, < Δr2(∆𝑡) >) to the equation ∆𝑟2 = 4𝐷∆𝑡 + 𝑉2∆𝑡2, which is valid for 

times much less than the reorientation time, 𝜏𝑅, (0.78 s) which was computed from the rotational 

diffusivity [16], [42], [131]. The H2O2 concentrations studied (1.7 wt% and 3.3 wt% H2O2) 

yielded persistence lengths of 0.59 and 0. 92 μm and scaled free particle active energies of 1.05 
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kBT and 2.55 kBT, respectively. The supplementary material (Figure 3-7) reports the data used 

for these active energy calculations.  

For later comparison with Janus particle dynamics in the self-assembled crystals, the 

microdynamical enhancement of these free active particles was characterized using the function 

𝛿(∆𝑡) =
<Δr2(∆𝑡)>𝑎𝑐𝑡𝑖𝑣𝑒

<Δr2(∆𝑡)>𝑝𝑎𝑠𝑠𝑖𝑣𝑒
 [168]. The average < 𝛿(∆𝑡) > of the range of lag times studied for 1.05 

kBT and 2.55 kBT were 1.59 ± 0.04 and 2.66 ± 0.08, respectively. Alternatively, this 

enhancement can be quantified at the characteristic time of 𝜏𝑅. At this characteristic time, we 

have 𝛿(𝜏𝑅) = 1.37 ± 0.19 for the 1.05 kBT case and 𝛿(𝜏𝑅) = 2.13 ± 0.24 for the 2.55 kBT case. 

The data used for these 𝛿(∆𝑡) values is reported in the supplementary material (Figure 3-8). 

3.3.3 Preparation of colloidal crystals and introduction of activity 

To generate a colloidal crystal monolayer in which the active particles propagate, the 

procedure of Kao et al. [56], [57] is used with slight modification. Briefly, the 4.0 m diameter 

PS colloids are filtered (Isopore 5.0 m PC membrane) and suspended in 0.1 mM NaCl. A small 

amount (<< 1% by number) of the 1.0 m Janus particles is incorporated in this suspension. The 

final active to passive particle number ratio was approximately 1:720. Using such a small 

amount of Janus particles served two purposes. First, it ensured that the Janus particles 

concentration was dilute. That is, this concentration yields average separations that far exceed 

the range of interaction of the Janus particles. Second, the low concentration minimized the 

overall amount of H2O2 decomposition in the system. Excessive decomposition generates 

bubbles that limit measurements.  

A small volume (~40 L) of the particle suspension is introduced into a coplanar AC 

electric field device of height approximately 1.0 mm, as described by Shah et al. and Kao et al. 
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[56], [57], [169]. The electrodes are created by depositing 2.5 nm Ti and 22.5 nm Au onto a 

coverslip (35 x 50 cm, Fisher Scientific). The electrode gap is approximately 500 m, as 

generated by a 25-gauge silicone thread that is taped to the center of the slide. Before use, the 

electrode is cleaned in a base bath (1M KOH in isopropanol) for ~45 minutes and rinsed 

thoroughly. The particle suspension is allowed to sediment for one hour before applying the AC 

electric field (RIGOL, DG1022). A square wave with a constant field strength (16 Vrms/mm) and 

frequency of 5.0 MHz is used for all experiments. (These conditions were selected to closely 

match those of ref [57]). To achieve a steady-state crystal structure [57], the electric field is 

applied for at least 15 minutes before measurements are performed. Images were acquired as 

described below. This initial state, prior to the introduction of H2O2, functions as a control; it is 

referred to as the passive case. Following the collection of data for the passive case, H2O2 (final 

concentrations of 1.7 wt% or 3.3 wt%) is added through a hole at the top of the device; this 

addition activates the Janus colloids. The crystal is allowed to attain steady state for another 15 

minutes before data collection for the active case is initiated.  

3.3.4 Void analysis of colloidal crystals 

The AC electric-field assembled colloidal crystals in this study contain many voids, or 

defect-rich regions. The statistical properties of these voids were characterized in the following 

way. First, the colloidal crystals were imaged with confocal laser scanning microscopy (Nikon 

A1Rsi, NA = 1.4, 100x objective) using the three channels previously described. For these 

measurements, the pixel dimension was 250 nm and the image size was 512 x 512 pixels. The 

imaged region was always selected to contain one Janus colloid; this region of interest was 

observed for 15 minutes, with images acquired at a frame rate of 0.2 fps. Particle locations in 

each image were identified using Trackpy [167]. 
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Voids in the image were identified according to the following procedure, implemented by 

means of a python code with packages from pandas and scikit-image [170], [171]. We first 

binarized the 561 nm channel of the original image using an adaptive threshold from OpenCV 

[172] and then performed erosion and dilation operations to identify the void regions. Threshold, 

erosion, and dilation parameters were checked for each image sequence with parameters varying 

only slightly for each sequence. Functions from scikit-image yield the void number, void area 

(total area of a given void), void anisotropy (ratio of the major to minor axes of a given void) and 

the centroid of each void. The void area fraction is also reported. Figure 3-1 below provides an 

example of the voids extracted from an image of one of the colloidal crystals.  

 

Figure 3-1: Void identification; (a) original CLSM image; (b) image with identified voids in dark blue and identified 

Janus particle as a red sphere; (c) image with unique voids identified by color – each color represents a different 

void. Scale bar is 20 m. 

The Janus particle in each frame was categorized as located: 1) within a void; 2) within a 

void-adjacent region, characterized as residing within three lattice particle diameters of a void; 

or, 3) in an interstitial site of the crystal, remote from any void. The location determination was 

made by manually measuring the distance between the Janus particle centroid and the closest 

point of the closest void. This categorization was done to determine the fraction of Janus 

particles located in each of these three microstructural regions.   

3.3.5 Microdynamical characterization of Janus particles in colloidal crystal lattices 
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The microdynamics of the Janus particles were characterized with confocal laser 

scanning microscopy and particle tracking as they underwent active motion in the crystal lattice. 

The platinum layer of the Janus colloid was imaged in reflection mode with a 488 nm laser and 

the fluorescent PS of the Janus colloid was imaged in an emission band from 500 to 550 nm with 

excitation at 488 nm. The pixel size was 83 nm and the image size was 512 x 512 pixels. Videos 

containing 1 – 2 Janus colloids were collected at a frame rate of 10 fps. The static error in the 

mean squared displacement, as per an earlier study, is 9 x 10-4 μm2 [125]. This error is at least 

two orders of magnitude less than the measured dynamics. Data is reported until 25% of particle 

trajectories have propagated out of the frame.  

Like the regional categorization in the void analysis of the crystals, each video for 

microdynamics was categorized as having a Janus particle located: 1) in a void; 2) within three 

lattice particle diameters of a void; or, 3) in an interstitial site of the crystal remote from a void. 

The location determination was made by manually measuring the distance between the Janus 

particle centroid and closest point of the closest void during the duration of the video. If a Janus 

particle was present in multiple microstructural regions during the video, it was placed in the 

category in which it resided the greatest fraction of time. 

We report the enhancement of dynamics due to activity using the measure 𝛿(∆𝑡) =

<Δr2(∆𝑡)>𝑎𝑐𝑡𝑖𝑣𝑒

<Δr2(∆𝑡)>𝑝𝑎𝑠𝑠𝑖𝑣𝑒
 [168]. Previous work has shown that this measure is time independent for 

confined systems such as colloidal gels [168]. Although 𝛿(∆𝑡) is nearly time-independent in the 

crystal lattices studied here, for a free particle, 𝛿(∆𝑡) is not necessarily time independent. 

Therefore, to compare between different systems, we either use an average < 𝛿(∆𝑡) >, evaluated 

over the lag time range of the experiment, or evaluated at the characteristic time of 𝜏𝑅, the 

rotational reorientation time of the Janus particle, 𝛿(𝜏𝑅). 
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3.4 Results and Discussion 

3.4.1 Void Defect Properties  

 

Figure 3-2: Representative CLSM images of colloidal crystal monolayers with trajectories of embedded Janus 

particles overlaid. The conditions are: first row, passive control; second row, EA = 1.05 kBT; and third row, EA = 

2.55 kBT. The columns display images taken at specific times of the experiment. The column at far right shows the 

full trajectory in detail. The scale bar is 20 m in all cases. 

Figure 3-2 shows representative images of the colloidal crystal monolayers with 

embedded Janus particles. The applied electric field generates a crystal lattice through both 

dipolar and dielectrophoretic interactions, as described in [173]. The action of the field generates 

a defect rich crystal and prior work has shown that these defects can be resolved by annealing 

[57]. In Figure 3-2, the trajectories of the Janus particle acquired up to each time point (0 to 450 

seconds) are overlaid on each image. The effect of active energy of the Janus particle trajectories 

is visually apparent. In the passive state, the Janus particle moves the least and remains within 

three particle diameters of its initial location. At EA = 1.05 kBT, the Janus particle performs 
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significantly greater displacement; in this case it remains in proximity to a void for the entire 

observation. At the higher active energy (EA = 2.55 kBT), the Janus particle travels the farthest; it 

transitions between different voids in the time shown. These images qualitatively demonstrate 

that the trajectory of Janus particles in colloidal crystals depends on their active energy. 

Table 3-1: Summary of void properties. Error is standard error of the mean 

 Passive 1.05 k
B
T 2.55 k

B
T 

Average void size (𝜇m
2
) 9.3 ± 0.7 11.5 ± 0.1 27 ± 0.1 

Average void anisotropy 2.14 ± 0.01 2.58 ± 0.02 3.00 ± 0.04 

Average void number density (per mm2) 2260 ± 50 2200 ± 30 1100 ± 20 

Average void area fraction 0.0210 ± 0.0005 0.0250 ± 0.0003 0.0303 ± 0.001 
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Figure 3-3: Average anisotropy of voids in the colloidal crystal as a function of their average area for the different 

Janus particle conditions studied. The trendline is a linear regression of the data for all conditions. Error bars are 

standard error of the mean. 

A summary of the void properties of the crystals averaged over the duration of the 

experiment is shown in Table 3-1. In addition to averaging over the 450 s duration of the 

experiment; each measurement is also averaged over at least 5 material replicates. The void 

properties depend on the active energy of the embedded Janus particles. The void properties of 

average area, total area, and average anisotropy increase with Janus particle activity. The average 
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void number density decreases with activity. The overall area fraction of voids also increases 

with activity. All trends in void properties rise to statistical significance (p < 0.001). 

Figure 3-3 plots the average void anisotropy vs average void area. This figure shows 

larger voids tend to be more anisotropic, as indicated by the trendline. In addition, the more 

active system (EA = 2.55 kBT) is characterized by voids that tend to be both larger and more 

anisotropic than either of the two other conditions; this trend is consistent with the average 

values reported in Table 2-1.   

Ramananarivo et al. found that active particles dispersed at concentrations comparable to 

the present study improved the quality of the crystal monolayers, as quantified by the bond-

orientation correlation function [58]. Van der Meer et al. found that – at active particle 

concentrations slightly greater than this study – activity caused grain dynamics that eventually 

produced a single crystal from an initially polycrystalline state [66]. Our measurements agree 

with these reports in the following way: they show that active particles embedded at the 

concentrations of this study affect crystal properties by changing statistical properties of voids 

present in the crystals. However, the present study’s observation of increased void area fraction 

differs from these two literature studies. The observation of greater void area fraction indicates 

that activity here decreases crystal quality rather than increasing it. 

These measurements of activity effects on void structure have some limitations. First, the 

duration of the observation time is limited: The active portion of the present experiments was 15 

minutes; longer times are precluded because of the increasing chance of interference from gas 

bubbles generated by the ongoing chemical decomposition at the catalytic surfaces of the Janus 

particles. Longer durations might yield clearer trends. Additionally, the range of activity levels 

studies, as quantified by EA/kBT, is limited: although the greatest possible concentration of 
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hydrogen peroxide concentration was used, the amount of active motion generated is modest 

because the AC electric field used to self-assemble the crystal also acted to suppress active 

motion of the Janus particles (c.f. section 3.6).  

Albeit these limitations, Table 1 and Figure 3 nevertheless shown that the introduction of 

active particles is correlated with changes in void properties of the self-assembled crystal. Here 

we discuss three different hypotheses that might explain the correlation. One potential 

explanation for these changes is simple random variability; however, we think that unlikely 

given the extent of change, which rises to the level of statistical significance.  

The second hypothesis involves collateral effects of the hydrogen peroxide used to 

activate the particles. It has previously been shown that hydrogen peroxide can alter the bond 

strength, or pair potential, between passive particles that form a colloidal gel [42]. Similar H2O2-

induced change in the particle pair potential could affect the void properties by mediating 

changes in the particle pair potentials that affect crystallization. Additionally, the simple addition 

of hydrogen peroxide could disrupt the self-assembled crystal, thereby creating voids. We 

evaluated these possibilities by measuring the properties of a crystal lattice with no added Janus 

particles before and after addition of 3.3 wt% H2O2, which is the concentration equivalent to the 

EA/kBT = 2.55 case reported here. We found that this addition (performed in the absence of Janus 

particles) did indeed have a modest effect on void properties: void area and anisotropy increased 

slightly, and void number density decreased slightly (Error! Reference source not found.). 

However, each property change was modest compared to the EA/kBT = 2.55 case. Specifically, 

average void size changed by a factor of 4.9 less; average void anisotropy changed by a factor of 

2.8 less; void number density changed by a factor of 2.2 less; and void area fraction changed by a 

factor of 7.2 less than the EA/kBT = 2.55 case. We therefore conclude that although H2O2 may 
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contribute to void property changes, it does not cause the full extent of changes observed in this 

study.  

The third hypothesis is that the active particles themselves are modifying the properties 

of the voids in the crystal. This hypothesis is consistent with previous literature reports, 

particularly Ramananarivo et al. [58] who found that active particles dispersed at concentrations 

not too different from those studied here do improve crystal quality. The improvement was 

apparent from changes in the six-fold bond orientational order parameter, Ψ6, the local 

orientation θ6, and the characteristic grain radius R6. We therefore next consider the possibility of 

correlation between the observed void property changes and the microdynamics of the active 

Janus particles in the crystal lattice.  

3.4.2 Ensemble microdynamical characterization of embedded Janus particles 

 

Figure 3-4: (a) Mean squared displacement of passive and active Janus particles in crystals. The data were 

collected 900 seconds after initiation of the AC field (passive case) or after the addition of H2O2 (active cases). (b) 

𝛿(𝜏) vs lag time. In (b), the horizontal lines indicate the average enhancement across the set of lag times reported. 

Error bars are standard error of the mean and standard error of the mean of the MSDs and 𝛿(𝜏) functions, 

respectively. 

Figure 3-4(a) reports the mean squared displacement (< Δr2(∆𝑡) >) of active particles in 

the colloidal crystal. < Δr2(∆𝑡) > for EA = 2.55 kBT is consistently greater than the control case 
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of a passive Janus particle in the colloidal crystal; this trend agrees with the free particle case 

(Figure 3-8). For EA = 1.05 kBT, < Δr2(∆𝑡) > becomes greater than the passive control only at 

longer lag times; this trend differs from the free particle case as discussed briefly later. The 

microdynamical enhancement may be quantified by 𝛿(∆𝑡), plotted in the Figure 3-4(b) and 

defined in the methods section. The average of this quantity < 𝛿(∆𝑡) > is 1.07 ± 0.02 and 1.88 ± 

0.04 for 1.05 kBT and 2.55 kBT, respectively. Alternatively, at the characteristic time 𝜏𝑅, 𝛿(𝜏𝑅) = 

0.79 ± 0.08 and 1.28 ± 0.17, respectively. These 𝛿(∆𝑡) values can be compared to those for the 

free active particles, as reported in the methods. Those measurements found the average <

𝛿(∆𝑡) > = 1.59 ± 0.04 and 2.66 ± 0.08 for 1.05 kBT and 2.55 kBT, respectively. At the 

characteristic time 𝜏𝑅, 𝛿(𝜏𝑅) = 1.37 ± 0.19 and 2.13 ± 0.24, for the free particle. 

This comparison shows that for both active energies the average dynamical enhancement 

of Janus particles in the crystal lattice are less than observed for Janus particles in free solution. 

Two-sample T-tests indicate a significant difference for both average < 𝛿(∆𝑡) > and 𝛿(𝜏𝑅) 

between free particles and particles in a crystal lattice (p < 0.001 and < 0.001 for average <

𝛿(∆𝑡) > and p = 0.0016 and 0.0053 for 𝛿(𝜏𝑅) for 1.05 kBT and 2.55 kBT, respectively).  

In addition to simple statistical variability, factors which might affect whether an active 

particle would locomote differently in a crystal lattice than in free solution are: (a) momentum 

transfer from active particle to the passive crystal lattice due to collisions [58], [174]; and, (b) 

interactions of the phoretic field gradients of the active colloids with the crystal lattice [71], 

[175]. Literature support both mechanisms. To distinguish between factor (a) and (b) we note 

that: Factor (a) involves direct transfer of momentum from the active particle to the passive 

(Brownian) colloids in the crystal lattice. Factor (b) encompasses the many ways that the 

phoretic gradients which drive Janus particle active motion interact with the fluid-phase 
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boundaries of the particles in the crystal lattice. Reference [71] broadly describes these 

interactions as phoretic, hydrodynamic, and osmotic in nature and distinguishes them from their 

passive counterparts. These interactions – which can be modulated by the excluded volume, 

charge and potential energy of the colloidal lattice – ultimately determine the locomotive force 

and velocity of the active particles. Through their effect on the velocity, these interactions can 

affect the amount of momentum that can be transferred in (a). 

In support of factor (a), Ramananarivo et al. [58] reported that the effective diffusivity of 

passive particles in colloidal crystals is enhanced in the presence of small fractions of active 

particles. Furthermore, they showed that this dynamical enhancement was related to the collision 

rate and speed of the active particles.  

Considering factor (b), active particle motion is indeed very sensitive to local 

environment [75], [76], [81], [176]–[181]. For example, the speed of various catalytically-driven 

active particles may alternately increase [180] or decrease [174], [177], [178], [180] under 

confinement. An increase in speed has been attributed to a strengthening of self-generated 

electric fields of active particles near a channel wall and an increase in local solute 

concentrations when confined [180]. On the other hand, speed reduction has been attributed to 

chemiosmotic flows near a boundary [174], [177], [178], [180].  Different responses to 

confinement are linked to the specific propulsion mechanism [180]. In the present study, the 

particles comprising the lattice are stabilized by negative surface charges which will interact with 

the ion and species gradients that drive the Janus particle’s active motion. These two factors 

support the observation of differences between < Δr2(∆𝑡) > of the active particles in the 

colloidal crystals relative to free solution. We next consider if the properties of the active 



 82 

particles vary with their location in the crystal lattice, here defined as located in a void, void-

adjacent, or interstitial region.  

3.4.3 Local variability in Janus particle concentration 

Table 3-2: Fraction of Janus particles located within void, void-adjacent, and interstitial regions. The error is 

standard error of the mean. 

  fvoid fvoid-adjacent finterstital 

Passive 0.12 ± 0.12 0.20 ± 0.15 0.68 ± 0.21 

1.05 k
B
T 0.27 ± 0.13 0.26 ± 0.14 0.47 ± 0.18 

2.55 k
B
T 0.19 ± 0.10 0.59 ± 0.13 0.22 ± 0.16 

 

Table 3-2 reports the fraction of Janus particles that were detected in voids (fvoid), void-

adjacent regions (fvoid-adjacent), and interstitial regions (finterstitial). Recall that void-adjacent regions 

are locations within three lattice particle diameters of voids; for further details please see the 

Methods. The fraction of Janus particles located in voids is relatively insensitive to their active 

energy. Janus particles are enriched in void-adjacent regions, especially at the higher active 

energy tested. Their fraction changes from 0.20 ± 0.15 in the passive control to 0.59 ± 0.13 at EA 

= 2.55 kBT. On the other hand, the fraction detected in interstitial sites decreases from 0.68 ± 

0.21 to 0.22 ± 0.16. Although these trends do not rise to the level of statistical significance (p = 

0.18 for the void-adjacent case and p = 0.29 for the interstitial case), they do suggest that active 

Janus particles to some degree congregate in defect-rich areas (i.e. the void-adjacent region) 

rather than defect-poor areas (i.e. the interstitial region).  

The small active particles of this study are effectively mobile, interstitial defects; that is, 

they reside in the off-lattice positions of the self-assembled colloidal crystal and can easily 

translate between interstitial sites because of active locomotion. Given that grain boundaries can 
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act as barriers to the propagation of force-driven interstitial defects, interstitial defects 

accumulate at grain boundaries [182]. We therefore hypothesize that void-adjacent regions 

accumulate active particles because they represent barriers to continued translation. 

Moreover, Ramananarivo et al. [58] showed by simulation and experiment that active 

particles preferentially congregate at grain boundaries and other defects if the run (persistence) 

length of the active trajectory is less than the lattice spacing of the crystal. On the other hand, 

active particles with high persistence length freely propagate throughout the crystal; they do not 

congregate at grain boundaries. In the present study, the run lengths are 0.56 μm and 0.92 μm for 

1.05 kBT and 2.55 kBT, respectively. They are much smaller than the lattice spacing (3.7 μm). 

This work, in the classification of ref [10], is therefore in the low persistence length limit. Thus, 

this study finds that Janus particles preferentially segregate to void-adjacent regions for low-

persistence length conditions. The results are furthermore consistent with the van der Meer et al. 

[66] finding that active particles are attracted to defects such as voids, interstitials, and grain 

boundaries. 

3.4.4 Local variability of embedded Janus particle microdynamics 

 

Figure 3-5: Mean squared displacements of passive and active Janus particles in crystals 900 seconds after 

initiating the AC field and after addition of H2O2, respectively. Results in (a) are for passive Janus particles in void 

regions, (b) are for Janus particles with EA = 1.05 kBT, and (c) are for Janus particles with EA = 2.55 kBT. Error 

bars are standard error of the mean. 
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The microstructural identification of void, void adjacent, and interstitial regions was 

further used to resolve the active particle microdynamics by location. Figure 3-5 reports the <

Δr2(∆𝑡) > of colloids in these regions for the three conditions of the study (passive (a), 1.05 kBT 

(b), and 2.55 kBT (c)). Janus particles in void regions display the greatest < Δr2(∆𝑡) > in each 

case. In addition, in the passive case, Janus particle microdynamics in void-adjacent and 

interstitial regions are indistinguishable. Interestingly, as the Janus particle active energy is 

increased, the < Δr2(∆𝑡) > of these two regions becomes more distinguishable. At the higher 

active energy (EA =2.55 kBT), Janus particles in void-adjacent regions are intermediate between 

the < Δr2(∆𝑡) > of the void and interstitial regions. 

 

Figure 3-6: Mean squared displacements of passive and active Janus particles in crystals 900 seconds after 

initiating the AC field and after addition of H2O2, respectively. Results in (a) are for Janus particles in void regions, 

(c) are for void adjacent regions and (e) are for interstitial sites. Microdynamical enhancement, 𝛿(𝜏), vs lag time is 

in (b) voids, (d) adjacent to voids, and (f) in interstitial sites. The dashed horizontal line indicates the average 

enhancement across the set of lag times reported. Error bars are standard error of the mean. 

To better understand this change, Figure 3-6 compares the < Δr2(∆𝑡) > by 

microstructural region (voids (a), void-adjacent (c), and interstitial (e)). The accompanying 

𝛿(∆𝑡) measurements are reported in Figure 3-6b, d, and f. Examining first the data for EA = 1.05 
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kBT, < 𝛿(∆𝑡) > are 1.02 ± 0.02, 1.02 ± 0.03, and 1.25 ± 0.03 for void, void-adjacent, and 

interstitial regions, respectively. For EA = 2.55 kBT, < 𝛿(∆𝑡) > are 1.59 ± 0.05, 2.58 ± 0.06, and 

1.95 ± 0.05 for void, void-adjacent, and interstitial regions, respectively. A summary of 

measurements can be found in Table 3-3.  

Of the samples with EA = 1.05 kBT, the statistical significance of < 𝛿(∆𝑡) > measured for 

each population relative to the ensemble average (< 𝛿(∆𝑡) > = 1.07 ± 0.02) is the following: p = 

0.46 for the void region; p = 0.49 for the void-adjacent region; p = 0.0016 for the interstitial 

region.  

For EA = 2.55 kBT, the statistical significance of < 𝛿(∆𝑡) > measured for each 

population relative to the ensemble average (< 𝛿(∆𝑡) > = 1.88 ± 0.04) is the following: p = 

0.021 for void regions; p < 0.001 for void adjacent regions; p = 0.48 for the interstitial region. 

Table 3-3: Summary of microdynamical enhancement descriptors for different activity levels. Error is standard 

error of the mean. 

 1.05 kBT 2.55 kBT 

<δ(Δt)>void  1.02 ± 0.02 1.59 ± 0.05 

<δ(Δt)>void-adjacent  1.02 ± 0.03 2.58 ± 0.06 

<δ(Δt)>interstitial  1.25 ± 0.03 1.95 ± 0.05 

<δ(Δt)>ensemble  1.07 ± 0.02 1.88 ± 0.04 

𝚺 [<δ(Δt)>region * fregion] 1.13 ± 0.3 2.25 ± 0.5 

 

As a consistency check of these measurements, we weight the dynamical enhancement of 

each region by the fraction of Janus particles that occupy it and compare to the average 

enhancement of the whole system, as reported in Figure 3-4. Results are reported in Table 3-3. 

Although the errors in the average enhancement generated by weighting the three local 

measurements is large, no inconsistency between the local measurements and the average 

measurement is detected.  
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When EA = 1.05 kBT, Table 3-3 shows that the enhancements are relatively modest. That 

is, the dynamical enhancement of the active particles in the crystal lattice is not much greater 

than for passive, Brownian particles. Evidently, the collisional and chemiosmotic mechanisms 

described earlier are sufficient to damp the active particle trajectories so they are hardly 

distinguishable from the dynamics of equivalent passive particles. Given this lack of resolving 

power, we do not search for local effects of defect structure on active particle dynamics at this 

condition. 

However, there is greater opportunity to resolve trends for the EA = 2.55 kBT condition, 

because the microdynamical enhancement relative to the passive control is greater. At this active 

energy, Janus particles experience the greatest microdynamical enhancement in the void-adjacent 

regions and the least enhancement in the void regions. The differences between these regions 

(relative to each other) are statistically significant (p < 0.001). Janus particles in interstitial sites 

have microdynamical enhancements that are intermediate between of the void and void-adjacent 

regions and differences are again statistically significant relative to these two regions (p = 0.022 

and p < 0.001, respectively). These results show that the local crystal environment of the Janus 

particle influences its microdynamical enhancement relative to the passive control. Returning to 

Figure 3-5, the key result is that while active particles show enhanced < Δr2(∆𝑡) > relative to 

the passive control in each of the three regions, the comparative effect is the greatest in the void-

adjacent regions. In this region, passive particles undergo displacements that are 

indistinguishable from interstitial regions. However, at EA = 2.55 kBT, active Janus particles 

undergo displacements in void adjacent regions that are significantly greater than interstitial 

regions. 
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To conclude the discussion of the results, we briefly discuss possible explanations for this 

observation, and suggest avenues for future work. We earlier described the modes of interaction 

between the crystal lattice and active particles as being due to collisions and the effects of 

confinement on the electrodiffusiophoretic flows that drive active motion. How might these two 

effects lead to enhanced active particle dynamics in void-adjacent regions?  First, confinement – 

such as an active particle with a suspension or lattice – is capable of either enhancing or 

dampening active motion [180]. Void-adjacent regions – because of their proximity to voids – 

display interstitial properties that differ from the bulk crystal, and it is these interstitial properties 

that determine the degree of confinement. Second, active particles in void-adjacent regions likely 

face reduced barriers to displacement because of their proximity to voids; the dynamics of active 

particles are more susceptible to these reduced barriers than less energetic passive particles. 

Finally, the more open structure of void-adjacent regions – with greater free volume due to their 

void proximity – may reduce the effect of collisions on active particle microdynamics. Fewer 

collisions serve to enhance active particle microdynamics relative to a greater degree than the 

other two microstructural regions.  

3.5 Conclusions 

This study demonstrated the following: (1) Void properties in self-assembled colloidal 

crystal monolayers are affected by the presence of dilute concentration of active Janus particles, 

and the degree of change is correlated with the active energy of those particles. Specifically, we 

find that average void area and anisotropy increase, and void number density decreases with 

increasing Janus particle active energy; (2) Active particles in the crystal lattice experience 

enhanced microdynamics relative to passive particles diffusing in the lattice. The degree of 

microdynamical enhancement of the Janus particles is slightly dampened in the crystals relative 
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to that of the active particles in free solution; (3) The fraction of active particles is increased in 

void adjacent regions and decreased in interstitial regions relative to passive control; (4) The 

microdynamics of the active Janus particles varies by location; at EA = 2.55kBT, Janus particles 

in void adjacent regions experience greater than the average enhancement. 

Literature has demonstrated that active particles are attracted to defect regions; 

furthermore, the crystal lattice and the active colloids interact through collisions and the coupling 

of the electrodiffuisophoretic flows that drive active particle locomotion. The present 

observations extend these earlier demonstrations by showing that the regions adjacent to voids 

change active particle properties in two significant ways. First, like grain boundaries, active 

particles preferentially accumulate in these void-adjacent regions relative to the passive control. 

Second, void-adjacent regions are more conducive to active particle dynamics than other regions 

of the crystal. Relative to the passive control, active particles undergo enhanced displacement 

relative to either void or interstitial regions. Future work can assess the degree to which 

collisions and phoretic interactions generate these interesting properties of void-adjacent regions 

in colloidal crystals. Furthermore, it would be interesting to consider if there is feedback between 

the active microdynamics and Janus particle induced changes in void structure reported in this 

paper. 

These findings have implications for the use of active particles to promote the annealing 

of crystals.  For example, given the correlation of the defect structure of the passive crystal 

structure with the enhanced microdynamics of the active particles, it is possible that changes in 

void properties are mediated by the dynamical interactions that occur in void-adjacent regions. 

Methods to target active matter to these regions would thus promote changes in crystal defect 

structure. These results show that the local crystal environment of the Janus particle influences 
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its microdynamical enhancement relative to the passive control and that these crystal 

environments are themselves susceptible to microstructural change by active particles. These 

correlative observations suggest that mechanistic studies to understand the coupling between 

active particle trajectories and defect structural change in colloidal crystals are warranted. 

3.6 Supplementary Material 

 

Figure 3-7: (a) The region of the mean squared displacements of dilute passive and active Janus particles in an AC 

electric field (16Vrms/mm, 5MHz) used to determine the (b) velocity, run length, and active energy, EA, inputted to 

the colloidal crystals at each hydrogen peroxide concentration. Error bars are standard error of the mean. 

Figure 3-7 shows the microdynamics of dilute Janus particles subjected to the AC electric 

fields used to induce crystallization of the passive 4.0 m colloids (16V rms/mm, 5MHz, square 

wave). The Janus colloid mean squared displacement <r2(t)> increases with the hydrogen 

peroxide concentration (Figure 3-7(a)). The amount of enhancement is quantified by fitting the 

mean squared displacements at short lag times [16], [125], [131] as discussed in the main text. At 

1.7% H2O2 and 3.3% H2O2, Janus colloids in an AC field exhibit enhanced dynamics with an 

active energy, EA, equal to 1.05 and 2.55 times that of a Brownian colloid, respectively (Fig. XX 

(b)), as per the analysis of Takatori et al. 
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The magnitude of enhancement is less than half that of previously reported values for 

similar particles and equivalent amounts of hydrogen peroxide [16], [42], [168], [183], but under 

conditions that were free of the effects of an AC electric field. This ameliorated enhancement is 

likely the effect of the AC electric field on the self-electrodiffusiophoretic motion of the active 

particle [75]. This hypothesis is plausible because the mechanism for active motion of the 

platinum Janus particles involves catalytically generated concentration and ionic gradients 

around the particle. AC electric fields can themselves induce active motion of metallodielectric 

particles via induced-charge electrophoresis (ICEP) or self-dielectrophoresis (sDEP, also referred 

to as reversed ICEP) [10], [11], [165]. At low frequencies (< ~70 kHz), particles move with the 

dielectric side forward via ICEP. This motion is a result of the difference in electroosmotic flow 

produced by the polarizability difference of the two sides [10]. At high frequencies (> ~70 kHz), 

particles move with the metallic side forward via sDEP (or reversed ICEP). This change in 

direction results because at high frequencies, the ICEP decays to zero and motion is instead 

dominated by the response of the particle dipole to local gradients between the substrate and wall 

[11], [165].  Similar mechanisms could impact the measured active velocity in the present case.  

 

 



 91 

Figure 3-8: (a) The same mean squared displacements (<r2(t)>, MSD) of dilute passive and active Janus particles 

in an AC electric field (16 Vrms/mm, 5 MHz) from Figure 3-7 but reported to longer lag times. Data are reported 

until the measured standard deviation of the mean squared displacement exceeds approximately 20% of the average 

values. (b) 𝛿(𝜏) vs lag time. In (b), the horizontal line indicates the average enhancement across the set of lag times 

reported which are 1.59 ± 0.04 and 2.66 ± 0.08 for 1.05 kBT and 2.55 kBT, respectively. Taking the rotational 

reorientation time (𝜏𝑅 = 0.78 𝑠) as the characteristic time, we find 𝛿(𝜏𝑅) = 1.37 ± 0.19 for the 1.05 kBT case and 
𝛿(𝜏𝑅) = 2.13 ± 0.24 for the 2.55 kBT case. Error bars are standard error of the mean of the MSDs and 𝛿(𝜏) 

functions. 

Table 3-4: Summary of void properties in an AC electric field assisted colloidal crystal without Janus particles before and after 

the addition of 3.3wt% H2O2 (the amount of H2O2 used to activate Janus particles with EA = 2.55 kBT). 

  

AC field assisted 

colloidal crystal (no 

Janus particles) 

AC field assisted colloidal 

crystal (no Janus 

particles) + 3.3 wt% H2O2 

Average void size (𝜇m2) 7.9 ± 0.07 11.0 ± 0.2 

Average Void anisotropy 2.19 ± 0.03 2.51 ± 0.02 

Average void number density (per mm2) 2080 ± 50 1590 ± 40 

Average void area fraction 0.0163 ± 0.0004 0.0173 ± 0.0006 
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Chapter 4 Electrosprayed Microparticles from Inulin and Poly(vinyl) Alcohol for Colon 

Targeted Delivery of Prebiotics 

4.1 Abstract 

Recent studies have highlighted the prebiotic effect of inulin through selective promotion 

of colon residing bacteria, modulation of the composition of gut microbiome, and consequent 

generation of beneficial effects on gastrointestinal inflammation, diabetes, and cancer.  However, 

as a water-soluble polysaccharide, the prebiotic effect of inulin is limited by low delivery 

efficiency and short retention time within the colon. In this study, inulin microparticles (MPs) 

were produced by the electrospray method and their material properties and bioavailability were 

evaluated. Inulin was electrosprayed with poly(vinyl) alcohol (PVA) (MW = 89,000 – 98,000 

g/mol) to improve its processability and for its mucoadhesive properties.  MPs produced at 

PVA:Inulin mass ratio 1:3 were of diameter 0.42 ± 0.46 μm. FTIR and confocal laser scanning 

microscopy confirmed the presence and colocalization of the PVA and inulin in the particles. 

Rheologically, MP suspensions exhibited a time dependent viscoelastic response that trended 

toward the rheology of inulin suspensions with time. Additionally, MP suspensions exhibited 

greater viscosity and shear thinning behavior than their individual components and two-

component mixtures. The gut retention of inulin in mice was prolonged with these MP 

suspensions relative to inulin suspensions and PVA-inulin two-component mixtures. The 

increased retention is hypothesized to be a result of the rheological change and mucoadhesive 

properties of PVA. The increased retention of inulin leads to improved availability of inulin for 

gut microbiota which can support applications in drug delivery and food. 



 93 

This chapter was adapted from a publication that is in preparation: K. T. Saud, J. Xu, S. 

Wilkanowicz, Yue He, J. J. Moon, and M. J. Solomon, “Electrosprayed microparticles from 

inulin and poly(vinyl) alcohol for colon targeted delivery of prebiotics,” Keara T. Saud, Jin Xu, 

Sabina Wilkanowicz, and Michael J. Solomon conceived this research and designed the 

experiments. Keara T. Saud conducted the experiments for rheological characterization. Keara T. 

Saud and Jin Xu performed further materials characterization. Jin Xu and Yue He conducted the 

animal studies.  

4.2 Introduction 

Inulin is a fructan polysaccharide that occurs naturally in many foods such as leeks, 

asparagus, onion, garlic, and chicory [101]. It is commonly used in the food industry to replace 

sugar or fat and to modify rheological properties [184]–[188]. Inulin is a dietary fiber which is 

not digested in the stomach and small intestine, but instead is metabolized by commensal 

bacteria in the colon. Consuming prebiotics such as inulin has been associated with a number of 

health benefits including stimulation of the immune system, production of beneficial metabolites, 

and reduced allergy risks [101], [102], [189], [190].  

Recent studies suggest that the formulation of inulin affects its prebiotic efficacy. 

Specifically, when administered in a gel form inulin exerts synergistic effect (as compared to 

inulin suspensions) with immune checkpoint blockade therapy in various murine tumor models 

[94]. The effect is generated through modulation of the gut commensal microorganisms and was 

explained by the increased inulin retention in the colon when gelled and the resulting increased 

probiotic bacteria and short chain fatty acid (SCFA) production [94]. Wahbi et al. also show that 

the formulation of inulin affects its properties. They electrospun inulin into composite nanofibers 

with polyvinyl alcohol (PVA) and found that the nanofibers increased the prebiotic activity by 
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38% compared to their suspension counterparts. Here inulin suspensions, inulin gels, and inulin 

nanofibers primarily differ in the physical forms: specifically, the microstructures and surface 

area-to-volume ratios. Inulin suspensions lack any network microstructure and have a small 

surface area-to-volume ratio relative to nanosized samples. In contrast, inulin gels have a 

microstructure responsible for their modified and more solid-like rheological properties; and 

inulin nanofibers have a much larger surface area to volume ratio.   

In addition to gel, nanofiber, and suspension formulations, inulin can also be made into 

microparticles (MPs) via several techniques including electrospraying, spray drying, and solvent-

precipitation [191]–[194]. Inulin in particle form has been studied for targeting of the colon 

[191], [194]. This form has additionally been studied for the encapsulation of bioactive 

molecules as well as in conjunction with bioactive molecules to improve molecule stability and 

viability [192], [195], [196]. However, how this particle form affects inulin’s gut retention 

properties has not been the subject of systematic study.  Understanding how particle form affects 

its gut retention would provide further insights into how we may improve bioavailability and 

prebiotic benefits of inulin. 

The first portion of this paper describes the creation and characterization of the material 

properties of inulin MPs while the second portion of the paper examines inulin gut retention in 

vivo when delivered as a MP formulation. The MPs are prepared via electrospraying with PVA. 

Electrospraying is a form of electrohydrodynamic processing (EHDP) that is inexpensive and 

scalable; it also produces MPs reproducibly and under benign processing conditions. Because 

inulin is not electrosprayable as a pure component [194], inulin has been blended with PVA for 

successful spraying. PVA is biocompatible, of low toxicity, and used in FDA-approved medical 

products. It additionally exhibits mucoadhesive properties when highly hydrolyzed [197] and 
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readily dissolves in solvents that are non-hazardous. It is also well-studied and commonly used 

for electrospraying, including inulin [190], [198]–[202]. To simulate the oral dosage form for in 

vivo studies in mice, the resulting inulin MPs are characterized in the following ways: 1) 

morphology and size distribution in dry and hydrated states; 2) chemical composition and the 

localization of these components; 3) transient and steady-state rheology when suspended in 

water, and 4) inulin release profile. We correlate these properties with the results of inulin gut 

retention studies in vivo to better understand bioavailability in the gut. 

4.3 Experimental section 

4.3.1 Materials  

PVA (Mw = 89,000 – 98,000 g mol-1, 99% hydrolyzed), inulin from chicory, FITC-

inulin, ethanol, glacial acetic acid (AA), and fluorescein isothiocyanate (FITC) were purchased 

from Sigma Aldrich. Cyanine5 (Cy5) and Cyanine7 (Cy7) amine were purchased from 

Lumiprobe. Fructan assay kit was from Megazyme.  

4.3.2 Fluorescence conjugation of inulin and PVA 

PVA was labeled with FITC following the procedure published by [203]. Briefly, PVA 

(2.5 g) was dissolved in DMSO (66.6 mL) and pyridine (416.6 μL) under stirring at 80 ◦C for 24 

h. FITC (83 mg) and dibutiltin dilaurate (31 μL) were added to the PVA solution and the reaction 

was carried out for 2 h at 95 ◦C in darkness. The crude product was precipitated and washed with 

IPA, followed by dialysis against DEMI water and lyophilization.  

Cy5-inulin or Cy7-inulin conjugates were synthesized using the method described by 

[204].  In brief, Carboxymethyl inulin (CMI) was first produced by dissolving 500 mg inulin in 

2M NaOH, added with 276 mg chloroacetic acid, and heating to 70˚C for 75 min. The solution 
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was neutralized with acetic acid after cooling and CMI was precipitated by cold ethanol. 

Resulted CMI (40-50mg) was activated in 10mL 1M equivalent of NHS and EDC for 1.5 h. The 

activated CMI solution was subsequently added dropwise to Cy5/Cy7-amine (Lumiprobe) (10-

15 mg, 12.2-18.3 μM), dissolved in dimethyl sulfoxide (DMSO). The conjugation of the dye to 

CMI was allowed to proceed for 24 h at room temperature, in the dark with shaking. Dialysis 

was carried out (Float-a-Lyzer, Spectrum Labs, Phoenix, AZ) against water, and the resulted 

solution was lyophilized until dry powder was obtained. 

4.3.3 Preparation of mixtures for electrospraying 

A stock solution of 5.0 wt% PVA in H2O/AA/Ethanol (84/6/10 by volume [199]) was 

weighed and dissolved in a 70 ◦C oven overnight. Inulin suspensions made with 15 wt% inulin in 

ultrapure H2O were prepared and left in a 40 ◦C water bath for 20 minutes. For confocal laser 

scanning microscopy (CLSM) and IVIS imaging (described below), PVA solutions and inulin 

suspensions were prepared by adding FITC-PVA and Cy7-inulin in the ratios of 1:9 and 1:19 to 

the unconjugated forms, respectively.  

Following dissolution, equal parts PVA solution and inulin suspension were combined 

resulting in a final mixture concentration of 2.5 wt% PVA and 7.5 wt% inulin in 

H2O/AA/Ethanol (91/3.4/5.6 by volume [199]). This was the minimum concentration of PVA 

that resulted in sustained, successful MP production. For pure PVA particles, 6.0 wt% PVA in 

H2O/AA/Ethanol (84/6/10 by volume [199]) was combined with equal parts ultrapure water. 

Each newly combined sample was well mixed before further characterization or use in EHDP. 

4.3.4 Characterization of mixtures for electrospraying 
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The conductivity of PVA solutions and PVA-inulin mixtures used for electrospraying 

was measured using a compact conductivity meter (EC 11, Horiba). Rheological properties were 

measured using an Anton Paar MCR 702 rheometer at 20 ◦C. PVA solutions were measured in a 

cone and plate configuration (θ = 2⁰, 50 mm in diameter).  PVA-inulin mixtures were measured 

in a parallel plate configuration (50 mm in diameter) with 600 grit sandpaper adhered to the 

rheometer tooling to mitigate any potential for wall slip. The viscosity is measured and reported 

at the high shear limit of 𝛾̇ = 100 s-1 [205], [206]. Data points were log spaced. Measurements at 

a given shear rate were performed until the viscosity was constant with an allowance of 1% and 

the signal was averaged for the last 0.5 s. PVA-inulin mixtures were allowed to rest quiescently 

for 1 hr to achieve a steady state (Figure 4-10). The surface tension of the prepared mixtures was 

measured using an optical goniometer (Rame-hart Instrument Co., Drop Image Advanced 

software). All measurements were performed in triplicate at a minimum. 

4.3.5 Microparticle production via electrospraying 

The EHDP equipment was assembled in a horizontal configuration with a high voltage 

power supply (P030HP2M, Acopian) and a digital syringe pump (KDS100, KD Scientific). This 

equipment is contained in a covered plastic box to reduce photo bleaching and to minimize 

changes in relative humidity. After the polymeric mixture was prepared, it was loaded into a 

disposable syringe (Becton Dickinson) with an 18-gauge stainless steel needle. The syringe was 

attached to the pump so that the tip-to-collector distance was approximately 12 cm. The steel 

collector plate is covered with standard aluminum foil. One electrode is attached to the needle 

and the other attached to the collector plate. The pump is set to a flow rate of 0.5 mL/hr for PVA-

inulin mixtures, 0.4 mL/hr for fluorescently labeled PVA-inulin mixtures, and 0.4 mL/hr for 
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pure-PVA solutions. The voltage was adjusted between 21-25 kV to achieve a stable Taylor 

cone. The collection time varied between 3 hrs – 18 hrs.  

4.3.6 Fluorescence conjugation of inulin and PVA 

Morphological characterization of MPs 

Scanning electron microscopy (SEM; Tescan MIRA3) was used to characterize the size 

and morphology of electrosprayed MPs. Specimens were sputter-coated with gold. An operating 

voltage of 5 kV and an average working distance of 9.7 mm were used. Images for 

morphological analysis of dry MPs were captured at 35kx magnification. Images for size 

analysis of dry MPs were captured at 20kx magnification. Particle size analysis of the 

electrosprayed inulin-PVA MPs was performed by measuring the particle diameter with ImageJ. 

If the particle was not perfectly spherical, the largest diameter measurement was taken. In all 

cases, a minimum of 900 particles from three random parts of the sample were analyzed to 

determine size distributions. 

 

Hydrated size distribution 

A Malvern Mastersizer 2000 with Hydro 2000S wet dispersion unit was used to measure 

the hydrated particle size distribution of the MPs. Samples were dispersed in water with 

equivalent inulin concentrations of 180 mg/mL and gently mixed.  After 30min, samples were 

added to the chamber, with the stirring speed at 1750 rpm and sonication on. Data were analyzed 

using the following parameters:  particle refractive index was set equal to 1.50 and the dispersant 

was taken as pure water. 
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Fourier transform infrared (FTIR) spectroscopy 

FTIR spectroscopy (Jasco FTIR-4100) was used for chemical composition analysis and 

comparison of the prepared MPs with their pure components. Samples were prepared by filling 

the instrument well with powders of pure PVA, pure inulin, or PVA-inulin MPs. Spectra were 

collected with 1 cm-1 resolution and an average of 64 scans over a spectral range of 4000 - 500 

cm-1. Spectra were normalized and examined by Spectra Manager software. 

Confocal Laser Scanning Microscopy (CLSM) 

An inverted confocal laser-scanning microscope (CLSM) (Nikon A1Rsi equipped with 

NA = 1.4, 100x objective) was used to examine the dry and hydrated MPs as well as the hydrated 

inulin suspension. The MPs to be imaged were prepared with FITC-PVA and Cy5-inulin as 

described in section 2.3. The inulin suspensions to be imaged were prepared with FITC-inulin 

(Sigma Aldrich) at a ratio of 1:9 to the unconjugated form of inulin. Two channels were used: the 

Cy5-inulin was imaged with a 641 nm excitation and an emission band from 663 to 738 nm and 

the FITC-PVA and FITC-inulin were imaged with a 488 nm excitation and an emission band 

from 500 to 550 nm.  

 

Samples of dry PVA-inulin MPs were imaged in an 8-well plate (Thermo Fisher 

Scientific). For studies of hydration kinetics, inulin as-received or PVA-inulin MPs were 

suspended in ultrapure water at a concentration equivalent to those used in the rheological 

characterization, as described in Section 2.8. Specifically, 180 mg/mL and 240 mg/mL were 

used, respectively. After combining material with water, samples were vortexed mixed briefly 

for homogeneity. Immediately following, they were added to their respective imaging containers 

and mounted onto the microscope. Inulin suspensions were imaged in a sealed 8-well plate and 
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PVA-inulin MP suspensions were imaged in a smaller device to conserve sample. The smaller 

device was made with a silicone spacer (1 mm thick and 4.5 mm in diameter, Grace Biolabs) 

adhered on a glass slide, and sealed. Images were taken at approximately t = 0 s, 1800 s, 3600 s, 

7200 s, and 14400 s at a constant height of 5 µm above the coverslip. Swelling, aggregation, and 

any evolution with time were examined. 

4.3.7 Inulin release study 

120 mg PVA-inulin MPs were weighed and dispersed in 5 mL simulated intestinal fluid 

(SIF without Pancreatin, USP 26). The dispersion was incubated at 37˚C, 400 rpm. 100 µL 

samples were collected at the desired time point and 100 µL fresh buffer was replenished 

immediately. Samples were centrifuged at 20,000g for 5 min to remove undissolved particles. 

Supernatants were collected, and inulin concentration was measured by the Fructan Assay Kit 

(Megazyme, K-FRUC). 

4.3.8 Rheological characterization of MP suspensions and PVA-inulin mixtures 

Characterization of the transient and steady state rheology of PVA-inulin MP suspensions 

was performed and compared to that of four controls: PVA MP suspensions, PVA solutions, 

inulin suspensions, and two-component mixtures all made with equivalent concentrations of 

PVA and inulin. All samples were prepared as for gut retention studies, and as described in 

section 2.9. Briefly, MPs and control mixtures were prepared in ultrapure water at a fixed 

concentration of 180 mg/mL inulin and 60 mg/mL PVA. For PVA-inulin MPs, this corresponded 

to 240 mg MPs/mL. For PVA MPs, this corresponded to 60 mg/mL. For inulin suspensions, this 

corresponded to 180 mg/mL of inulin. For PVA solutions, preparation was conducted by 

dissolving PVA in water (60 mg/mL) at 70°C.  For the two-component mixture, the following 
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was performed: first, the required amount of PVA (60 mg/mL PVA) was dissolved in water at 

70°C. Then the required amount of inulin (180 mg/mL) was added to the PVA solution. After 

preparation, all samples were well vortexed and left in a 37°C water bath for 30 minutes to fully 

disperse either the MPs, the inulin, the PVA, or the two-component mixture. Samples were 

allowed to rest at room temperature for approximately 10 minutes before loading in the 

rheometer. 

An Anton Paar MCR 702 rheometer was used with Peltier temperature-controlled plate 

and hood at 20˚C. A smooth 50 mm cone and plate geometry (θ = 2⁰) was used for PVA 

solutions. 25 mm and 50 mm parallel plate geometries were used for MP suspensions and two-

component mixtures, respectively. 600 grit sandpaper was adhered to the parallel plate fixtures to 

address wall slip and a solvent trap was used to minimize sample evaporation. A study of the 

effect of gap at h = 500, 750, and 1000 m was performed with the PVA-inulin MPs; it revealed 

no gap dependence of the rheological properties (Figure 4-12). A 500 m gap was used for all 

rheological measurements. 

We measured the time-dependent linear viscoelastic moduli (ω = 1 rad/s, γ = 0.04%) of 

samples for a duration of four hours (Figure 4-11 shows linear regime). Following these four-

hour time sweeps, two rheological tests were performed. First, the frequency-dependent linear 

viscoelastic moduli were measured from ω = 0.1 – 100 rad/s (γ = 0.04%). Next, the steady-state 

viscosity was measured as a function of shear rate over the range 0.1 to 300 s-1. Data points were 

log spaced. To achieve steady-state, measurements at a given shear rate were performed until the 

viscosity was constant with an allowance of 1% and the signal was averaged for the last 0.5 s. 

All data is collected with at least 3 replicates.  

4.3.9 Gut retention studies 
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For the in vivo imaging of gut retention, Cy-7 labeled inulin was added in the PVA-inulin 

MPs as described in Section 4.3.5 or was added to inulin suspensions in 1:19 for the other 

control groups. MPs, inulin, and PVA-inulin mixtures were orally administered to BALB/c mice 

at the dose of 36 mg inulin per mouse, five mice in each group, and images were taken every two 

hours under anesthesia. Fecal pellets were collected every 2.5 hours. Images were acquired and 

analyzed using IVIS Lumina Living Image Software (v.4.5.5).  

For fecal inulin quantification, mice were fed on alfalfa-free diet (AIN-93M) 24 hours 

before experiment to minimize interference of fructose derived from food. Then PVA-inulin 

MPs and equal amounts of inulin or inulin with PVA were suspended in water and administered 

to BALB/c mice by oral gavage. Fecal pellets were collected every 2.5 hours and homogenized 

in water. The resulting fecal slurry was boiled for 10 min and centrifuged at 20,000g for 10 min 

at 4˚C, subsequently. The supernatants were collected and measured for inulin concentration by 

the Fructan Assay Kit (Megazyme, K-FRUC) according to the manufacturer’s instructions.  

4.4 Results and Discussion 

4.4.1 Properties of mixtures for electrospraying 

Table 4-1: Conductivity, viscosity, and surface tension, of electrosprayed material mixtures 

  
Conductivity 

(µS/cm) 
Viscosity (cP) 

Surface tension 

(mN/m) 

PVA 709 ± 0.7 37.8 ± 2 57.3 ± 0.06 

PVA:Inulin 620 ± 1 198 ± 5 52.5 ± 0.04 
 

The mixtures electrosprayed are described in section 2.3. To summarize, the final 

materials were 3.0 wt% PVA and, separately, 2.5 wt% PVA and 7.5 wt% inulin in 

H2O/AA/Ethanol (91/3.4/5.6 by volume). These concentrations and solvents were optimized for 
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MP production rather than beaded fiber or fiber production. From Table 4-1, the addition of 

inulin to the mixture caused an increase in the viscosity, reduction of conductivity, and slight 

reduction of surface tension. How these differences in properties may affect the particles 

produced will be discussed in section 4.4.2 

4.4.2 Particle size, size distribution, and morphology 

 

Figure 4-1: Scanning Electron Microscopy and size distributions of dry inulin as-received (a & d), electrosprayed 

MPs made of pure PVA (MW = 89,000-98,000 g/mol) (b & e), and electrosprayed MPs made of PVA (MW = 

89,000-98,000 g/mol) and inulin at a ratio of 1:3 (c & f). All micrographs were taken with a voltage of 5.0 kV, a 

working distance of ~10 mm, beam intensity of 8.00. The scale bars are 2 μm. 

The SEM images in Figure 4-1 show the as-received inulin and the production of MPs 

with varying diameter and shape. The as-received inulin (Figure 4-1(a)) has an average diameter 

of 9.5 ± 2.7 μm and layered surfaces leading to a less spherical shape. MPs made of PVA (Figure 

4-1(b)) had an average diameter of 0.35 ± 0.22 μm (error is standard deviation) and were the 

most spherical.  MPs made of 1:3 PVA-inulin (Figure 4-1(c)) had an average diameter of 0.42 ± 

0.46 μm, respectively (error is standard deviation), and were more non-spherical than the pure 
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PVA MPs. The presence of inulin in the microparticles correlated with a significant increase in 

average diameter, as evidenced by the 2-sample t-test (α = 0.05, p = 0.000012). However, the 

PVA-inulin MPs are still an order of magnitude smaller than the as-received inulin.  

The particle size dispersity is compared using the coefficient of variation, Cv = σ/, 

where σ is the standard deviation and  is the average particle size [199]. The Cv is 0.29, 0.63, 

and 1.10 for the as-received inulin, pure PVA MPs, and PVA-inulin MPs, respectively. The 

presence of inulin in the MPs is correlated with an increase in the size dispersity. This increased 

MP size dispersity can also be demonstrated by the maximum diameters of MPs. The maximum 

observed diameter for the PVA-inulin MPs was 5.2 μm, while that of the pure PVA MPs was 2.1 

μm.  

We hypothesize that the incorporation of inulin generates several effects. First, the PVA-

inulin mixtures had a lower conductivity and a higher viscosity than the pure PVA solutions.  

Both these characteristics can contribute to greater particle sizes and size dispersity [199], [207], 

[208]. Indeed, we observe such a correlation given the observed average particle size of the two 

different materials.  

Flow rate is another parameter that can influence the particle size and size distribution. 

Greater flow rates typically result in larger particles and increased size distribution  [209], [210]. 

Although only a modest change (25%), the greater flow rate used for PVA-inulin mixtures (0.5 

mL/hr) compared to the pure PVA solutions (0.4 mL/hr) could also be contributing to the greater 

size distributions.  

The PVA MPs made here are about half the average size and 50% more polydisperse 

than a prior report in the literature [199]. The operating conditions of the present study relative to 

this study are the following: the flow rate is higher (0.4 mL/hr vs 0.3 mL/hr or less); the needle 
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diameter is larger (18 gauge vs 24-25 gauge); and the voltages are higher (21-25 kV compared to 

~10 kV). The smaller size is consistent with the larger voltages used in this study. Larger 

voltages can lead to smaller particles because of the greater strength of the drawing force relative 

to the surface tension  [199], [210]. Moreover, the polydispersity has been reported to increase 

with increased flow rate and increased needle diameter because of the increased presence of 

multiple jets, yielding multiple particle production sites at the outlet rather than a single site as 

associated with just one jet [209]–[212]. High voltages can also lead to broader size distributions 

because of destabilization of the electrospray jet [199].  

 

4.4.3 Chemical composition by FTIR 
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Figure 4-2: FTIR spectra for PVA-inulin microparticles compared to their primary components: PVA powder and 

inulin powder 

As reported in Figure 4-2, the FTIR spectrum of inulin shows two peaks at 988 and 934 

cm-1. These peaks are associated with the C-C and C-O stretching as well as C-O-H and C-O-C 
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deformation modes of oligo- and polysaccharides, as previously discussed in [213] and [214]. 

These peaks are not present in the as received PVA powder but are present in the PVA-inulin 

MP spectrum, confirming the presence of inulin in the MPs. The spectrum of the PVA powder 

shows peaks at ~1420 and ~1560 cm-1, representing O-H and C-H bending, respectively.  These 

peaks are not apparent in the as-received inulin powder but are present in the PVA-inulin MP 

spectra. These results therefore confirm the presence of PVA in the MPs. 

4.4.4 Confocal laser scanning microscopy (CLSM) assesses colocalization of PVA and inulin 

 

Figure 4-3: Confocal laser scanning microscopy images of dry electrosprayed FITC-PVA:Cy5-Inulin MPs. (a) & 

(d) shows the FITC channel only; (b) & (e) shows the Cy5 channel only; (c) & (f) shows combined FITC and Cy5 

channels. The scale bar for (a) - (c) is 5 μm while that of (d) - (f) is 2 μm.  

PVA/inulin MP size and sphericity, as assessed from confocal microscopy images of the 

fluorescently labeled MPs (Figure 4-3) are similar to the SEM micrographs of Figure 4-1. We 
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observed colocalization of PVA (green, Figure 4-3 a and d) and inulin (red, b and e) within each 

particle, rather than sequestration of materials into separate particles. When observing a single 

MP (Figure 4-3(d-f)), this colocalization is apparent.  From these confocal microscopy images 

and FTIR data, we conclude that both inulin and PVA are co-dispersed within the individual 

particles. 

4.4.5 Microparticle Hydration 

 

Figure 4-4: Confocal laser scanning microscopy images of the time evolution of (a) an electrosprayed FITC-

PVA:Cy5-Inulin MP suspension,  (b) an electrosprayed FITC-PVA MP suspension, and (c) a FITC-inulin 

suspension. PVA and inulin are displayed in green and red, respectively. Images were taken at the same location at 

different times after mixing with water, scale bar = 10 μm. 

Confocal microscopy images were acquired to characterize the hydration of the 

particulate microstructure of inulin, PVA MP, and PVA-inulin MP suspensions. The duration of 

the measurements is comparable to the typical GI transit time in mice, as given in the IVIS 

imaging study below and by [215] and to the rheological measurements discussed subsequently. 
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The initial few minutes of the time evolution of these concentrated samples could not be 

captured due to experimental set up time which included sample mixing, loading, and sealing of 

the device. 

The images reveal the following. For the PVA-inulin MPs (Figure 4-4(a)), we observe 

particle swelling and aggregation as well as some PVA dissolution. In this hydrated state, inulin 

and PVA appear to have sequestered: the particles are mostly inulin (red) and are dispersed in 

and around a PVA (green) matrix. The PVA matrix here appears to be partially dissolved and 

spread throughout the sample in this hydrated state.   Furthermore, these swelled, aggregated 

particles remain stable for longer than 4 hours as shown here.  

The control sample of PVA MPs in Figure 4-4(b) additionally shows partial dissolution 

and swelling of the PVA. Spherical particles are not distinct. However, the remaining 

undissolved PVA remains stable for longer than four hours. In comparison, the other control, the 

as-received inulin suspension (Figure 4-4(a)), exhibits little to no swelling or aggregation of the 

inulin particles.  Nevertheless, these particles are still slightly larger and more dispersed through 

the sample than the those in PVA-inulin MP suspension. This inulin suspension sample also 

remains stable for longer than the four hours.  

It is interesting to compare these measurements to the characterization of the single, dry 

MPs as reported in Figure 4-1. The colocalized PVA and inulin observed in the dry state 

becomes sequestered in the hydrated state. Additionally, the MP form of the PVA is no longer 

distinct in the hydrated state. Through these transitions, we learn that the PVA is likely 

encapsulating the inulin. Furthermore, Figure 4-4 suggests that any rheological change that 

occurs in the sample in this time period is occurring on the molecular or polymeric level because 

very little microstructural change is visible with confocal microscopy. 
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Figure 4-5: Size distributions of as-received inulin, PVA MPs, and PVA-Inulin MPs in their hydrated state after 30 

minutes of exposure to water in the dilute regime. Generated by Jin Xu.  

The diameter of the PVA and PVA-inulin MPs and the as-received inulin were measured 

after exposure to water for 30 minutes in the dilute regime (Figure 4-5). The dilute condition is 

expected to exaggerate the swelling effects relative to the confocal images shown above due to 

increased solvation. Under these hydration conditions, an increase in particle size is observed for 

the MPs relative to the dry particle sizes, as reported in Figure 4-1. Specifically, the most 

probable diameter of the PVA MP increases by three orders of magnitude to 316 μm; the most 

probable diameter of the PVA/inulin MPs increases by one order of magnitude to 3.3 μm. On the 

other hand, the as-received inulin does not experience a significant change in particle size when 

hydrated (most probable diameter ~ 7.8 μm). These data confirm the size difference between 

hydrated inulin and hydrated PVA-inulin MPs observed in the confocal images in Figure 4-4. 

We thus observe that the particle whose size increases contain PVA. That is, the observed 

greater swelling for the PVA MPs here and lack of significant swelling of inulin suggest PVA 

controls the size change with hydration. This difference in swelling is likely related to the 
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difference in hydrophilicity of the two polymers. PVA is very hydrophilic and will swell more in 

water [216] while inulin is known to be more hydrophobic and will swell less or not at all [188], 

[217].  

MP agglomeration may contribute to the greater size, as described in other systems [218]. 

Partially dissolved PVA could be contributing to the larger measured sizes of PVA MPs and 

PVA-inulin MPs. There is some evidence for such partial dissolution in the confocal microscopy 

images of Figure 4-4. 

4.4.6 Rheological characterization of microparticle suspensions 
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Figure 4-6: (a) Time dependent linear elastic modulus over 4 hrs (γ = 0.04% and ω = 1 rad/sec); (b) Frequency 

dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%) and (c) Shear-rate dependent viscosity (t = 4 hr, γ ̇ = 

0.1 to 300 s-1) of PVA-inulin MP suspensions and pure inulin suspensions. 

Rheological properties of the PVA/inulin MP suspensions as administered in the in vivo 

studies are compared to that of PVA MP and as received inulin suspensions in Figure 4-6. For 

this study, t = 0 s is after 30 minutes of incubation. This incubation time was used to conform to 

timing in the mice experiments discussed later. 

The duration of the transient measurements shown in (a) is comparable to the typical GI 

transit time in mice, as given in the IVIS imaging study below and by [215]. The linear elastic 
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modulus of the PVA/inulin MP suspension increases by about a factor of ten over the duration of 

the experiment. The elastic modulus of the inulin suspension control grows over a time 

comparable to the PVA-inulin MPs; however, the level of increase is much greater; the elastic 

modulus of this material grows by a factor of about one thousand. In contrast, the PVA MP 

suspensions have an elastic modulus that is nearly independent of time. Moreover, with time, the 

elastic modulus of the PVA-inulin MP suspensions tends towards that of the as received inulin 

suspensions rather than that of the PVA MP suspensions.  

The frequency-dependent linear viscoelastic moduli reported in Figure 4-6(b) were 

collected at the conclusion of the kinetic measurements reported in Figure 4-6 (a). The results are 

consistent with convergent rheological properties of the PVA/inulin MPs and the inulin control. 

That is, the linear viscoelastic moduli of these two materials are indistinguishable from each 

other. The moduli of the PVA-MPs are lower than the other two samples.  

The shear-rate dependent viscosity of the three specimens shows shear thinning behavior 

(Figure 4-6 (c)). There is no evidence of a plateau viscosity at either high or low shear rates. 

Generally speaking, typical shear rates found in the digestive tract are between 0.1 s−1 and 10 s−1  

[93], [219], [220]. The PVA-inulin MP suspensions display the greatest viscosity for this entire 

physiologically relevant range of shear rates. Inulin suspensions on average display the lowest 

viscosities and pure PVA MP suspensions display viscosities in between the other two samples. 

The shear thinning character of the PVA-inulin MP and inulin control are similar. The PVA MP 

curve differs; there are two regimes of shear thinning behavior. 

A scenario that explains these data is the following: the elastic modulus is most sensitive 

to the release and hydration of inulin while the shear rate dependent viscosity is sensitive to both 

MP form and the presence of inulin. Here MP form refers to physical form and structure that 
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results from this form in the suspended state. The sensitivity of the elastic modulus to inulin is 

most apparent from Figure 4-6 (a) where the pure inulin suspension experiences the greatest 

modulus increase with time. Furthermore, the convergence of the moduli of the pure inulin 

suspensions with PVA-inulin MP suspensions suggests that inulin is the common feature that 

dominates the viscoelastic response.  

To investigate this further, we first compared the rheology of PVA-inulin MP 

suspensions to that of PVA-inulin two-component mixtures (shown in Figure 4-13). These data 

show that the PVA-inulin MP suspension initially has a greater modulus than the equivalent two-

component mixture. However, with time, these two samples evolve towards the same behavior 

which, again, converges to the pure inulin suspension (Figure 4-6 (b)).  

Next, we evaluate the effect of the MP form alone on rheological behavior by looking at 

pure PVA solutions and pure PVA MP suspensions. Figure 4-14, shows that the MP form does in 

fact cause an increase in the viscoelastic moduli of the PVA in both the transient and frequency-

dependent response. However, this modulus remains about constant with time and frequency, 

suggesting that the elastic modulus is not dominated by the MP form. Together, these data 

indicate that the MP form initially dominates the transient viscoelastic behavior, but this 

influence lessens with time and a transition occurs to a long-time regime that is dominated by the 

inulin contribution.  

The features that dominate the strain rate dependent viscosity can be similarly evaluated 

from Figure 4-6 and from Figure 4-13 and Figure 4-14. First, Figure 4-6 (c) shows that all 

samples have non-Newtonian shear thinning behavior where the magnitude of the viscosities of 

the PVA-inulin MP suspensions is almost additive of that of the pure PVA MP and inulin 

suspensions. These results suggest that both inulin and MP form influences this behavior. 
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Inspecting this further, instead of the Newtonian shear rate independent viscosity that is typical 

of PVA solutions (Figure 4-14), the pure PVA MP suspensions have non-Newtonian shear 

thinning behavior. This result suggests that despite the lessening effect on the viscoelastic 

behavior, the MP form contributes to the shear thinning behavior of the sample. PVA-inulin two-

component mixtures and PVA-MP suspensions both show shear thinning behavior. However, 

PVA-inulin MP suspensions show greater shear thinning. Therefore, inulin affects the strain 

dependent viscosity but to a lesser extent than the MP form.  

Summarizing these rheological results, the rheological response of the PVA-inulin MP 

suspensions shows the effects of both MP form and the presence of inulin. The inulin was 

observed to be more influential for the viscoelastic behavior at long times. The MP form 

contributed more to the short time viscoelastic behavior as well as the increased viscosity and 

shear thinning behavior. As we try to connect the rheological properties with their microscopic 

behaviors, discrepancies can be found and reveal more information about the samples. 

Rheologically, all inulin-containing suspensions change over the 4-hour measurement. However, 

from confocal microscopy, none of the suspensions show visual changes in this time period. It is 

worth noting that the many small particles observed in the dry state from SEM are not found in 

the hydrated state. The hydrated size distributions (Figure 4-5) confirm the lack of these smaller 

particles suggesting that they are likely dissolved. Because only the inulin-containing samples 

show the increasing rheological trends and inulin suspensions are visually observed to gel over 

four hours, we hypothesize that the interactions of dissolved inulin led to the gelling of inulin 

and is responsible for the rheological changes.   

 

4.4.7 Inulin release profile 



 115 

0 2 4 6 8 10

0

50

100

150

16 18 20

Time [h]

P
e
rc

e
n

ta
g

e
 R

e
le

a
s
e
 /
 %

Inulin

PVA-Inulin MPs

 

Figure 4-7: Release profile of inulin from the microparticles compared to inulin as-received. Generated by Jin Xu. 

The inulin release profile in the simulated intestinal fluid (SIF) of the PVA-inulin MPs is 

compared to inulin as-received in Figure 4-7. This figure indicates that the MPs follows a burst 

release profile of inulin. More specifically, in the first two hours, ~70% of inulin is released from 

the PVA-inulin MP suspensions.  Additionally, the PVA-inulin MP suspensions attain steady-

state after approximately 500 min. Even though this in vitro assay is expected to display faster 

release of inulin than the rheological experiments (Figure 4-6) because of the different 

environments (diluted in SIF compared to constant concentration in DI water, respectively), the 

release profile shows a time scale that is comparable to the kinetics in the transient rheological 

response of Figure 4-6 (a). This correspondence suggests that the release of inulin may be 

impacting the kinetics of the transient rheological response of the PVA-inulin MP suspension. 

4.4.8 Gut retention study 



 116 

 

Figure 4-8: Gut retention study of PVA-inulin MPs. Mice were orally gavaged with Cy7-labelled inulin，PVA-Cy7-

Inulin mixture or Cy7-MPs, and fecal samples were collected at indicated time points (a) Images of fecal pellets 

collected and (b) normalized fluorescence intensity of the feces, quantified from (c) (N=5). Generated by Jin Xu.  

Retention of inulin in the gastrointestinal tracts of mice was first evaluated by live animal 

imaging (Figure 4-17). Cyanine 7-conjugated inulin was added to the PVA-inulin MPs, PVA-

inulin mixture, and inulin as-received in the 1:19 ratio to native inulin. The fluorescence-labeled 

formulations were fed to mice via oral gavage, and fecal samples were collected and imaged to 

measure the Cy7-inulin signals (Figure 4-8). The onset of inulin excretion was at 5.0 hours for 

most mice. This suggests an overall GI transit time of 5 hours, consistent with the literature [215] 

and the conditions in the rheological characterizations. The fluorescent intensity reached the 

peak at 10 hours for inulin and PVA-inulin mixture. In comparison, the maximum signal for the 

PVA-inulin MPs was seen after 15 hours (Figure 4-8). This remarkable delay indicates that the 

formulation of microparticles travels slower in the GI tract than free inulin and the simple PVA-

inulin mixture, which could essentially improve the availability of inulin for gut residing 

microbes, as is evidenced by measuring the area under the curve of the Total Radiant Efficiency 

from fecal samples (Figure 4-16). It needs to be noted that this extended gut retention was not 

identified in the live imaging of the mouse abdomen region because the method cannot 

differentiate the various segments of GI tract when the stomach and intestines are naturally 
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arranged in mice. Furthermore, the delay in colon transit may be overwhelmed by the overall 

fluorescence signals along the GI tract, leading to negligible difference. 

 

Figure 4-9: Fecal inulin content of mice over 24 hours after oral administration of as-received inulin, PVA-inulin 

mixture, and PVA-inulin MPs. Generated by Jin Xu. 

In order to confirm the prolonged colon retention of MPs, the inulin excretion kinetics in 

the feces was also evaluated, shown in Figure 4-9.  The inulin content measured is the total 

amount of long-chain inulin remaining in the feces and excludes degraded fructose from inulin. 

We first note that the as-received inulin and PVA-inulin mixture reached the highest fecal 

concentration by ~7.5 hours while the PVA-inulin MPs reached its maximum by around 10 

hours. This delayed peak for the PVA-inulin MPS further supports the enhancement of colon 

retention by the microparticles. These data also show a reduction of the total amount of inulin 

present in the feces for the PVA-inulin mixture and PVA-inulin MPs - the greatest reduction 

being for the MPs. This reduction can be explained by the inulin assay kit used and the fact that 

it only measures long-chain inulin remaining in the feces. The colon fermentation is expected to 

break down the polysaccharide and generate fructose from inulin, therefore reducing the amount 

of long-chain inulin present [221]. Consequently, the lower inulin content detected in the fecal 
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samples from PVA-inulin mixture and MPs treated mice can be attributed to the extended transit 

times that allows more sufficient fermentation. 

Comparing the feces quantification from these two studies (Figure 4-8 and Figure 4-9), 

some similarities and differences can be seen. Both quantifications show later appearance of 

peak inulin content for the MPs suggesting enhanced colon retention. However, there is an 

approximate 2.5 hours delay in the transit time in the live animal imaging (Figure 4-8b) 

compared to the direct measurement of inulin (Figure 4-9). This delay may be ascribed to the 

frequent anesthesia performed in mice when acquiring the live images. It has been reported that 

inhalation anesthesia may disrupt the normal gastrointestinal motility [221], [222]. Additionally, 

the reduction of inulin content for PVA-inulin mixture and MPs in Figure 4-9 suggests more of 

the inulin in these samples are being fermented, further supporting the enhanced colon retention. 

This reduction is not observed from the fluorescence quantification in Figure 4-8, where the 

fluorophore persists even when the conjugated inulin is degraded.  

These results can be explained by the mucoadhesive properties of the highly hydrolyzed 

PVA [197], [223] and the increased viscosity/moduli of the sample described in section 4.4.6 and 

4.6.  Essentially, these two features of the MP suspensions could be contributing to an increase in 

bioavailability of the inulin fermentation by colon residing bacteria (Figure 4-9 and Figure 4-16). 

It is interesting to note that the trends in gut retention between these three samples align with the 

trends in viscosity at the physiological shear rates (0.1 s−1 and 10 s−1) [93], [219], [220]. 

Specifically, the greatest gut retention of inulin, as quantified here, occurred with the sample 

with the greatest viscosity at shear rates = 0.1 s−1 - 10 s−1 (PVA-inulin MP suspension); the least 

gut retention of inulin occurred with the sample with the lowest viscosity in this regime (inulin 

suspension). A direct comparison of these samples is given in the SI. Further animal studies 
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could investigate the gut microbiome composition and changes in the levels of metabolites such 

as SCFAs, which could provide more insights into specific prebiotic effects of these modified 

inulin. Nonetheless, this colon targeting and sustained formulation is a promising strategy to 

modulate host microbiome in multiple diseases applications.  

4.5 Conclusions 

In conclusion, inulin was successfully electrosprayed into microparticles by blending it 

with a PVA solution at a ratio of 1:3 PVA-inulin by weight. The MP form and presence of inulin 

had significant effects on rheological properties when suspended in water. The rheological 

differences between samples were seen in both oscillatory shear and steady shear tests: inulin 

containing samples had greater viscoelastic moduli and greater viscosities. When administered to 

mice and compared to inulin as-received and PVA-inulin mixtures, PVA-inulin MP suspensions 

resulted in greater colon retention as given by fecal quantification and IVIS imaging. We 

conclude that this response is correlated with the modified rheological properties of 

microparticles and mucoadhesive properties of the PVA used. These results can be useful for the 

design of colon targeted products in both food and biomedical applications, especially for the gut 

microbiome modulation through prebiotics.  
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4.6 Supplementary information 

 

Figure 4-10: Electrosprayed PVA-inulin mixtures are allowed to rest for 1 hr before measuring viscosity because of 

the time needed to reach steady state behavior as shown in this figure. Frequency is 1 rad/s.  
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Figure 4-11: Oscillatory strain amplitude sweep of microparticle suspensions (frequency = 1 rad/s). A strain 

amplitude of 0.04% is shown to be in the linear regime. 
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Figure 4-12: A rheological study to determine the presence of any gap effects with the microparticle suspensions.  

Time sweeps, frequency sweeps, and flow curves at 500um, 750um, and 1000um show no significant gap effects and 

so 500um gap was used to conserve sample. 

 

Figure 4-13: Time dependent linear elastic modulus over 4hrs (γ = 0.04% and ω = 1 rad/sec); Frequency 

dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%); and shear-rate dependent viscosity (t = 4 hr, 𝛾̇ = 0.1 

to 300 s-1) of PVA-inulin MP suspensions and PVA-inulin mixtures. Mixtures begin with higher viscoelastic moduli, 

but values converge with those of the MP suspensions in less than an hour. Both samples are shear thinning but MP 

suspensions display greater shear thinning. At most physiologically relevant shear rates (0.1 s−1 and 10 s−1) [93], 

[219], [220], MP suspensions have a greater viscosity than mixtures. 

 

Figure 4-14: Time dependent linear elastic modulus over 4hrs (γ = 0.04% and ω = 1 rad/sec); Frequency 

dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%); and shear-rate dependent viscosity (t = 4 hr, 𝛾̇ = 0.1 

to 300 s-1) of PVA MP suspensions and PVA solutions. MP suspensions have greater viscoelastic moduli than PVA 

solutions. However, no time dependence of these moduli are observed for either MP suspensions or solutions. PVA 

solutions are Newtonian and do not show shear rate dependence. However, PVA MP suspensions show shear 

thinning behavior. 
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Figure 4-15: Time dependent linear elastic modulus over 4hrs (γ = 0.04% and ω = 1 rad/sec); Frequency 

dependence of linear viscoelastic moduli (t = 4 hr, γ= 0.04%); and shear-rate dependent viscosity (t = 4 hr, 𝛾̇ = 0.1 

to 300 s-1) of PVA-inulin MP suspensions, PVA-inulin mixtures, and inulin suspensions. This figure shows the 

convergence of the viscoelastic moduli of these three samples. However, shear rate ramps show a difference in their 

viscosities. All samples are shear thinning. Inulin suspensions have the lowest viscosities at all shear rates. At most 

physiologically relevant shear rates (0.1 s−1 and 10 s−1) [93], [219], [220], PVA-inulinMP suspensions have a 

greater viscosity than mixtures of equivalent concentrations. 
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Figure 4-16: Area under the curve of the Figure XX in the main text. These data show PVA-inulin MPs have the 

greatest area. Generated by Jin Xu. 
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Figure 4-17: Gut retention study of PVA-inulin MPs. Mice were orally gavaged with Cy7-labelled inulin，PVA-

C7y-Inulin mixture or Cy7-MPs. (a) Images of gastrointestinal tracts were acquired through IVIS imaging system at 

indicated time points and (b) normalized fluorescence intensity of the GI tract area, quantified from (a). ) The 

fluorescent signal persisted in the abdomen area for up to 12.5 hours and then started to decrease in all tested 

formulations. No statistical difference was observed among groups, suggesting the GI transit time is comparable at 

individual levels by the endpoint of live animal imagine. Fig XX(b) provides quantification of the fluorescent signals 

in the abdomen area from Fig. XX(a), which demonstrates similar patterns of inulin clearance for all inulin 

formulations.   Extended gut retention was not identified in the mouse live imaging results, because the method 

cannot differentiate the various segments of GI tract when the stomach and intestines are naturally arranged in 

mice. Furthermore, the delay in colon transit may be overwhelmed by the overall fluorescence signals along the GI 

tract, leading to negligible difference. Generated by Jin Xu. 
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Chapter 5 Conclusions and Future Work 

The overarching objective of this dissertation was to explore how specific types of 

colloidal particles affect and interact with various environments. Specifically, I examined how 

active colloids affect the yield stress behavior of colloidal gels and interact with defect-rich 

colloidal crystals. I also investigated how electrospraying PVA-inulin microparticles affect the 

gut retention of inulin as mediated by their dissolution and rheological properties. 

5.1 Effects of active motion 

Active particles have a complex motion that can both influence and be influenced by its 

environment [71], [76], [174]. In this dissertation, we specifically studied platinum Janus 

particles whose motion results because of the asymmetric decomposition of hydrogen peroxide 

across the particle [16], [75]. We looked at how this motion manifested itself when embedded in 

colloidal gels and ultimately how it affected the yield stress behavior of colloidal gels. We 

additionally examined how this motion affected void properties and was affected by 

microstructural regions in defect-rich colloidal crystals. The next two subsections summarize 

these studies in more detail.  

5.1.1 Rheological implications in colloidal gels 

In Chapter 2, we probed how embedded active particles affect the yield stress behavior of 

colloidal gels. Colloidal gels were made through diffusion limited cluster aggregation (DLCA) 

by the addition of magnesium chloride, a divalent salt. These gels have been well studied and 

have established structure-property relationships [35], [224]–[226]. As such, they are a model 

system for studying how active particles may interact with and affect them. The active particle 
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used was a platinum Janus particle which self-propels as a result of the asymmetric 

decomposition reaction of hydrogen peroxide at the particle surface. This active particle is well 

studied and established in the literature [17], [19], [21], [75] making it an ideal candidate for the 

active particle system used.  

Previously, it had been shown that embedded active particles cause a reduction of their 

viscoelastic moduli [20]. Because the yield stress of a gel is also critical for its use and 

performance [104], [111], we performed three yield stress measurements to understand 

implications of embedded active particles on this nonlinear rheological parameter: start up of 

steady shear, oscillatory strain amplitude sweeps, and creep compliance tests. Due to interference 

that can occur from the bubble formation that results during the decomposition reaction, two 

important procedural modifications were instituted that allowed for successful rheological 

measurements: (1) highly oxygen permeable polydimethyl siloxane (PDMS) plates were used to 

act as an oxygen trap and (2) an antifoaming agent was used to suppress bubble formation. In the 

active energy regime tested, all three measurements demonstrated that active particles cause a 

reduction of the yield stress. Furthermore, the start-up and steady shear and strain amplitude tests 

revealed that active energies studied cause no significant change in yield strain. This finding, as 

well as structural characterization with confocal microscopy and the radial distribution function, 

suggest that the activity level studied did not affect the gel structure. 

To explain how the small fraction of active particles could have the profound effect that 

was observed, we hypothesized that active clusters rather than active particles drive the reduction 

of rheological properties. We used this hypothesis for the modeling of the gel mechanics. 

Furthermore, because no structural change was observed, modelling focused on the elastic 
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modulus, which if determined, would then allow the yield stress to be estimated. We found that 

the modulus reduction was well predicted by this theory of cluster activation.  

These results have important implications for the future design of active gels. First and 

foremost, they show how a small number of active particles can have a profound rheological 

effect. They additionally suggest that gels with tunable rheological properties could be realized 

through the use of active particles. Both implications would be desirable in industry if 

implemented correctly. For example, in many cases dramatically changing a product formulation 

is not realistic. However, tunable rheological properties are still desired for different parts of the 

manufacturing process. Active matter could provide a route for just that: few particles are needed 

to impart a large rheological change on an existing structure; and such a change can be 

implemented through the simple addition of hydrogen peroxide or exposure to the specific 

activity-inducing field (i.e. chemical gradient, light, electric field, etc.).  

Further study and incorporation of other active matter systems is needed to realize this 

potential though. For example, further insights into the mechanism for active motion as well as 

the importance of the placement of active particles within the gel is needed to understand and 

properly implement.  To better understand the potential impact of these features, the author 

suggests two potential approaches: (1) systematically comparing the motion in three locations of 

a colloidal gel:  clusters that contain an active particle, clusters that are close to an active particle, 

and clusters that are far from a particle; and (2) systematically studying the motion of fractal 

clusters (not within a gel) of different sizes that do and do not contain an active particle.  

For approach (1), one would be confirming cluster activation and better understanding 

the length scale that the active force is experienced by active particles. Some initial attempts to 

take this approach were made. However, the small fraction of active particles present made it 
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challenging to locate and resolve the active particles in the gel. This small fraction therefore led 

to inconclusive results. Increasing the active particle fraction could help address this challenge, 

but as previously noted, higher fractions caused the formation of oxygen bubbles from the 

decomposition reaction. For approach (2), some initial attempts were also made. Fractal clusters 

were prepared by adding magnesium chloride to a solution of active particles and a much smaller 

concentration of passive particles. Though this smaller passive particle concentration meant that 

the system would not gel (see figure in Chapter 1), it also made it challenging to locate these 

clusters. In the future, preparing these dispersions in a device with a smaller volume (for 

example by using a spacer with a smaller thickness), could allow for easier location of clusters. 

However, we would encounter a competition between bubble formation if the device were sealed 

and sample evaporation if the device were left open.   

Because bubbles interference prevented the use of higher concentrations of active 

particles or higher active energies (via hydrogen peroxide concentration), the full extent of the 

impact of active particles on colloidal gels could not be realized. For example, Omar and 

colleagues predicted higher active energies would change gel structure [70]. One possible way to 

experimentally access higher active particle concentrations or energies while maintaining low 

overall concentrations would be to use 2D colloidal gels. 2D gels would still allow for a 

fundamental understanding of how active particles effect gel structure. Another way to access 

higher active particle concentrations or energies would be to use a different active motion 

mechanism that does not produce a gaseous byproduct. One promising active mechanism is 

induced charge electrophoresis of metallodielectric particles in AC electric fields [10], [11]. This 

motion not only has no gaseous byproduct but also has the potential to reach higher active 
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energies [77]. Figure XX shows typical trajectories of this motion in 4 m platinum Janus 

particles (25 nm Pt) in water from an AC electric field applied perpendicularly to the substrate. 

 

Figure 5-1: Trajectories of 4 m platinum Janus particles (25nm Pt) in DI water with an AC electric field strength 

of (a) 0 V/cm, (b) 100 V/cm, and (c) 200 V/cm. The electric field was applied perpendicularly to the substrate made 

of ITO slides and a spacer with varying thickness. Pixel-micron ratio is 0.25 m/px 

Two disadvantages of this mechanism include that it: (1) is largely hindered by the 

presence of salt [10] which is needed for the creation of DLCA gels and (2) is usually a quasi-2-

dimensional phenomenon because of the inherent attraction to the wall or substrate in an AC 

electric field [227] and particle sedimentation that occurs from the high density of the metallic 

side [11].  

With these advantages and disadvantages in mind, some initial attempts were taken to 

incorporate these active particles into gels. Quasi-2D gels were used to account for Janus particle 

sedimentation. Furthermore, depletion gels (rather than DLCA gels) were used to diminish the 

reduction of active motion from salt. As described in Chapter 1, depletion gels form because a 

polymer depletant acts to maximize its entropy by pushing larger colloidal particles together [1]. 

At a high enough concentration of both the depletant and colloidal particles, gelation can occur. 

Examples of two 2D depletion gels made using polyethylene oxide (PEO – Mv = 600,000 g/mol) 

and sodium carboxymethyl cellulose (NaCMC – Mv = 70,000 g/mol) as depletants are shown in 

figure XX. 
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Figure 5-2: 2D depletion gels made in a sealed 8-well plate (200 L/well) with 0.036 vol% 4 m PS particles and 

(a) 1.0 g/L PEO and 1.5mM NaCl or (b) 0.9 g/L NaCMC. Gels were imaged here after 3.5 day.   

Though 2D gels were successfully made, when active Janus particles were incorporated, 

the AC field induced Janus particle sticking almost immediately. This sticking is likely the result 

of depletion forces, the greater van der Waal forces of the metallic side [149], and small salt 

concentration. Many attempts to prevent Janus particle sticking in this environment were made, 

including exposure or coating of the substrate with (1) oxygen plasma for 20 minutes [228], 

[229], (2) 1-10 wt% bovine serum albumin (BSA) solution [230], (3) a solution of poly-sodium 

4-styrenesulfonate (PSS) (4 mg/mL) [231], and (4) coating thin layer of SiO2 [11], [232]. 

Unfortunately, none of these attempts was successful in preventing Janus particle sticking while 

maintaining active motion. Further study of the effect of polymers on AC electric field induced 

active motion could help resolve these challenges. However, a new active particle system may be 

better suited for studying the effect of high active energies and particle concentration on colloidal 

gel dynamics and rheology. Other desirable attributes of a such a new active particle system 

would be cost and environmental sustainability. Some directions for this are suggested in a later 

section. 
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5.1.2 Microdynamical implications of active particles in colloidal crystal monolayers 

In Chapter 3, we explored how active particles interact with defect-rich colloidal crystal 

monolayers. Crystal monolayers were made of passive polystyrene spheres with a diameter of 4 

m. The active particle was the same 1 m platinum Janus particles used in Chapter.  The crystal 

was assembled using AC electric fields. We studied the Janus particle microdynamics and its 

effect on the properties of defect-rich void regions before and after activity was initiated. Void 

regions were identified and characterized for properties (size, number, anisotropy, etc.), using a 

python code.  

We found that with increasing activity, void size and anisotropy increased while void 

number decreased. Additionally, active particles were also more likely to be found in void and 

void-adjacent regions (within 3 particle diameters) than their passive counterparts. We 

introduced three possible causes of these changes and described how active motion is the most 

plausible cause of them.  

To better understand how the active motion imparts these changes on the crystal, we 

studied the microdynamics of active particles in the crystal monolayer. We confirmed that in the 

crystal, active Janus particle microdynamics were enhanced relative to the passive control. 

However, the microdynamical enhancement in the crystal was found to be slightly reduced 

relative to the free particle case.  Furthermore, we found that the extent of microdynamical 

enhancement depended on the microstructural region of the active particle. Specifically, at the 

greatest active energy, the greatest microdynamical enhancement was found in void-adjacent 

regions and the least was found in the void regions.  

We explained how the difference in regional microdynamics could be the result of the 

complex interactions of active colloids with their environment, specifically when confined. The 
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four facets of this complexity that were discussed were: (1) the energy potentials involved with 

each region; (2) the frequency of collisions found in each region; (3) the energy required for 

local particle rearrangements; and (4) the active particle interactions dominating in each region.   

Considering these results, we proposed that the potential mechanism for these changes is 

the following: void properties change as a result of active particle collisions with the lattice. 

However, the local environment influences a particle’s microdynamics and thereby its ability to 

transfer energy to the lattice and change void properties. 

These results have many implications for our understanding of active motion and its 

effects on colloidal crystals. They suggest that changes in void properties and activity-controlled 

annealing are mostly likely mediated by the dynamical interactions in void-adjacent regions. 

Furthermore, they suggest that active particles in different microstructural regions contribute to 

changes in void properties to different extents. More generally, these results indicate that just as 

the active particle affects the crystal structure, the crystal structure affects the microdynamics of 

the active particle. Therefore, when considering future studies and applications where greater 

microstructural change is desired, this work suggests that it will be important to control active 

particle location as well as the specific active propulsion mechanism. 

Like Chapter 3, the activity regime studied was limited due to bubble interference. By 

extension, the continued effects that active particles could have on the crystal were also limited. 

For example, trends in void properties could be strengthened with more time and active energy 

points and better compared with existing studies [58], [66]. Therefore, an important area for 

further research is to use a different active matter system without (or with more limited) bubble 

interference.  Suggestions related to this active particle system selection will be discussed in the 

next section. It would also be interesting to study the microdynamics of the crystal lattice itself to 
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better understand the energy transfer that contributes to changes in void properties as well as to 

understand how active particles affect the rigidity of the lattice [233]. A final consideration for 

future work is to study how active particle shape (and size) may affect the ability to change void 

and crystal properties. 

5.1.3 The need for a new active matter system 

Chapters 2 and 3 continue to highlight an important limitation of the platinum Janus 

particle system for active motion: only low concentrations of active particles and low active 

energies (via hydrogen peroxide concentration) can be used before bubble interference. This 

limitation still allowed for initial studies of the impact of active particles on colloidal gels and 

colloidal crystals (as shown in this dissertation). However, for continued work and 

implementation of active particles, a different active particle system is needed. Furthermore, an 

active particle system without platinum is critical for acceptance in many industries. Platinum is 

costly and not environmentally sustainable; therefore many applications of active matter would 

require the use of other catalysts or gradients.  

Fortunately, many new active particle systems could address these problems. For 

example, many researchers have found successful implementation of light activated active 

particles that don’t contain platinum and can achieve higher active energies before bubble 

interference [58], [74], [178], [234]. One active particle system that the author thinks is 

promising for this group is the light activated TiO2/SiO2 Janus spheres described by Gibbs [9]. 

This particle could be easily implemented using the resources already readily available at the 

University of Michigan and the Lurie Nanofabrication facility. Furthermore, silica particles are 

another well-studied colloidal particle. Another exciting type of active particle system involves 

biocatalytic reactions with enzymes. Some reactions particularly applicable to biobased or 
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sustainability applications include those with the enzymes: catalase and urease. When these 

enzymes are linked to particles, the resulting active motion can have even greater energies (or 

speeds), will still function in physiological environments, and have little to no toxicity [235], 

[236]. 

Ultimately, understanding the desired application and its environment will be critical for 

active particle selection. As researchers better identify and understand the mechanisms and 

interactions involved in the motion of an active particle, active particle selection and 

implementation will be more successful. Furthermore, the creation of new synthetic active matter 

systems that do not have the limitations of the platinum Janus particle and can be made in higher 

quantities could allow for more widespread application. 

5.2 Electrosprayed inulin microparticles 

In Chapter 4, the particles of interest were PVA-inulin microparticles. We studied how 

the microparticle form in suspension affected rheological properties and ultimately the gut 

retention of inulin in mice. These microparticles were prepared using the electrospray method 

with PVA to promote successful particle production. The resulting particles were smaller and 

more polydisperse than the as-received inulin. FTIR and confocal microscopy confirmed the 

presence and colocalization of PVA and inulin in the particles. Upon hydration, these particles 

were observed to swell and agglomerate in both confocal microscopy and mastersizer size 

distributions. They also remained visually stable for more than four hours. 

Because rheological properties have previously been shown to affect gut retention [94], 

linear and nonlinear measurements of the microparticle suspensions were taken. We found both 

the microparticle form and the presence of inulin affected these rheological properties. 

Specifically, the presence of inulin had a greater effect on the viscoelastic behavior at long times 
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and the microparticle form had a greater effect on the short-time viscoelastic behavior as well as 

the viscosity and shear thinning behavior. The greater effect of inulin at long times corresponds 

to the trends from the inulin release profile of these microparticles. This correspondence, as well 

as the rheological trends, indicate that the release of inulin may be impacting the transient 

rheological response. 

From both in vivo quantification methods, we observed a delay in the maximum of fecal 

inulin content for PVA-inulin microparticles compared to as-received inulin and PVA-inulin 

mixtures. This finding indicates that the microparticles travel slower through the GI tract and 

increase its guts retention. We hypothesize that this increase in gut retention is a result of the 

mucoadhesive properties of PVA and the rheological properties of the samples. Though further 

characterization is needed to understand how this may ultimately affect any prebiotic benefits, 

these results already indicate that the microparticle form could improve the availability of inulin 

in the gut.  

To better understand the implications of the microparticle form and sample rheology on 

the gut retention and the gut microbiome, further study is needed. For example, animal studies 

investigating the gut microbiome compositions as well as changes in levels of metabolites such 

as short chain fatty acids could inform of specific prebiotic effects of modified inulin.  

Furthermore, electrospraying inulin alone could help isolate factors that contribute to the 

increased gut retention. This could be possible by using a polymer that is not mucoadhesive or 

through the acetylation of inulin as done by Jain and coworkers [194]. This method could also 

help determine how particle size may affect inulin retention and bioavailability.  

An alternative approach to studying the effect of microparticle form and size on the gut 

retention and bioavailability of inulin would be to use a different particle production method all 
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together. One such method is double emulsion precipitation with a colon-targeting polymer as 

the encapsulating material. This methods has potential for better size control and has successfully 

been used for inulin and PLGA [237], but not with colon-targeting polymers like Eudragit [238], 

[239]. Some initial attempts were made and spearheaded by Angelica Rose Galvan, but exact 

solvents and instrumentation would need to be additionally optimized. Furthermore, these 

attempts have shown signs of a generally low product yield and production rate which may 

hinder animal studies. Even still, this and other particle production methods warrant further 

study.  

5.3 Closing 

In conclusion, this thesis has shown how colloidal particles and small changes to such 

particles can have profound impacts on and interactions with their environments. Using insights 

from this work can help guide future design of active matter systems and prebiotic formulations. 
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