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ABSTRACT 
 

Maria Isabel Ruocco, née Jarvis 
 

Probing microfluidic devices using drug loaded nanocrystals in breast cancer studies 
 
 
Drug carrier development is a financially taxing process. There are a plethora of ongoing 

studies in academia and industry aimed towards understanding and solving problems within 

every stage involved in drug discovery, design, and testing starting from the bench top in vitro 

continuing onwards to in vivo animal models and finally, concluding with FDA approved 

clinical trials. This dissertation belongs to the body of knowledge aimed at facilitating a 

smoother transition of drug development from in vitro to in vivo. Specifically, in vitro to in 

vivo drug carrier transition studies are plagued with a unique problem which often results in 

the undue desertion or abandonment of a particular drug or drug carrier. In vitro development 

and testing of drug carriers, though foundational and necessary prior to all other advances in 

drug formulations, are traditionally conducted under static, homogenous, monolayered 

conditions. Drug formulations and carriers developed under these conditions often and 

understandably exhibit different behavior when transitioned into in vivo animal models due to 

the strikingly different test environments between in vitro and in vivo testing. Recognizing the 

importance of canonical in vitro studies and the need to bridge the knowledge gap between 

benchtop development and animal model performance, microfluidic devices of different 

architectures, morphologies, and make-up have emerged as a viable and useful intermediary 

step; linking in vitro to in vivo studies as a means to facilitate smoother and more successful 

transitions for drug carrier development studies. The microfluidic devices chosen differ in the 

architectural construction of their chambers, they were selected to help address a variety of 

pressing questions regarding drug carrier performance under physiological flow while 
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subjected to shear and tensile stresses, complex architectures, and in the presence of a multi-

cellular environment. Due to the complexity of addressing multifaceted cellular research 

questions, a set of specialized devices were required to begin teasing apart the impact these 

various factors have on drug carrier performance.  To fully extract enough information from 

the microfluidic devices chosen, a consistent drug carrier or drug delivery platform was needed 

which could be tracked easily through the thick polymer gels comprising the microfluidic 

devices, would not stick to the polymer surfaces of the devices, and could be tested before and 

after flow using a variety of rigorous chemical analytics techniques. With this criterion in mind, 

idealized co-culture, microvascular networks, and linear channel devices were studied using 

in-house synthesized nanocrystals as a model drug delivery probe within this collection of 

diverse microfluidic devices. The nanocrystals were a unique design and therefore required 

extensive chemical characterization and validation prior to their infusion through the 

microfluidic devices. A major portion of this dissertation will focus on the description of their 

synthesis and methods utilized for their processing and analyses necessary for their validation 

and use within the mammalian cell seeded microfluidic devices chosen.  A select few 

nanocrystalline constructs containing different targeting ligands and polymer coatings were 

culled from a library of potential biologically decorated nanocrystalline constructs for drug 

performance studies subjected to flow, in the presence of mammalian cells, within the 

microfluidic devices. These studies were intended to tighten the link between their studied 

performance in vitro and their future performance in vivo. The results from these microfluidic 

studies reported here and in published work provide a precedent for other researchers working 

with various drug delivery carriers to utilize as-is and build upon to obtain seamless and guided 

transitions from in vitro experiments to their counterpart, in vivo. 
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1. Introduction 

 

 

1. I. Motivation 

 

This body of work describes the development of a drug delivery carrier comprised of a 

poorly soluble hydrophobic chemotherapeutic compound in the form of a rod-shaped 

nanocrystal. Upon successful development and rigorous characterization, the drug delivery 

construct was then flowed through idealized co-culture, microvascular networks, and linear 

channel microfluidic device assays to probe specific questions concerning the stability, the 

design rationale, the efficacy, and the material soundness of the drug delivery carrier.  

 

These microfluidic device cell-culture assays and flow experiments were developed by 

the author in collaboration with CFDRC Inc. who so generously provided technical and 

product support during the entirety of these studies. Unique cellular co-culture combinations 

were grown and refined by the author to probe initially, the rod-shaped nanocrystals but with 

the ultimate long-term goal of opening up the microfluidic device assays for use with other 

constructs as a screening or bridging method between in vitro and in vivo experiments.  

 

By doing this, the author contributes this thesis towards a larger literary body of work 

aimed at refining the process of drug discovery and its translation towards successful clinical 

research.  



 2 

1. II. Nanocrystals 

 

One issue facing drug development is the problem of small molecule hydrophobicity and 

the solubility issues surrounding their successful incorporation into or release from a drug 

carrier as their delivery in vitro and in vivo unfolds within physiological pH solutions. 

Aqueous solubility and by extension bioavailability, is one of the largest challenges potent 

hydrophobic drugs face during canonical drug development pipelines1,2.  

 

As a proposed solution to address this issue, the author takes advantage of the existing 

studies, published literature, and ongoing clinical trials concerning drug nanocrystals to 

formulate nanocrystals comprised entirely of camptothecin, a potent topoisomerase I 

inhibitor3–8.  

 

Drug nanocrystals are within the nanoscale regime and comprised entirely of the 

hydrophobic small molecule. In addition to providing a high concentration of drug within a 

relatively miniscule carrier, they also provide a unique solution to the solubility issue at hand 

for hydrophobic drugs due to their intrinsic ability to increase the dissolution velocity by 

surface area enlargement, and increase the saturation solubility therefore resulting in an 

increased dissolution velocity as a result of having a greater dividend between the 

concentration gradient of drug and the bulk concentration diffusional distance (Figure 1.1) 8. 
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Figure 1.1. Junhanns and Müller, 2008.  

 

 Withal, a variety of established methods ranging from  classic precipitation methods 

to complex milling methods enable high throughput nanocrystal formulation5,6. This author 

utilized an anti-solvent precipitation method augmented by sonication and used previously in 

this lab to co-precipitate dual small molecule carrier nanoparticles in a rod like morphology 

9,10. Nanorods specifically were chosen as the preferential background shape for all future 

camptothecin nanocrystalline constructs due to the preferential non-specific uptake of rods 

and their increased tumbling under laminar flows resulting in overall higher cellular binding 

affinities (as predicted computationally) as opposed to their spherical or elliptical shaped 

nanoparticle counterparts 10,11.  

 The author’s choice to use camptothecin, as opposed to another well-studied 

hydrophobic small molecule drug such as paclitaxel, as the constitutive framework of the 

drug nanocrystal stemmed from the mutability of the lactone ring from presenting a closed to 

an open conformation depending on the external solvent’s pH, presence of lipid stabilizers, 

or serum components12–15. The ability of the lactone ring to open into the carboxylate form or 
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remain closed allows an extra degree of freedom when considering design schematics for 

conjugation chemistries.  

 

  Camptothecin nanocrystals were formulated using a classical precipitation method 

involving a controlled flow infusion rate of camptothecin addition into a solvent containing 

amphiphilic stabilizers. The inclusion of a stabilizer molecule (i.e. fatty acid salt) was 

necessary to assist in controlled precipitation resulting in repeatable, homogenous, retarded 

crystal growth between batch preparations16,17.  

 

 After successfully developing and refining the formulation for a surface unmodified 

camptothecin nanocrystal (CPT-UM), the author proceeded towards decorating the surface of 

the nanocrystals with immune system evasive polymers18,19, small molecule targeting 

moieties20,21, surface charge neutralizing protein coatings22,23, and higher order targeting 

ligands such as antibodies24,25. The design rationale being to prepare a portfolio of 

camptothecin based nanocrystals which were primarily, stable as nanosuspensions, secondly, 

high performers in vitro, penultimately, sustainable and able to physically withstand shear 

stresses under laminar flow, and finally, induce cell toxicity and permeate cancerous call 

masses under laminar flow with the last two aims tested using microfluidic device platforms 

developed in house by this author and described in detail in subsequent sections.  

 

 With several completed clinical trials and currently marketable nanocrystal 

technology based therapeutics available, it is evident nanocrystal based therapeutics are a 

legitimate, relatively young drug delivery carrier method which has yet to realize its full 
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potential or growth26–31. It is the hope of the author that this body of work, as it pertains to 

nanocrystals and the research utilizing camptothecin as a model hydrophobic drug, can 

contribute towards salvaging other hydrophobic drugs which do not have water soluble 

analogs and enabling facile solutions for their solubility and performance both in vitro and in 

vivo.  
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1. III. Microfluidic Devices 

 

Figure 1.2 Left-Right, Microvascular network, linear channel, idealized co-culture 
microfluidic device cartoon schematics courtesy of SynVivo32.  
 

 Much work has gone into developing alternative methods from traditional in vitro 2D 

cell culture for drug delivery screening purposes. The general critique being that cell 

monolayers growing on plastic or glass in isolation from other cell populations and not 

subjected to flow forces (static conditions) is too simplistic a model to accurately judge the 

efficacy and drug toxicity results emanating from these in vitro studies which then serve to 

justify further validation in vivo whereby they exhibit lackluster performance33. Traditional 

routes in drug delivery development, implement this methodology whereby drug constructs 

or drug delivery carriers are tested for their performance in vitro and contingent on successful 

results, are then shunted into in vivo experiments without prior knowledge on how these 

constructs or carriers will perform when subjected to physiological shear stresses, complex 

architectures or when exposed to multiple cell surfaces of various cell populations34.  

 

 With the current knowledge gap between drug carrier or construct performance in 

vitro to in vivo, the inordinately large discrepancy in FDA approvals compared to 

publications within the field of nanoparticle based cancer therapies can be thought of as 

commencing at this primary disjunction in the screening process35.  
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 To address this problem, uniquely situated within the drug delivery screening 

pipeline, there are proposed solutions involving 3D cell culture scaffolds, tumor spheroids, 

organotypic explant cultures, and the use of microfluidic devices to list a few33,36,37. 

Microfluidic devices posit a unique capability which enables the researcher to grow cells in 

3D, under flow forces, in co-cultures or triple cultures, and most importantly to visualize the 

effects of the drug delivery carrier or construct in real time bounded by the physiologically 

relevant limited amount of interaction between drug delivery carrier or construct and 

diseased sites38,39.  

 

 Previous studies in the Mitragotri lab utilized synthetic microvascular networks 

(SMN) also referred to in literature as, microvascular networks (MN) to probe differences in 

binding affinity and adhesion properties of differently shaped nanoparticles under flow 

within these particular microfluidic devices40,41.  This work adds to these existing studies by 

utilizing three differing microfluidic devices developed by our industry collaborators, CFD 

Research Corp., to answer a unique subset of questions related to drug delivery construct 

toxicity performance couched within the broader imminent need to incorporate additional 

screening assays which can be used alongside traditional in vitro methods to potentially 

facilitate smoother transitions towards in vivo research.  

 

 As a concurrent project to the formulation of camptothecin based nanocrystals 

described previously, idealized co-culture microfluidic devices were co-cultured with breast 

cancer cells and healthy endothelial cells. Camptothecin based nanocrystalline constructs 
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were then flowed through the devices and assessed for their cell toxicity and permeability of 

the cancerous cell masses42.  The results of these studies, and the rigorous characterization of 

cellular growth within the idealized co-culture microfluidic devices is described at length in 

Chapter 4 of this text.  

 

 At a more fundamental level, endothelial cell cultured microvascular network and 

linear channel microfluidic devices were selected as complimentary models for elucidating 

the effects of laminar flow forces and complex vessel architectures on ligand and polymer 

(i.e. surface) shearing, and flow-induced material failure for highly decorated and finely 

tuned camptothecin based nanocrystalline constructs developed by the author43. The results 

and implications of these studies are described at length in Chapter 5 of this text.  

 

 The author’s work involving the idealized co-culture, microvascular network, and 

linear channel microfluidic devices share a common thread in that they are transferable and 

open towards applications with other drug delivery constructs, carriers, and cell lines. The 

camptothecin nanocrystals were an ideal drug delivery construct to commence studies 

centered within the domain of drug delivery screening assays. Later work conducted by the 

author, described at length in Appendices A-C describes alternative drug delivery constructs 

(i.e. liposomes, polymer-drug conjugates, aptamer-drug conjugates, and polystyrene 

nanoparticles) which were applied through breast cancer cell culture microfluidic devices.   

 

This thesis, in the ensuing chapters, describes the complete synthesis and 

characterization of camptothecin based nanocrystalline constructs for their use in idealized 
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co-culture (ICD), microvascular network (MN), and linear channel (LC) microfluidic device 

experiments involving breast cancer disease models (ICD) and healthy vasculature models 

(MN, LC).    
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2. Nanocrystals 

 

2. I. Nanocrystal Motivation, Preparation and Chemical Analyses 

Nanocrystalline surface area enlargement, increased saturation solubility attributed to 

the increased dissolution pressure coupled with the increased bulk concentration at a 

decreased diffusional distance from the nanocrystal surface make nanocrystals an intriguing 

platform for hydrophobic drug delivery (Figure 2.1)1. In addition to their established physical 

benefits, the ease of nanocrystal formulation attributed to the author selecting this model to 

design a flexible drug delivery platform (Table 2.1) 

 
Figure 2.1. Example cartoon schematics and diagrams depicting nanocrystalline 
properties suitable for drug delivery purposes. Figures taken from Junghanns & 
Müller, 2008. 
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Table 2.1. Junghaans & Müller, 20081.  
 

As a thesis project, the author focused on the challenges associated with delivery of 

hydrophobic therapeutic compounds. Directing the multiple advantages of nanocrystals 

towards the complications hydrophobic drug delivery presents resulted in a unique platform 

for the Mitragotri Lab which has strong precedent in a variety of therapeutic nanocrystals 

currently in clinic trials (Table 2.2).    

 

Hydrophobic drugs were selected due to their problematic nature in drug delivery 

fields. Hydrophobic drugs present solubility issues and technical challenges during release 

schematics from drug carriers 2,3. Irrespective of these constraints, there are a plethora of 

hydrophobic drugs with potent mechanisms of action that could potentially become 

mainstream therapeutics if their delivery and solubility issues can be addressed prior to in 

vivo research (Figure 2.2)4.  
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(A)  (B)  
 
Figure 2.2. (A) ChemDraw depiction of Camptothecin, (B) cartoonistic mechanism of 
action for Camptothecin. Cartoons provided by 5 
 

 
Table 2.2. 1.  
 
 In this chapter, the author discusses using a model hydrophobic drug with plenty of 

studies in the literature as an excellent background resource characterizing the drug and its 

mechanism of action, as the substance used to formulate the nanocrystals described in Figure 

2.1-2 & Tables 2.1-2. The author will discuss the basic nanocrystalline platform and all the 

derivative nanocrystalline constructs formulated and characterized by this author.   

 

 Nanocrystalline characterization commenced with the most foundational of 

characterization techniques MALDI-TOF MS. All constructs post formulation underwent 
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rigorous washing and purification techniques prior to MS analyses to verify the content (i.e. 

polymer, small molecule, antibody) on the nanocrystalline surface. After MS analyses, 

surface change and size analyses were conducted to verify the nanocrystalline size had not 

been lost and to verify the working domain of the drug delivery carrier did not cross over into 

the micro- regime. Where nanocrystalline batches had sizes spanning the nano- and micro- 

regime filtration techniques were conducted to restrict the size of nanocrystals analyzed (300 

nm - 500nm). Analytical techniques also included SEM imaging to verify the rod like shape 

of the desired final nanocrystalline platform.  

 

 To further probe the nanocrystals to verify the nanocrystalline properties attributed to 

the constructs and their-like by Junghanns and Müller, 2008, nanocrystalline constructs were 

lyophilized and analyzed for their XRD spectra. Where there are no XRD spectra provided, 

the author concluded due to prior studies either in MS, Size, Surface Charge or due to 

difficulty in purification processing there was not sufficient evidence to support a viable 

nanocrystalline construct which could be scaled up and used successfully in future 

microfluidic device assays without significant alterations of initial design parameters (Ch.3, 

Ch.4, and Ch. 5).  

 

 A special interest in designing nanocrystalline constructs presenting PEG polymer 

coatings for stealth imparting characteristics and targeting ligands resulted in the inclusion of 

polymer, small molecule and protein quantification, cell toxicity studies, and hydrophobic 

drug release studies in physiologically buffered serum samples.  

 



	 19	

 
Figure 2.3. EDC Conjugation chemistry cartoon schematic6 
 
 
 In an attempt to simplify the chemistries involved in conjugated polymers, small 

molecules, proteins, and polymer-small molecule conjugates to the nanocrystalline surface 

CDI mediated conjugated chemistry was selected as the primary method for developing 

conjugation protocols (Figure 2.3). Due to the variety of buffers and pH conditions reactions 

can be carried out in CDI mediated chemistries and their effects on the nanocrystalline 

surface (Figure 2.6), the author used the diversity of buffers and solution conditions to probe 

and fine tune the appropriate CDI mediated conjugation chemistry for each nanocrystalline 

construct used and reported in this chapter.  
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2. II. Nanocrystal Polymer Coatings 
 
 
 Polymer coatings in drug delivery have an extensive repertoire of conjugation 

techniques, co-precipitation methods, tunable properties such as pH responsive shedding, and 

have been largely exploited for their development in vitro for their ultimate purpose of 

immune system evasion in vivo 9. The polymers selected for co-precipitation with 

camptothecin were DSPE PEG2K Amine and mPEG DSPE 5K, PLA2K and PL5K for 

shorthand (Figure 2.4-5).  

(A)  
 

(A)     
Figure 2.4. Molecular schematic depictions of polymer coatings (A) DSPE PEG2K 
Amine7 (i.e. PLA2K) and (B) mPEG DSPE (5K)8 (i.e. PL5k) 
 

 
Figure 2.5. Cartoon schematic of polymer integration into nanocrystalline scaffold 
during co-precipitation preparatory method.  

CPT : PEG 
Phospholipid 

Physical Adsorption  

free CPT & 
PEG polymers  

in DMSO 
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Figure 2.6. Cartoon schematic depicting lactone ring closure and opening as a response 
of pH changes in the surrounding environment 6.  
 

An amine terminated PEG phospholipid was chosen due to its short lipid tail and the 

PEG – Amine moiety which could be used in CDI mediated conjugation chemistries to 

targeting ligands. PL5K was chosen as a control PEG phospholipid with a neutral charge. 

The process for determining how much polymer content to use in ratio format to 

camptothecin to construct nanocrystals with rod like morphologies and all the attributes 

necessary for successful in vitro work was a very methodical task. A series of ratios were co-

precipitated, purified, analyzed, and tested in vitro. It would be mundane and would not serve 

a constructive purpose to reiterate the dead-end formulations in this chapter. Therefore, the 

ratio of 1:4 (CPT: PLA2K) is presented here and is the basis for future ligand polymer 

modification nanocrystalline constructs used in Ch.4 and 5. To show the reader some insight 

into the refinement process, data analyses for ratios 1:2, 1:4 and 1:8 of CPT:PL5K are 

presented here. These constructs were not selected for further use in microfluidic devices or 

in vitro work.   
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2. II. A. Analytical Results & Discussion 
 
 
 As a control, unmodified surface camptothecin nanocrystals were formulated and 

then subsequently incubated with 4T1 murine breast cancer cells to verify their compatibility 

and uptake within the cell line in preliminary in vitro assays (Figure 2.7). Upon verification 

of the CPT-UM uptake in static 4T1 cell culture polymer co-precipitation techniques 

followed.   

 

 
Figure 2.7. Brightfield and fluorescent images of CPT UM particle uptake captured at 
15 minutes and 120 minutes post exposure in 4T1 breast cancer cells taken on an 
Olympus CKX-41 CCD Camera.  
 
 
 MS spectra for CPT-PLA2K (1:4), and CPT-PL5K (1:2,1:4, and 1:8) constructs 

reveal the presence of parent peaks for CPT at 348 m/z with a significant saw tooth signature 

indicated the presence of the PEG polymer (Figure 2.8). The exception being  

the construct CPT-PL5K (1:4) in which the saw tooth polymeric signature was lacking but an 

alternative signature arose potentially a remnant of the lipid tail signature between 600-1000 

m/z. The saw tooth signature was barely evident above the noise in the CPT-PL5K (1:8) 

construct. The author decided not to use ratios past 1:4 for future experiments due to the 

15 
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15 
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reduced polymeric signal content in the MS spectra for CPT-PL5K. With the end goal of 

scaling up and achieving immune evasive properties while using the least amount of PEG 

possible to avoid potential PEG antibody development it made logical sense after viewing the 

successful incorporation of PEG in 1:2 and 1:4 ratios to terminate higher polymer ratio 

studies (10,11).  

(A)  (B)   

(C)  (D)   

(E)    (F)  

(G) (H)  
Figure 2.8. MALDI-MS of (A) CPT-PLA2K, (B) polymer signature zoom in of (A), (C) 
CPT-PL5K (1:2), (D) polymer signature zoom in of (C), (E) CPT-PL5K (1:4), (F) 
polymer signature zoom in of (E), (G) CPT-PL5K (1:8), (H) polymer signature zoom in 
of (G). Mass spectra obtained on Microflex LRF A Bruker, Microflex LRF MALDI 
TOF spectrometer (Bruker Daltonics, Billerica, MA) 
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 Due to the functionality and ability to integrate ligands on the PLA2K polymer, CPT-

PLA2K (1:4) was selected as the camptothecin nanocrystal polymer construct moving 

forward. XRD spectra were obtained of lyophilized powder samples for unmodified CPT 

(CPT-UM) nanocrystals and CPT-PLA2K (Figure 2.9). These studies and their controls were 

necessary to conduct to verify the co-precipitation of the PEG based polymer with the 

camptothecin small molecule. The author verified the PEG polymer was integrated and not 

simply forming liposomes or micelles within the same physical space as the CPT-UM. These 

XRD spectra provide the foundation to verify the co-precipitation of PEG polymer with CPT 

and the crystallinity of the CPT-UM and CPT-PLA2K construct.  

(A) (B)  
Figure 2.9. XRD Spectra of CPT-PLA2K (in red) overlapped with spectra of controls 
(in blue) (A) free polymer (PLA2K) and (B) CPT-UM nanocrystals. 
 
 CPT-PLA2K samples were then subsequently resuspended in deuterated DMSO to 

break down the nanocrystalline samples and analyzed using phosphorous NMR. The author 

self-tuned the instrument from C13 à P31 signals prior to obtaining all spectra. Internal 

standards of dipotassium phosphoric acid were added as needed for integration in post-

analyses methods (Figure 2.10). Corresponding values of added PLA2K and PLA2K 

detected in Solution State NMR reveal minimal losses of PLA2K during co-precipitation 

methods, purification, and lyophilization techniques.  
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Figure 2.10. P31 NMR characterization of CPT-PLA2K. (A, Fig. 1) Control peak for 
phosphorous signals in K2HPO4 (B, Fig. 2) K2HPO4 added to CPT-PLA2K as internal 
standard peaks integrated to value of 1.0. 
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 After determining PLA2K surface content (w/w%) via solution state NMR (Figure 

2.10), CPT-PLA2K, CPT-UM, PEG powder, and CPT powder were tested for their cell 

toxicity in vitro on 4T1 murine breast cancer cells and MDA-MB-231 human breast cancer 

cells at 48 and 72 hours using continuous exposure of nanocrystals to cell surfaces. Cell 

viability was determined by quantifying live cell signal using Calcein AM and dead cell 

signal using Propidium Iodide as fluorescent probes. Cell fractions affected were determined 

using the Chou-Talalay method12. DSPE PEG2K Amine (PEG) powder itself had no impact 

on cell toxicity, CPT-PLA2K had significant increases in cell toxicity and mirrors cell 

toxicity patterns for free camptothecin (CPT) powder. CPT-UM had heightened cell toxicity 

for the majority of concentrations applied. The differences in CPT-PLA2K and CPT-UM cell 

toxicity imply the PEG polymer coating creates a barrier and retards the access of CPT into 

4T1 target cells as expected (Figure 2.11).  

 
Figure 2.11. Fraction affected ratios presented for 4T1 cells. Cell viability measured at 
72 hours. Concentrations represent PEG for “PEG powder” and CPT for samples 
containing CPT. Concentrations decrease from left to right within each data subset.   
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2. III. Nanocrystal antibody surface conjugations 
  

 
 
Figure 2.12. Cartoon schematic of antibody ligand integration into nanocrystalline 
scaffold after precipitation preparatory method applying CDI conjugation chemistry.  
 
 
 After successfully integrating PEG polymers into the camptothecin nanocrystalline 

constructs by way of a co-precipitation method. The author aimed to conjugate the surface of 

the camptothecin nanocrystals to an active targeting agent taking advantage of the pH 

dependent surface oxidation state and using bioconjugation techniques (Figure 2.3, 2.6, 

2.12).  

 

In this subsection, we discuss the conjugation of antibodies to the nanocrystalline 

surface. Due to the sensitivity of antibodies to their solvent and temperature environments 

Ligand 
specific 

conjugation 
chemistry to 

surface 

= ligand 

CPT : Ligand (Antibody)  
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two different CDI mediated methods were used to attain surface conjugation. CDI chemistry 

conducted in MES buffer as per manufacturer’s suggestion and in pH 7.4 1x PBS buffer. 

Antibody drug conjugated nanocrystals (ADNC’s) were tested for their protein content using 

a variety of protein quantification techniques such as microBCA and Qubit.   

 

After surface protein content was confirmed, ADNC’s were placed in physiological 

pH PBS based buffers containing serum to study camptothecin release profiles over extended 

periods of time relevant in cell culture studies. Cell toxicity studies conducted with ADNC’s 

were conducted on 4T1 murine breast cancer cells using both short and long exposure times. 

In collaboration with Cellerant Therapeutics, ADNC’s were tested for their cell toxicity and 

for the binding affinities in HL-60 (human acute promyelocytic leukemia13) and OCI-AML-5 

(adult human acute myeloid leukemia14) cell culture lines.  
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2. III. A. Analytical Results & Discussion 
 
 
 As tabulated in Table 2.3, murine IgG antibody content in antibody drug conjugated 

nanocrystals (ADNC’s) varied depending on the method used to quantify protein content. 

Stocks denoted as CDI1103A-C were prepared as per manufacturers recommendation using 

CDI chemistry in an MES buffer at pH 5. Stocks denoted as EDC 1103A-C were prepared in 

PBS buffers at pH 5. And lastly, stocks 1031A-B were prepared using PBS buffers at pH 7.4. 

Surface protein content was calculated using a subtractive method whereby supernatants of 

washes performed during the purification steps were measured and summed and then 

subtracted from the total amount of protein added to the formulation.  

 

For instance: 

!"#$%&'	)*+,-./0

= 	2.+%3	)*+,-./0 −	!"5'#*%+%*+	%*+,-./06 + !"5'#*%+%*+	%*+,-./08

+ !"5'#*%+%*+	%*+,-./0…	 

 

 Supernatants were collected and measured until protein content was nondetectable or 

fell below the limit of detection for both microBCA and Qubit techniques. Then protein 

content was reported as ratio of micrograms of Antibody/ micrograms of CPT as determined 

using a CPT calibration curve. In an attempt to be thorough, the author also conducted 

protein quantification using microBCA calibration curves prepared with different stock 

proteins (BSA & murine IgG). In addition, the author tested ADNC’s directly to determine 

the feasibility of testing protein content on the surface of ADNC’s using microBCA 

techniques. Table 2.3 reveals the differences between each method as employed to determine 
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protein content, though the values are not consistent they do reflect a minimal amount of 

protein content remaining on the surface of the ADNC’s post conjugation and purification.  

Sample Name Qubit results 
 
(ug Ab/ug CPT) 

MicroBCA – Mu 
IgG Curve 
(ug Ab/ug CPT) 

MicroBCA – BSA 
Curve 
(ug Ab/ug CPT) 

MicroBCA – BSA 
Curve 
**On Construct 
(Ab/CPT) 

CDI 1103_A 3.40 1.52 0.98 0.02 
CDI 1103_B 3.50 2.01 1.48 0.02 
CDI 1103_C 3.61 1.93 1.39 -- 
EDC 1103_A 3.73 1.89 1.36 -- 
EDC 1103_B 3.69 1.23 0.69 0.01 
EDC 1103_C 3.62 1.99 1.45 0.01 
1031_A 2.40 * * 0.01 
1031_B 2.64 * * -- 
	  

Table 2.3. Various antibody drug conjugated nanocrystal (ADNC) tabulated protein 
content listed under internal coded titles and divided into columns based on method of 
protein quantification. (*)Results did not fall within the standard curves and were not 
extrapolated, (--) results were too low for accurate detection,(**) protein content 
detected using entire ADNC’s in assays versus supernatants (subtractive method).  
 
 Due to the higher protein surface content detected in ADNC’s prepared in PBS based 

buffers at pH 5 these conditions were used for future ADNC studies in this section (Ch.2.III). 

In addition to murine IgG based ADNC’s, alternative ADNC’s were prepared using vascular 

endothelial growth factor receptor-2 (15–18). These ADNC’s were then tested for their 

camptothecin release profiles and compared to surface unmodified CPT (CPT-UM) 

nanocrystals (Figure 2.13). Time points for release profiles were selected at traditional cell 

toxicity end time points for in vitro cell studies. CPT-UM was tested in pH 3,5, and 7 as well 

as DMEM containing 10% FBS, and in 10% FBS solutions. Maximum release was 

evidenced in 10% FBS and DMEM, 10% FBS solvent conditions for CPT-UM (Figure 

2.13C). Due to the insignificant differences between release of DMEM, 10% FBS and 10% 

FBS the author chose to test CPT-muIgG in DMEM, 10% FBS and CPT-VGFR2 in 10% 
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FBS in addition to the constant solvent conditions of pH 3,5, and 7. Results for both CPT-

VEGFR2 and CPT-muIgG occurring at 120 hours within serum containing samples. In pH 3-

7 solvent conditions all three constructs had minimal or negligible release of camptothecin 

(Figure 2.13A-C). This was desirable for nanocrystalline design, optimal constructs should 

not leach the camptothecin interior comprising the bulk of the nanocrystals. This would lead 

to significant breakdown of the construct and would require the introduction of stabilizers 

and a new round of cell toxicity assays and XRD characterization to validate the foundational 

questions addressed in Ch.2 Sections I and II.  

 

 After establishing the stability of ADNC’s at 48 hours and 96 hours post synthesis 

under constant mixing and in a variety of in vitro and in vivo related solvent conditions. Cell 

toxicity assays were conducted for ADNC’s: CPT-BSA, CPT-VEGFR2, CPT-huIgG 

(human), and CPT-muIgG (murine). 4T1 cells have a doubling time of approximately 30 

hours19. Due to this time frame, ADNC’s were administered and exposed to the 4T1 cell 

surfaces for 3 hours and 15 hours (reported as 4 and 16 due to an additional hour required by 

the author to completely remove ADNC’s from all cell cultures; technical user challenges.) 

These values correspond with 10% and 50% of the doubling time of 4T1 breast cancer cells. 

It was expected that CPT-VEGFR2 would have the lowest IC50 values within the short (10%) 

exposure group, and that CPT-BSA would have the lowest IC50 within the long (50%) 

exposure group. This is because antibodies that are selective for one receptor would quickly 

find their receptor and be endocytosed – these ADNCs’ toxicities would be most pronounced 

in short exposure cell toxicity experiments (10%). Where other less specific ADNC’s were 

also exposed to the cell surface for a short (10%) period of time before being washed away. 
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Cell viability at 48 hours would reflect the toxicity of only the ADNC’s which were 

internalized in those initial 3 hours. This hypothesis is indeed witnessed and reported in 

Figure 2.14A.  

 

 In long (50%) exposure cell toxicity assays, CPT-BSA was expected to have the 

lowest IC50 values due to its highly promiscuous nature and its ability to interact with a 

plethora of cell surface receptors and be uptaken through nonspecific cell interactions albeit 

requiring a much longer period of time to facilitate these nonspecific cell interactions. Cell 

toxicity for CPT-BSA is indeed witnessed as having the lowest IC50 within the long (50%) 

exposure group (Figure 2.14B).  

 

All ADNC constructs when allowed exposure to cell surfaces for 50% of the doubling 

time their IC50 values were 1000x reduced compared to the IC50 values reported for exposure 

set to 10% of the doubling time for 4T1 cell populations. Future experiments reported in 

Ch.3, 4, 5 require nanocrystals which can perform their function within a 15 min – 2 hour 

time window. These ADNC’s do not perform their function within that time frame and were 

subsequently discontinued and not utilized for microfluidic device experiments discussed in 

Ch.3-5 of this dissertation. Prior to their discontinuation, collaborative cell toxicity and 

binding assays were conducted with Cellerant Therapeutics to attempt to identify potential 

benefits and uses of these ADNC’s for other cell lines and disease pathologies (Figure 2.14-

2.15).  
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(A)  

(B)  

(C)  
Figure 2.13. Release studies of camptothecin for three different constructs, two with 
antibodies and one as the unmodified surface control. (A) vascular endothelial growth 
factor-2 (CPT-VEGFR2), (B) murine immunoglobulin G (CPT-IgG), and (C) 
unmodified CPT surface (CPT-UM). 
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(A) (B)  
Figure 2.14. Cell toxicity studies (IC50) for various CPT antibody or protein coated 
constructs. Constructs were administered to 4T1 breast cancer cells and incubated for 
either 4 hours or 16 hours. Cells were washed and incubated till 48 hours and then 
assessed for cell viability. (A) Compiled results for short and long term incubations (B) 
zoom in of long term incubation results.  
 
 

Due to the novel collaboration with Cellerant Therapeutics, alternative ADNC’s were 

developed. Specifically, CPT-Hu195, tested in conjunction with its control CPT-huIgG. 

HU195 is shorthand for humanized monocloncal antibody M195, or anti-CD33 used for 

specific targeting within myeloid leukemic in vitro models (19). In the collaboration, both 

chemically conjugated ADNC’s and physically adsorbed ADNC’s were prepared and tested 

for binding assays and cell toxicity within HL-60 and OCI-AML-5 cell culture lines. 

Secondary antibody fluorescent labeling of ADNC’s were tested via FACS for their binding 

affinities as well as subsequent controls including IgG, HU195, and CPT-UM. In HL-60 cell 

cultures, ADNC’s CPT-HU195 both physical and chemical constructs had similar binding 

affinities to the bare HU195 antibody at 10 µg/mL or the maximum concentration tested. For 

OCI-AML-5 cell cultures, ADNC’s CPT-HU195 both physical and chemical constructs 

revealed binding affinities that were higher than those for HL-60 at the same concentration of 

10 µg/mL but were significantly reduced from the binding affinity of the HU195 by itself, 

~650 a.u. MFI (Figure 2.15).   
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Figure 2.15. FACS binding assays conducted using IgG (human), HU-195 (Cellerant 
propriety therapeutic antibody), CPT-UM, CPT-IgG (physical adsorption), CPT-
HU195 (physical adsorption) and CPT-HU195 (chemical conjugation) on HL-60 and 
OCI-AML-5 cell lines.  
 
 
 Though the binding affinity data at 10 µg/mL of ADNC’s were promising, there were 

insignificant differences between cell toxicity (IC50) results of these same ADNC’s when 

used in OCI-AML-5, HL-60, and a newly introduced control cell line Expi293F (human 

kidney embryonic cells 20). To understand the untellable differences between ADNC’s 

constructs and their controls, the author draws the reader’s attention to the IC50 values which 

were in the “ones” ng/mL regime (Figure 2.16). Looking back at the binding affinity data for 

physically adsorbed CPT-HU195 ADNC’s at 1 ng/mL or -3 on log10 mAb (ug/mL) X axes, 

there is also an indistinguishable between all ADNC constructs and their controls in their 

binding affinities for HL-60 and OCI-AML-5 cell culture lines. At such low concentrations 

of ADNC’s applied, the binding affinity of the targeting antibody does not play a significant 

role in allowing preferential uptake of targeted ADNC’s over the control ADNC’s. In the 

ng/mL regime the camptothecin dictates cell toxicity without the beneficial effects of 
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targeting ligand presence due to the inconsequential amounts of targeting ligand present and 

active within that exaggeratedly Lilliputian drug regime.  

 
Figure 2.16. Cell toxicity assays conducted on OCI-AML-5, HL60, and Expi293F cell 
lines. CO or CPT-huIgG (physical adsorption) and C5 or CPT-HU195 (physical 
adsorption) IC50 values reported. 
 
 
 Due to the unique challenges presented by ADNC’s, the author discontinued studies 

strictly involving ADNC’s. Further development went into redesigning nanocrystalline 

constructs containing antibodies in a way which could preferably not interfere with the Fab 

regions on the antibody frame. It is the author’s hypothesis that antibodies conjugated to the 

nanocrystalline surface via CDI mediated chemistries were nonspecifically binding via one 

of the many lysine residues found within the antibody framework with the nanocrystalline 

surface. There are several issues which may arise due to this nonspecific conjugation 

chemistry. The main one being that lysine residues exist through the entirety of a generic 

antibodies construct. This could lead to the antibody being bound in any number of 



	 37	

configurations which sterically inhibit targeting capabilities of the Fab region or that result in 

the presentation of the Fc region which would result in inconsistent cell toxicity assay results, 

binding affinity results, and in immune system recognition in vivo21,22.   Further work 

describing efforts to redesign nanocrystalline constructs containing antibodies will be 

discussed in Ch.2. V.   
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2. IV. Nanocrystal small molecule conjugates 

 

 Folic acid was chosen as the model small molecule due to its established use as a 

small molecule targeting moiety used often against breast cancer cell lines due to the 

overexpression of folate receptor in cancers of epithelial origin (23–25). Folic acid conjugation 

to the nanocrystalline surface utilized CDI mediated chemistry under MES and PBS based 

buffer solutions as described in Ch.2. III. as it pertains to antibodies. Cartoon schematics of 

surface conjugation as well as of Folic acid are provided below for the readers convenience 

(Figure 2.17-18).  

 

 Direct conjugation of folic acid to the surface of the camptothecin nanocrystals 

resulted in a novel scaffold (CPT-FA) which required foundational analytical 

characterization data including but not limited to: cell toxicity assays, quantification of folic 

acid, and lastly, MS and XRD spectra of the construct and its controls.  

 

 The author conducted these experiments within the final design parameters of 

conjugating targeting agents directly to the surface of the nanocrystalline construct. After 

collecting data from the studies involving ADNC’s, the author was wise to the challenges 

associated with conjugating moieties to a curved surface whereby the orientation of the 

targeting moiety and the steric hindrance or strains felt at the surface can potentially 

negatively impact the performance of the nanocrystalline construct in vitro, in flow, and 

ultimately in vivo.  

 



	 39	

 The greatest challenges associated with folic acid conjugation to the nanocrystalline 

surface involved folic acid dimers forming during the activation phase of CDI mediated 

chemistry as well as the quantification of folic acid presence after CPT-FA formulation. CPT 

and FA have portions of overlapping absorbance spectra making concentration extrapolation 

from traditional calibration curve formulations somewhat more nuanced. To address the 

issues of folic acid polymerization and quantification, the author used 200 micron filters 

during the purification and wash processes and developed a system of equations describing 

folic acid and camptothecin absorbance’s at wavelengths where each small molecule has its 

own unique absorbance peak.  

 

 Overall, MS and XRD spectra reveal the purification steps taken to ensure dimers or 

trimers or folic acid were successful and the small folic acid polymers were not incorporated 

onto the surface of the camptothecin nanocrystalline construct. In addition, CPT-FA resulted 

in higher cell toxicity by an order of magnitude. Overall CPT-FA performed better with 4T1 

and MDA-MB-231 (data not included but available upon request) breast cancer cells. Due to 

the polar nature of the reactive groups on the folic acid molecule, conjugation of folic acid to 

the surface of the nanocrystalline construct was less likely to occur in a random orientation 

but rather in a directed manner creating consistent batches of CPT-FA. The author does 

suspect some steric hindrance may have played a role in inhibiting the interactions of FA 

with the cell surface receptors. The author did not attempt to disentangle the effects of steric 

hindrance on IC50 findings.  
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Figure 2.17. Cartoon schematic of small molecule ligand integration into 
nanocrystalline scaffold after precipitation preparatory method applying CDI 
conjugation chemistry.  
 

 
Figure 2.18. Molecular schematic depictions of select small molecular, Folic Acid 
(modeled in ChemDraw). 
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2. IV. A. Analytical Results & Discussion 
 
 
 Cell toxicity assays for CPT-UM and CPT-FA were conducted on 4T1 cells, as is 

reported in Table 2.4, CPT-FA had higher cell toxicity results (lower IC50) values compared 

to the unmodified camptothecin nanocrystalline construct when applied to static 4T1 cells in 

cell culture. This was expected due to the targeting capabilities of Folic acid for breast cancer 

cell populations. All cell toxicity assays were conducted for short exposure (10%) periods of 

time, were washed, and then assays for cell viability at 48 and 72 hours.  

 

 
Table 2.4. Cell toxicity assays, nanocrystalline size, and surface charge comparisons for 
CPT-UM and CPT-FA constructs. 
 
 To verify the presence of folic acid on the CPT-FA construct, MS and XRD spectra 

were conducted on CPT-FA in solution and in powder format post-lyophilization. MS prep 
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included filtration through 200 micron filter units with additional wash steps. CPT-FA MS 

spectra were analyzed in the dimer and trimer regions of FA (882 and 1323 m/z respectively) 

to ensure the purification process had succeeded. Presence of FA at 441 m/z was sufficient 

evidence to surmise the presence of folic acid on the nanocrystalline construct though it did 

not verify the conjugation of folic acid to the surface of CPT-UM (Figure 2.19). Verifying 

the conjugation requires FTIR data which the author did not obtain for this construct. FTIR 

data was acquired when polymer-small molecule conjugates were developed and are reported 

in Ch.2. V.  

 

 
 

Figure 2.19. MALDI-MS of CPT-FA. Mass spectra obtained on Microflex LRF A 
Bruker, Microflex LRF MALDI TOF spectrometer (Bruker Daltonics, Billerica, MA) 
 
 XRD spectra of folic acid powder and CPT-FA prepared using MES Buffer at pH 5.0 

and PBS buffer at pH 5.0. XRD spectra of CPT-FA and the folate controls provide an 

additional powerful observation for the author to claim with confidence the lack of dimer and 

trimer or any higher order folate polymers present due to the self-linking chemistry which 

can occur in the CDI activation step. Folic acid dimers or trimers would have similar XRD 

spectral patterns to the monomer based free powder as is witnessed in other monomer to 

polymer XRD studies 26. The significant and unique alteration in spectra patterns for CPT-FA 

versus their controls signify incorporation of folic acid within the nanocrystalline construct 

(Figure 2.20).  
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Unlike CPT-PLA2K2 constructs whereby PEG polymers are co-precipitated with 

camptothecin during the preparation of the nanocrystals. For CPT-FA, folic acid is added 

after the formulation and purification of CPT-UM nanocrystals. Due to the striking 

differences in preparatory methods, the author believes presence of FA is not due to physical 

adsorption but rather due to successful CDI mediated surface conjugation. FTIR data was 

deemed unnecessary for the data collection portfolio of CPT-FA and was reserved for the 

higher order constructs involving polymer-small molecule conjugates.  

 
Figure 2.20. XRD spectra of (Red) Folic Acid control, (Blue) CPT-FA PBS pH 5.0 CDI 
preparatory method, and (Green) CPT-FA MES Buffer pH 5.0 CDI preparatory 
method. XRD spectra obtained on Panalytical Empyrean Powder Diffractometer.  
 
 As further validation of the CPT-FA constructs, CPT-FA was compared to CPT-UM 

in size and zeta potential. Excellent corroboration was found between CPT-UM and CPT-FA 

sizes. Zeta potential for CPT-FA was more positive as expected (Figure 2.21).  
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Figure 2.21. Size and Zeta potential measurements for CPT-UM (or CPT NKD) and 
CPT-FA prior to filtration to remove FA dimer/trimers.  
 
 
 Quantification steps were taken using differences in absorbance spectral profiles and 

a series of calibration curves to create a system of equations which could be used to detect 

the concentration of folic acid and camptothecin present for the CPT-FA and future polymer-

small molecule constructs (Figure 2.22A-E). 16 w/w% of the final construct for CPT-FA 

contained FA. Compared to ~97% w/w% of PEG polymer incorporation during co-

precipitation techniques, and ~332% w/w% antibody or protein content it is evident the 

conjugation yield of folic acid was significantly reduced for CPT-FA constructs. Further 

refinement and redesign of this construct involving the tinkering of ratios between folic acid 

to camptothecin are required to increase the w/w% of FA for future studies.  
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(a) (b)  

(c)  

(d) (e)  
Figure 2.22. (A-E) Quantification of Folic acid on the CPT-FA construct. 
 

These studies were not conducted. Instead, the characterization for CPT-FA 

concluded with SEM images to verify the size measurements reported in (Figure 2.23). SEM 

images reflect similarly sized constructs between CPT-UM and CPT-FA, thereby 

corroborating size measurement data reported earlier (Figure 2.21 A-B). 
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(a) (b)  
Figure 2.23. SEM Images of (a) CPT-UM and (b) CPT-FA post purification.  
 
 
2. V. Nanocrystal polymer-targeting ligand conjugates 
 

 As a final construct, DSPE PEG2K Amine (referred to at times in this body as PEG, 

DPA, or PLA2K) was conjugated to folic acid and to antibodies human IgG. Polymer-small 

molecule constructs were conjugated via CDI chemistry using PBS based buffers at pH 5.0. 

These conditions were shown to be favorable during ADNC preparation (Ch.2. III) and CPT-

FA preparation (Ch.2. IV) described above. Due to the challenges associated with preparing 

ADNC’s via CDI mediated chemistry, the author and a collaborator (Dr.Vinu Krishnan) 

prepared ADNC’s via sugar oxidation-reduction methods in the Fc regions 21,22,27,28.  

 

 After polymer-small molecule and polymer-antibody conjugation, these polymer-

targeting ligand conjugates were then co-precipitated with CPT to create novel scaffolds 

denoted as CPT-PLA2K-FA (also referred to as CPT FA in Ch.4) or CPT-PLA2K-HU195. 

XRD and MS spectra were collected to verify the co-precipitation techniques’ success, where 

applicable CPT-UM spectra were used as a control.  
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CPT-PEG-Antibody constructs were not pursued further due to the relative lack of 

intensity of the polymeric signature and the lack of spectral peaks corresponding to the 

antibody in MS experiments. After the difficulties associated with accurate protein 

quantification reported for the ADNC’s, the author did not seek to pursue those traditional 

routes for protein detection on this increasingly complex scaffold thereby discontinuing 

studies involving leukemic cell cultures (HL-60 & OCI-AML-5). The capability to create 

these constructs and the preliminary data is present for those who wish to redesign this 

particular construct to meet their research needs.  

 

Conversely, CPT-PLA2K-FA was pursued rigorously in further studies. Cell toxicity 

data, size, zeta potential and SEM’s are provided for this construct in Ch.4-5 of this text. 

Because of the promising results of CPT-FA, coupled with the promising results for CPT-

PLA2K, and the XRD and MS spectra shown here for CPT-PLA2K-FA this construct was 

deemed the likely to attain high cell toxicity values, and optimum performance within the 

microfluidic devices described in Ch.3.  
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Figure 2.24. Cartoon schematic of polymer-small molecule or antibody ligand 
integration into nanocrystalline scaffold after co-precipitation preparatory method 
applying CDI conjugation chemistry.  
 
 

2. V. A. Analytical Results and Discussion 

  

 Polymer-small molecule conjugates were purified using a reverse phase C18 column 

and eluted using gradients of acetonitrile in milliQ H2O ranging from 15-50 v/v%. Each 

eluent was co-precipitated separately with camptothecin to create versions of CPT-PLA2K-

FA (i.e. 15% CPT-PLA2K-FA – 50%CPT-PLA2K-FA). XRD spectra of these eluents reveal 

diverse spectra for all eluents signifying differences in construct as a function of their 

specific eluent gradient. The 15% ACN:MQH2O PLA2K-FA eluent and co-precipitate was 

selected as the optimum nanocrystalline scaffold due to the retention of spectral peaks found 
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within the pure powder spectra of CPT, PEG, and FA controls. The complete incorporation 

of peaks from all three controls were most evident in the 15% CPT-PLA2K-FA spectra 

(Figure 2.25). 

 

 
Figure 2.25. XRD spectra of CPT-UM (0%), and reverse phase C18 column eluents of 
CPT-PLA2K-FA ranging from 15%-50% using CDI preparatory method for PLA2K-
FA conjugation. XRD spectra obtained on Panalytical Empyrean Powder 
Diffractometer.  
 

 CPT-PLA2K-FA (15%) and polymer-antibody conjugates utilizing an oxidative-

reductive method targeting the sugars present at the Fc domain were characterized using 

MALDI-TOF-MS. Spectra for CPT-PLA2K-FA reveal a healthy polymeric signature at 

approximately 1500 m/z, in addition folic acid monomers and dimers are present implying 

but not singularly validating successful CDI conjugation chemistries (Figure 2.26A). FTIR 

spectra of these conjugates are reported in Ch.4 and 5.  

  

 Alternatively, CPT-PLA2K-HU195 (anti-CD33) MS spectra revealed insignificant 

intensities for PEG polymer signature at ~1500 m/z (Figure 2.26B-C). MS spectra reveal the 
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presence of the PEG polymer, but at intensity values which are arguably within the noise 

regime for these spectra. In addition, HU195 or anti-CD33 spectral signatures were not 

detected.  

 

MALDI-TOF MS is a versatile instrument which can be used to detect proteins, 

polymers, and small molecules alike and most importantly, within the same sample. Due to 

the complex nature of these nanocrystalline constructs which have molecules spanning the 

full range of m/z’s detectable for MALDI-TOF MS, this instrument and technique is 

optimum for determining the success of a constructs formulation. Within the FlexAnalysis 

software employed by Bruker Daltonics, it is possible to use different detection methods to 

analyze the same sample which are optimized for protein, polymer or small molecule 

detection. In these analyses, all samples were prepared using matrices sinapinic acid and 2,5 

dihydroxybenzoic acid. Quadratic and linear calibration methods were employed on the same 

samples, and appropriate m/z gates were applied when searching for protein, polymer, or 

small molecule signal in order to best reduce signal-to-noise ratios.  

 

With all the techniques mentioned above employed to detect protein content and 

polymer content simultaneously, protein and polymer content were not detected together for 

polymer-antibody conjugate carrying constructs. ADNC’s were not tested using MALDI-

TOF MS due to their initial positive results utilizing protein quantification kits. These 

methods technically could have been applied to CPT-PLA2K-HU195 constructs, due to the 

significantly reduced intensity peaks of the polymer itself, the author did not further pursue 

protein characterization on these constructs. The redesign and refinement of these constructs 
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are left to future researchers to determine the best methods for conjugating and integrating 

antibodies onto the surface of nanocrystals while mainting their sensitive and finer 

functionalities. 

(A)  

(B)  

(C)  
 

Figure 2.26. MALDI-MS of (A) CPT-PLA2K-FA, (B) CPT-PLA2K-HuIgG (AbOx), (C) 
polymer signature zoom in of (B). Mass spectra obtained on Microflex LRF A Bruker, 
Microflex LRF MALDI TOF spectrometer (Bruker Daltonics, Billerica, MA) 
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2. VI. Conclusions 

 

 Precipitation methods for nanocrystal formulation were simple and allowed for facile 

integration of PEG polymers of different weights to create nanocrystalline constructs capable 

of attaining stealth like and immune evasive properties in vitro and in vivo. Attempts to 

chemically conjugate small molecules or proteins to the nanocrystalline surfaces were 

successful for both folic acid and a select variety of antibodies. Though the conjugation 

scheme itself was successful, the performance of ADNC’s was significantly reduced 

compared to the performance of CPT-FA nanocrystals in vitro.  

 

As a final effort to increase the complexity of the nanocrystalline constructs, 

polymer-small molecule and polymer-antibody conjugates were formulated and integrated 

via a co-precipitation method. Polymer-antibody conjugates were not successfully 

incorporated and therefore require extra attention for future researchers to develop alternative 

routes for successful integration within the nanocrystalline scaffolds. On the other hand, 

successful incorporation of polymer-small molecule conjugates was attained pushing the 

boundaries of design for camptothecin based nanocrystals. 

 

 Unmodified camptothecin, PEG polymer coated, and PEG polymer-small molecules 

conjugate nanocrystals all showed promise upon rigorous chemical and preliminary cell 

characterization techniques for future work in microfluidic devices.   
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3. Microfluidic Device Selection and Preparation 

 

3. I. Motivation 

 

 

Figure 3.1 Schematic representation of microfluidic device selection. Microfluidic 
device schematics provided by Synvivo © 1 
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Nanoparticles under flow within an in vivo environment will eventually encounter the 

vascular wall where their interaction will be dominated by the attractive or repellant forces 

the cell wall imparts on the nanoparticle surface. These forces are best understood and 

described as tensile forces, shear stresses, and strain related deformations on the material as 

they interact with cell surfaces while being dragged along under a continuous flow (Figure 

3.2). 

 

Figure 3.2 Schematic representation of generic rod-shaped particles as they flow 
through a linear portion of a cartoon vessel.  
 

 Published literature reports values which utilized compressive tests to obtain fracture 

forces, maxima shear stresses, tensile stresses, and shear strains nanoparticles not subjected 

to flow can withstand2. Though these FEA modeling studies (Shan et al. 2008) were not 

conducted under flow, their findings are relevant to this project to establish a baseline control 

level of forces nanoparticles can reasonably be expected to withstand underflow. In addition 

to modeling data concerning compression and fracture forces, modeling data describing 

interactions of nanoparticles with vascular walls subjected to flow3 provide further support 

Potential fracture, shear site or 
failure of material at the site 
of cell interaction under flow 

for nanocrystalline rods. 

IN OUT 
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and evidence for nanoparticle-cell wall interactions and the influence these interactions have 

on undetectable nanoparticle properties in canonical in vitro assays (Figure 3.3). 

 

 

Figure 3.3 (Fig. 10 – top, Fig. 11 – bottom; Peng et al. 2015) Cartoon schematic depicting 
nanoparticle interactions with cell membranes while subjected to flow.  
 

From a drug-delivery bioengineering perspective, it is the interaction nanoparticles in 

flow have with the cell surfaces which play a crucial role in their utility as potential 

therapeutics. Nanoparticles and other drug delivery carriers, in general, will perform 

differently compared to in vitro while subjected to flow due to the shorted interaction time 

with cell surfaces, their physical clearance from the diseased site, and the milieu of forces 

present in flow streams acting on the nanoparticle as opposed to the static environment found 

in vitro4.  

        



 61 

 

 
Figure 3.4 (Fig. 2-4 Decuzzi et al. 2009) Cartoon schematic depicting nanoparticle 
interactions with cell membranes while subjected to flow. 
 

The modeling data presented above (Figure 3.2-4) presents a unique problem in drug 

delivery. The need to experimentally test the performance of a carrier while subjected to flow 

to monitor its toxicity at a diseased site and the need to test the overall impact flow related 

and imparted forces have on the performance of the drug delivery carrier in question. The 

breadth and scope of the identified needs are much too large to answer using one 

microfluidic device. Therefore, the microfluidic devices selected for these therapeutic and 

physical studies (Figure 3.1), are intended not to replace canonical in vitro studies, but to 

supplement and enrich the data obtained for drug delivery performance and efficacy while 

using our model drug delivery carrier, camptothecin based nanocrystals.  

 

Idealized co-culture microfluidic devices (ICD’s) enabled the ultimate study of 

nanocrystal perfusion while subjected to flow through an endothelial cell layer into an 

adjacent cancerous cell mass (Ch.4). Prior to obtaining data on nanocrystalline toxicity 

efficacy under flow in co-cultured settings; permeability and cell structure studies were 

conducted within the ICD’s to establish device utility and soundness (Ch.3, II, i-iii).  
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Structural integrity and flow force effects were studied using synthetic microvascular 

networks (MN’s) and linear channels (LC’s). The coupling of these two architecturally 

binary devices enabled the study of surface ligand shearing, deformations, and overall design 

soundness and sustainability in flow and as a result of flow specific forces (Ch. 5). The fine 

tuning and controls necessary to decipher the effects of architecture versus fluidic forces and 

their combinatorial effects on nanocrystalline physical performance are reported here (Ch.3 

III-IV). 
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3. II. Idealized co-culture microfluidic device 

 

 

Figure 3.5 Cartoon depiction of ICD’s; Slit: 2 µm x 2 µm, travel width: 100 µm, slits 
spacing: 50 µm, vascular channel width: 200 µm. Microfluidic device schematics 
provided by Synvivo © 1 
 

The idealized co-culture microfluidic device enables cell-culturing in close proximity 

of at minimum two different cell lines or cell cultures. A valid critique of canonical in vitro 

studies includes the lack of co- or triple cultures 5–7 Cells in vivo often inhabit environments 

whereby they grow in proximity to neighboring cells which are differentiated for variegated 

specialized purposes 8,9. These communities of specialized cells enable higher function and 

are incredibly difficult to model in vitro [10]. The ICD used here in this study allows for the 

growth of two to three different cell cultures in tandem. A variety of cell lines and cultures 

were tested before the final cell lines of Ea.hy926, 4T1 murine breast cancer, and MDA-MB-

231 human breast cancer were selected for use within the microfluidic devices (Ch.2).  

 

To reiterate from the introduction (Ch.1, Section III), idealized co-culture devices 

with slits connecting outer and inner cell culture chambers were selected in order to provide 
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an additional challenge for drug delivery carriers. Slit spacing between the outer and inner 

cell culture chambers creates a rigorous pathway through which drug delivery carriers must 

traverse prior to reaching the diseased cell culture site ensconced within the inner cell culture 

chamber. This is desirable in order to better mimic the conditions in vivo whereby; the 

diseased sites are often several cell layers deep within the tissue and not located immediately 

adjacent to the outer endothelial cell layers comprising the vasculature [11,12]. 

 

The idealized co-culture microfluidic devices used here are optimal for testing 

permeability under simple laminar flows. For researchers interested in permeability and 

diffusion in complex flow conditions, the synthetic microvascular networks (Ch.1, Section 

III, Subsection B.) would be more appropriate due to the tangled-web architecture of those 

microfluidic devices. 

  

When examining how drug delivery carriers perform within a flow stream, some 

basic questions which must be answered are: to what extent that drug delivery carrier can 

penetrate into the inner cell culture chamber and how long it takes to first witness permeation 

of the outer cell culture chamber. If a drug delivery construct does not interact with the vessel 

walls and cannot permeate the inner cell culture chamber while subjected to flow in a 

pharmaceutically relevant timeframe, that specific design should not be advanced further in 

testing until these problems are resolved.  

 

Issues why a carrier might not interact with the vessel walls could be due to the 

morphology of the carrier itself (spheres are less likely to interact with outer walls under 
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simple laminar flow [13–15]), the surface chemistry acting as a repellant or attractant to the cell 

surfaces, or to the polymer composition of the microfluidic device which would indicate the 

device is not optimally fitted for use with that particular drug delivery construct. Permeability 

studies are the first step in a series of drug delivery experiments conducted and reported here 

using microfluidic devices. It is the author’s intention to introduce the results and potential 

set-backs researchers could potentially discover when studying permeability, or diffusion 

using either the ICD’s used here or other similar designed microfluidic devices. All 

permeability studies conducted and reported here were initiated without cell culture within 

the ICD’s as a first pass attempt to validate the use of the ICD’s and their compatibility or 

incompatibility with certain drug delivery carriers/constructs.  

 

3. II. A. Permeability studies: Polystyrene nanoparticles 

 

Polystyrene nanoparticles are often used as scaffolds or drug delivery carriers due to 

their relative lack of reactivity in vivo. Their inert qualities make them ideally suited for 

scaffolding purposes and bioconjugation platforms [16,17]. Polystyrene rods throughout these 

ICD studies were used to control for the preferential non-specific uptake of rod shaped 

nanoparticles over other shaped constructs (i.e. spheres, ellipses, disks) [18].  
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(a)  (b)  (c)  

Figure 3.6 Images depicting Polystyrene nanorods post-infusion tracked through ICD’s 
using confocal microscopy (Olympus Fluoview 1000 Spectral Confocal), and 
reconfigured as rainbow intensity tracking beads in Imaris Software.  (a) Z axis, (b) Y 
axis at t=15 min post infusion, and (c) Z axis, t=1-day post infusion.  
 

 Polystyrene nanorods surface functionalized with FITC were flowed through the 

ICD’s and monitored immediately post-infusion. Confocal fluorescent images were 

processed using Imaris in order to better visualize the distribution of fluorescence intensity 

within the ICD’s. Images captured immediately post-infusion show a concentrated 

fluorescent signal within the outer cell culture chambers of the ICD, they also show a healthy 

spread of nanoparticle distribution throughout the outer cell culture channels (Figure 3.6 a, 

b). This is important to note, because a very dense nanoparticle would simply sink to the 

“bottom” side of the flanking cell culture chambers within the ICD’s. This would not be 

optimal for permeation from outer to inner cell culture chambers. Here it is established 

perfused nanoparticles suspended in aqueous based solvents containing densities on par with 

that of water are distributed along the z-axis or entire height of the outer cell culture channels 

on the ICD’s.  

 

 After t=4 days, captured and processed images reflect complete permeation of the 

polystyrene-FITC conjugated nanorods into the inner cell culture chamber of the ICD’s. Four 

days was the minimum amount of time required to visualize complete permeation of 

polystyrene nanoparticles within the inner cell culture chamber. This does not fall within a 
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pharmaceutically relevant time frame due to the nature of constant circulation and clearance 

of foreign substance via macrophages and continuous flow properties in vivo [19].  

 

Therefore, though nanorods have been shown to have a preferential nonspecific 

uptake advantage in vitro while subjected to flow, preliminary data does not refute the 

possibility of a preferred nonspecific uptake but rather justifies the ability to overlook this 

property as inconsequential due to the unrealistic time frame necessary for complete 

penetration of the PS nanorods into the inner cell culture chamber. For future microfluidic 

device studies utilizing the ICD’s, drug delivery carriers tested would not be allowed to 

incubate for t=4 days within the outer cell culture chambers. The purpose of the experiments 

are to model as closely as possible the continuous flow like nature of in vivo experiments. 

Therefore, drug delivery carriers and agents which require longer than one hour of 

continuous flow exposure to the outer cell culture chambers in order to permeate the inner 

cell culture chambers would not be able to cross chambers and can be considered as either 

negative controls, inconsequential, or ineffective regarding their impact on cell toxicity and 

in need of redesign depending on the researcher’s intended use for them. 

 

3. II. B. Permeability studies: Camptothecin nanocrystals 

 

 Camptothecin unmodified nanocrystals (CPT-UM) were infused through ICD’s 

lacking cell cultures. The results show crossing of CPT-UM between chambers at t=15 

minutes post-infusion. Unmodified nanocrystals were selected from a library of other ligand 

decorated nanocrystal options due to their highly negative surface charge (as determined via 
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Zeta potential studies) and because of their morphological similarity to polystyrene nanorods 

(described above). Surface charge was important because it was necessary to ascertain if 

negatively surface charged nanoparticles or drug delivery carriers would interact with the 

polymer make up of the microfluidic device thereby rendering the devices incompatible with 

the nanocrystalline construct. As a control, Rhodamine B containing an overall highly 

positive surface charge was flowed through the ICD’s, the results are reported in the next 

section.  

  

 Camptothecin based nanocrystals are auto fluorescent in the Near UV, (370/448 

nm;20). Because of this inherent property, the nanocrystals were not modified or conjugated 

to tracker dyes or fluorescent molecules. CPT-UM were detected within the center of the 

inner cell culture chamber of the ICD’s at t=15 min post infusion. Further time points were 

not gathered once nanocrystal detection in the center of the inner cell culture chamber was 

detected. This reasoning was due to the results in the PS nanorod experiments which found 

that complete permeation could take days.  

 

To answer the initial questions: to what extent a drug delivery carrier can penetrate 

into the inner cell culture chamber and how long it takes to first witness permeation of the 

outer cell culture chamber; the focus shifted to determining the minimum amount of time 

required for penetration into the center of the device with a fixed infusion time of 15 minutes 

as a mimic for a bolus injection in vivo.  With these refined settings, it became imperative to 

witness permeation within the first 15 minutes of the infusion in order to validate the 

nanocrystalline constructs ability to function within a therapeutically relevant time frame. 
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CPT-UM nanocrystals were observed within the first 15 minutes post-infusion permeating 

the channels and reaching the center of the device. These findings were significant in 

establishing the compatibility of the CPT nanocrystal scaffold with the ICD’s, and their 

promise for future therapeutic studies involving the ICD and surface-functionalized targeting 

ligands.  

 

 

Figure 3.7 Images depicting camptothecin rod shaped nanocrystals post-infusion 
tracked through ICD’s using fluorescence microscopy (CKX-41; Near-UV). Images 
captured t=15 min post infusion. Top left: 4x, top right: 10x, bottom right: 20x, bottom 
left: 40x zoom in of nanocrystalline cluster at center of ICD.  
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3. II. C. Permeability studies: Rhodamine B 

 

As a control for surface charge and the effect it could potentially have on interactions 

with the microfluidic device itself, Rhodamine B containing an overall positive surface 

charge was used in order to establish how a positive surface would or could impede the 

permeation of a drug delivery carrier from the outer to inner cell culture chambers.  

 

Typically drug delivery carriers do not contain highly positive surface charges due the 

toxicity imparted by high positive surface charges on cell viability [21]. With this in mind, 

moderate positive surface charges are still necessary to study and test within the ICD’s due to 

the nature of localized positive charges present on some of the camptothecin nanocrystalline 

constructs available within the synthesized library (Ch.2).   
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Figure 3.8 Images depicting Rhodamine B post-infusion tracked through ICD’s using 
fluorescence microscopy (CKX-41; TRITC). Images captured t=15 min post infusion. 
Top left: 4x, top right: 10x, bottom right: 20x, bottom left: 40x zoom in of 
nanocrystalline cluster at center of ICD.  
 

 Rhodamine B post infusion (t=15 min) was observed within the slit spacing and at the 

walls of the microfluidic device but not within any empty spaces. In Figure 3.8 it becomes 

apparent highly positive surface charges will be highly attracted to the walls of the 

microfluidic device implying researchers hoping to flow drug delivery carriers with overall 

high surface charges should be weary of their use within these specific ICD’s. Though 

plausible to use, it would require many controls to verify the true attraction of the drug 

delivery carrier to cell surfaces once incorporated as opposed to the wall surfaces. At t=15 

min post infusion there was not a distinguishable trace of Rhodamine B dye within the inner 

cell culture chamber.  
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3. II. D. Dimensional and structural studies 

 

As briefly mentioned in (Ch.3, II.A.1) the PS nanorods did not settle to the “bottom” 

but instead were mixed and suspended throughout the entire outer cell culture chamber 

(Figure 3.6 a-c). This was important to witness and capture because the ICD’s in order to be 

better mimics of in vivo conditions should not have top and bottom sidedness. That 

characteristic resembles more canonical in vitro assays where there are monolayers growing 

on the bottom of a dish with solvents and externally applied agents applied to the top.   

 

Cells growing within the ICD’s and particles infused through the devices should not 

settle in one axis but be distributed through the space. To establish the amorphous nature of 

cells growing within the inner cell culture chambers of the ICD’s, confocal images were 

taken of the cell cultured strata grown within the inner cell culture chamber. Fluorescent 

signals were formatted using Imaris to better represent fluorescent intensity signals in a clear-

cut manner within the amorphous strata depicting incongruous and anisotropic cell growth.  

 

Before bead analysis was conducted, fluorescent cell signals depicted in Figure 3.9 

for live cells (Calcein AM; Green signal) and dead cells (Ethidium homodimer-1; Red signal) 

are shown here in both aerial and side views. Side views of separate filters enable the 

visualization of the amorphous strata for both live and dead cells. In addition to ensuring 

nanoparticles of any constitution do not settle to a “bottom” side, it is also important to 

ensure cell death is not occurring simply on the “bottom” side of the ICD. Isotropic cell death 
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patterns would imply intrinsic problems with cell seeding protocols, extracellular matrix, or 

basement membrane coating issues. 

 

 

Figure 3.9 FITC, TRITC overlay (z-axis) and individual channels (side views, xy-plane). 
Images captured using confocal microscopy. Ethidium homodimer-1 (TRITC, Red), 
and Calcein-AM (FITC-Green) dyes were used to visualize 4T1 breast cancer cells 
growing within the inner chamber t=4 days post initial seeding.  

 

To verify the anisotropic nature of the ICD’s, live cell signal for the “top” and 

“bottom” of the device were imaged and reconfigured (Figure 3.10 a-b), to verify the bead 

model fit, an overlay of beads to dead cell signal was rendered (Figure 3.10 c) and lastly, the 

dead cell signal for the “top” and “bottom” of the device were depicted in bead format and 

confirmed for their anisotropic patterns (Figure 3.10 c-d).  
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 (a)  (b)  

(c)   (d)  
Figure 3.10 (a) and (b) are opposite sides of the inner chamber seeded with 4T1 breast 
cancer cells of Calcein-AM fluorescence depicted in Beads style with rainbow intensity 
formatting, (c) bead formatting overlay with Ethidium homodimer-1 classic 
fluorescence, (d) bead formatting of one side of inner chamber for Ethidium 
homodimer-1 fluorescent signals.  
 

 Zoomed-in and reformatted side views of Figure 3.9 clearly show the amorphous and 

anisotropic nature of cells growing and dying within the inner cell culture chamber of the 

ICD’s (Figure 3.11-12). Cells cultured within the inner cell culture chamber were MDA-MB-

231 murine breast cancer cells. ICD’s were not prepared with a co-culture, but instead were 

prepared with a single culture in order to facilitate maximum flow of nutrients from the outer 

chambers to the inner chamber. Ruling out sidedness and establishing an active cell culture 

within the ICD’s representative of living, dead, and dying cells the ICD’s were now validated 

and could be used for assessing nanocrystal toxicity in flow conditions with viable co-

cultures growing and interacting within the device (Ch.4). 
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Figure 3.11 Bead formatted layers depicting Ethidium homodimer-1 (Dead) cell 
fluorescent signals in amorphous and inhomogeneous cell strata within inner cell 
culture chamber.  
 

 

Figure 3.12 Bead formatted layers depicting Calcein-AM (Live) cell fluorescent signals 
in amorphous and inhomogeneous cell strata within inner cell culture chamber.  
 

3. II. E. Cell viability studies 

 

 Idealized co-culture microfluidic devices were seeded with Ea.hy926 human 

umbilical vein endothelial cell and 4T1 murine breast cancer cell lines. Ea.hy926 cells were 

seeded in the outer cell culture chamber and 4T1 cells were seeded within the inner cell 

culture chamber as described in Materials and Methods (Ch.3, V). The cell cultures were 

grown in close proximity to one another with a slit spacing of XXX dividing the two 

chambers. The outer cell culture chambers, containing the Ea.hy926 cells were exclusively 

subjected to flow during drug delivery treatments. After drug delivery treatments, both inner 

and outer cell culture chambers of the ICD’s were flushed with fresh media for the purpose 

of mimicking a continuously changing and ever flowing system in vivo. Resulting in the 

creation of an environment, whereby all drug delivery carriers which are able to permeate the 
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inner cell culture chamber are given a minimal amount of time to either be taken up by their 

target cells or be flushed out of the system. Both endothelial and cancer cell lines were 

maintained via in vitro standards with twice daily media flushes conducted under flow.  

 

The researchers determined continuous flow of media through the ICD’s after the 

initial drug delivery infusion had occurred would not serve any purpose other than creating 

stress on the cells. Though a more accurate in vivo model would favor continuous flow for 

drug perfusion, drug flushing, and media change maintenance of the microfluidic devices. 

The ultimate goal of studying the uptake and cell toxicity performance of drug delivery 

carriers under flow would not be served best by subjecting cells within the ICD’s to 

continuous flow stresses after the drug delivery infusion had been flushed out of the system.   

 

Prior to flowing any drug delivery agents through the ICD’s, all ICD’s were imaged 

using DSU confocal microscopy to confirm the presence of a viable endothelial cell culture. 

Due to the inability at the time of these experiments to read the TEER values of the 

endothelial barrier, DSU confocal was necessary to manually image randomly selected Z 

slices in order to verify the presence of a continuous vessel like endothelial cell surface 

coating the outer cell culture chambers and creating a sufficient barrier between the flow 

stream and the cancerous cell mass, residing within the inner cell culture chamber. Currently, 

new microfluidic devices developed by Synvivo offer the opportunity to conduct TEER 

measurements on idealized co culture microfluidic devices. Due to the large surface area of 

the ICD’s, a cartoon map (Figure 3.13) has been included to guide readers through the 

confocal images depicted in Figure 3.14-15.  
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Figure 3.13 Cartoon schematic depicting regions of interest highlighted in black 
selected for DSU confocal microscopy imaging. 
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Figure 3.14 DSU confocal microscopy images of four differing peripheral (corner) 
regions of interest on n=3 ICD’s, outer cell culture chambers contained Ea.hy926 cell 
line with inner cell culture chamber containing 4T1 early cell culture seed.  
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Figure 3.15 DSU confocal microscopy images of central regions of interest on n=3 
ICD’s, outer cell culture chambers contained Ea.hy926 cell line with inner cell culture 
chamber containing 4T1 early cell culture seed.  
 

 After establishing a continuous endothelial cell stratum, preliminary cell toxicity 

studies were conducted beginning with unmodified camptothecin nanocrystals and 

polystyrene rods. These drug delivery carriers or agents were selected in order to best 

establish a baseline level of toxicity to endothelial cells and the cancerous cell mass due to 

their exposure while subjected to flow. Due to the inability to control final cell counts, 

control ICD flow experiments were conducted in order to facilitate normalization during data 

analysis of the fluorescent signals for both live and dead cell fluorescent quantification. A 

potential pitfall addressed here was the incongruous final cell count between ICD 

experiments and the different dye cocktails applied between experiments. Normalization for 

differing emission intensities either as a result of different cell counts, clustering, or dye 

extinction coefficients became standard protocol for quantifying ratios of cell death to life 

fluorescent signals between test and control ICD’s.  

 

 Figure 3.16-17 both show minimal cell death signal in their control device images 

(Figure 3.16 (a), 3.17 (a)). Near UV images were included due to their ability to detect either 

any remaining CPT-UM or bleed through of fluorescent dyes from other channels. PS 

nanorods exhibited cell fluorescent signals in both cell life and cell death staining assays. 
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Whereas, CPT-UM showed a clear trend favoring cell death fluorescent signals. PS nanorod 

death was due to the physical scraping and interactions of nanorods upon the cell surfaces. 

This was important to gauge in order to visualize the background levels of death which may 

occur due simply to the interaction of rod shaped nanoparticles subjected to fluidic forces on 

cellular surfaces.  

 

 Clear trends in cell death fluorescent signals for CPT-UM indicated the efficacious 

killing of cells upon minimal interaction times with the nanocrystals. This promising data 

provided a platform for which to build upon and test further more refined constructs from the 

library of camptothecin nanocrystals available.  

 

 An important observation included fluorescent cell death signals present in control 

ICD’s for both PS rod and CPT UM experiments. The author believes these cell deaths to be 

attributed to the downward shearing forces imparted on cell cultures during the seeding 

process as they flow through the syringe into the top portal of the ICD’s. This hypothesis was 

not tested or confirmed, but cell death signals in all control ICD’s were witnessed and 

normalized to during data analyses.  
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(a) (b  
Figure 3.16 (a) Control device (b) 48 hours post CPT UM treatment. Fluorescent 
microscopy images of a sample test ICD depicting cell viability at 4x. White channel, 
brightfield; Blue channel, Near UV (CPT detection); Green channel, Calcein AM (live 
cell signal); Red channel, Propidium Iodide (dead cell signal). 
 
 

(a) (b)  
Figure 3.17 (a) Control Device (b) 48 hours post PS nanorod treatment. Fluorescent 
microscopy images of a sample test ICD depicting cell viability at 4x. White channel, 
brightfield; Blue channel, Near UV (control); Green channel, SYTOX Green Nucleic 
Acid Stain (dead cell signal); Red channel, LYSOtracker Red DND (live cell signal). 
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3. III. Microvascular Networks 

 

Different microvascular networks selected either contained an inner cell culture 

chamber or lacked one entirely. The purpose for this was to use both co-cultured and simple 

microvascular network (MN) to first verify the cellular viability of Ea.hy926 cells grown 

within the MN’s with and without the presence of neighboring 4T1 cancerous cell line. Due 

to the immense difference in architectural morphologies between ICD’s and MN’s the author 

intended to address the concern that endothelial cell viability within the microfluidic devices 

was a result of growth factors emitted from the neighboring cancerous cells. The MN’s 

unlike the ICD’s were selected not as a model for permeation and cell toxicity assays, but as 

a model to probe nanoparticle performance, structural and material integrity of the drug 

delivery carrier after an infusion cycles through a more in vivo like pathway (i.e. the complex 

vessel architecture of the MN’s). Therefore to establish, the growth and cell viability of the 

endothelial cell stratum within the outer cell culture chambers was not a byproduct of and 

supported by growth factors emitted from their 4T1 cancer cell neighbors, both MN models 

(Figure 3.18 a-b) were selected for early cellular studies.  
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(a) (b)  
 
Figure 3.18 Cartoon depiction of microvascular network’s (MN’s) with (a) and without 
(b) inner cell culture chambers; Slit (a): 2 µm x 2 µm, travel width (a): 100 µm, slits 
spacing (a): 50 µm, vascular channel width (a,b): 200 µm. Microfluidic device 
schematics provided by Synvivo © 1 
 

3. III. A. Cellular Studies 

 

 MN’s seeded with Ea.hy926 cells containing an internally maintained co-culture of 

4T1 cells were imaged using DSU confocal microscopy at differing Z axes positions. 

Brightfield images represented in Figure 3.19 show a young, not yet confluent layer of 

Ea.hy96 growing within the MN’s. MN’s versus ICD’s require longer culturing periods to 

attain equivalent cell culture confluency’s as depicted for ICD’s in Figure 3.14-15.   
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Figure 3.19 DSU confocal microscopy images depicting 4T1 growth within inner cell 
culture chambers and Ea.926 cell growth within outer cell culture chambers (vessels) at 
10x. 
 
 To verify the growth ability of Ea.hy926 cells within MN’s lacking co-cultured 4T1 

cells (simple MN’s), Ea.hy926 cells were cultured and imaged using brightfield microscopy. 

Ea.hy926 confluency either matched or exceeded the confluency of endothelial cells growing 

within MN’s co-cultured with 4T1 cells at the same time points post initial seeding (t=5) 

days (Figure 3.20). A plausible explanation for this behavior could be due to the nature of 

cancer cells to be especially greedy with nutrients within their local environments [22,23]. 

Though cancer cells do emit growth factors in their extracellular matrix, they also have a 

tendency to steal or hoard nutrients from their surrounding environments to better nourish the 

forming nutrient hungry cancerous cell mass.   
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Figure 3.20 Brightfield microscopy images depicting Ea.hy926 cell growth within inner 
cell culture chambers for MN’s seeded without 4T1 co-cultures.  
 

 

After qualitatively viewing confluent Ea.hy926 cells growing without the presence of 

co-cultured 4T1 cells (Figure 3.20), the author decided to conduct cell viability assays of 

Ea.hy926 cells cultured in simple MN’s and in 4T1 co-cultured MN’s after t=5 days. 

Preliminary results show roughly equivalent and insignificant trends for fluorescent cell 

signals of dead and live endothelial cells in either MN conditions (Figure 3.21-22). 

 

(a)	  

(b)	 	
 
Figure 3.21 Fluorescence microscopy images depicting Ea.hy926 cell viability within 
inner cell culture chambers at 4x for (a) simple MN’s and (b) 4T1 co-cultured MN’s. 
Green channel; SYTOX Green Nucleic Acid Stain (dead cell signal), Red channel; 
LYSOTracker Red DND (live cell signal).  
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Figure 3.22 Quantification of fluorescent signal using ImageJ fluorescent measurement 
tool plug-in. Regions of interest (a),(b) correspond to Figure 3.21 (a),(b).  
 

3. III. B. Dimensional and Structural Studies 

 

 To further validate the use of MN’s seeded solely with Ea.hy926 cells as an 

appropriate preliminary model for studying drug delivery carrier performance, structural and 

material integrity while subjected to flow – dimensional and structural studies of endothelial 

cells growing within the MN’s were visualized using traditional staining and immunostaining 

techniques for ZO-1 receptors involved in cell-cell surface binding [24].  
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Figure 3.23 Dimensional and structural confocal microscopic analyses of Ea.hy926 cell 
vessel-like growth in MN’s outer cell culture chambers labeled with NucBlue (Blue) and 
ZO-1 secondary antibodies (Red). 
 

 Antibody and traditional dye staining reveal vessel like structures of Ea.hy926 cell 

growth within the MN’s (Figure 3.23). Both MN conditions of co-cultures versus 

monocultures revealed sufficiently acceptable cell viability that they both could have been 

tested for their cellular dimensional and structural properties within the MN’s. The purpose 

of the microvascular network model though is not to study to permeation or cellular toxicity, 

but to take advantage of the complex architectures and flow patterns within the microfluidic 

device to better understand the effect of complex fluidic forces on drug delivery carrier’s 

structural integrity and material soundness after flow. The author aimed to use the 
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microvascular networks for a very specific purpose as a tool of discernment and refinement 

for drug delivery carrier design.  

 

 With these specific questions and focal points in mind, preliminary studies of 

nanocrystals flowed through MN’s seeded with Ea.hy926 (hereby the default MN’s and 

therefore called solely MN’s) were tested for their changes in surface charge potential and in 

physical appearance using Zeta potential measurements and SEM imaging techniques 

respectively. Further analytical techniques were later applied to refine the study in changes in 

nanocrystals pre and post flow, those methods and results are reported in Ch.5.  

 

3. III. C. Nanoparticle surface coated polymeric shearing 

 

Nanoparticle surface characterization often utilizes a number of techniques, the most 

common of which involves size and surface charge characterization using Zetasizer or DLS 

techniques . Surface charge is important to characterize for a variety of reasons, some of 

these including the cell toxicity imparted by highly positive charged nanoparticles, the role of 

surface charge in attracting or repelling the nanoparticle to certain cellular components [25], 

and in general on cellular uptake and biodistribution in vivo [26]. 
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A)            
 
 

B)            
 
 

C)            
 
Figure 3.24 a) Compilation of zeta potential readings for nanocrystal stocks (pre-flow), 
nanocrystals flowed through bare devices denoted as (- 926), nanocrystals flowed 
through devices with endothelial cells denoted as (+ 926) b) Comparison of nanocrystals 
from stock populations and post flow with (+ 926) MN’s c) Comparison of nanocrystals 
from stock populations and post flow with (- 926) MN’s.  
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 Preliminary disturbances in surface charge potentials were detected on CPT PEG-FA 

nanocrystals before and after flow experiments through MN’s containing endothelial cells (+ 

926), and lacking endothelial cells but retaining the basement membrane coatings used in 

preparing MN’s (-926). CPT PEG-FA nanocrystals were chosen due to their coating 

consisting of a PEG based polymer commonly used in the field for immune system evasion 

conjugated to folic acid, a commonly used targeting moiety directed at breast cancer cells 

with upregulated levels of Folate Receptor expression [27].  

  

In MN’s with and without endothelial cells, there was a downward shift or negative 

shift in surface charge potentials implying more of the bare nanocrystalline surface area was 

being exposed after flow through the MN’s (Figure 3.24 a-c). Unmodified camptothecin 

nanocrystals have a surface charge of approximately -35 mV. Upon addition of folic acid-peg 

polymer conjugates to the surface, the overall charge increases to approximately -10 mV for 

this particular batch of CPT PEG-FA nanocrystals (Figure 3.24 a). Direct comparisons of 

surface charge measurements for n=3 MN’s (+926) and (-926), (Figure 3.24(b),(c)) with 

stock or pre flow CPT PEG-FA values reveal consistent changes in surface charge potentials 

after flow.  

 

Broad peak widths in data sets specifically in data measurements pertaining to MN’s 

(+926) imply a much broader distribution of surface charge alterations. This was not 

surprising considering folic acid is attracted to cell surfaces and therefore was expected to 

have a messier profile due to its more prolific non-specific interactions with cell surfaces as 

opposed to when it flows directly through MN’s lacking endothelial cells (-926).  
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These alterations in surface charge potential in addition to their obviously deformed 

morphology post flow through MN’s with and without endothelial cells (Figure 3.25) 

provides sound preliminary data for further studies focused on quantifying exact amounts of 

PEG polymer shearing from the nanocrystalline surface utilizing a variety of camptothecin 

nanocrystalline constructs, described in greater detail in Ch.5. 

 

 

 
 

Table 3.1 Tabulated zeta potential surface changes through microvascular networks 
containing and lacking endothelial cells listed with nanocrystalline stock values for 
comparison. *A unique shift towards more positive surface charge values post flow. 
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Figure 3.25 SEM microscopy images of CPT PEG post flow through microvascular 
networks. Images depict deformed and broken nanorods.  
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3. IV Linear Channel Devices 
 
 Linear channel microfluidic devices (Figure 3.26) were selected as a means to study 

the effects of shear stresses under flow on nanocrystalline structural integrity, surface ligand 

shearing, and the interaction of nanocrystals with cell surfaces within a straight channel 

whereby the interactions were not dictated by complex architecture and turbulent flow but by 

shear stresses found in laminar flow [28].  

 

Linear channel microfluidic devices (LC’s) with cell culture chamber widths equal to 

those used in the microvascular network devices (MN’s) were selected to maintain 

consistency between experimental procedures. Irrespective of whether tested channels were 

vessel like or idealized straight channels, nanorods are expected to have higher surface 

interactions with the walls as opposed to particles of other morphologies due to the tumbling 

rods experience under flow [4,29]. With this in mind, the author expected to find evidence of 

ligand shearing, and material failure due to the observances of these trends for nanocrystals 

observed post flow in MN’s. The extent to which material failure, deformations, and the 

structural integrity would be altered as a lone result of shear stresses versus shear stresses 

compounded with a complex architecture (MN’s) was the raison d’être for utilizing linear 

channel microfluidic devices in conjunction with microvascular network devices.  
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Figure 3.26 Cartoon depiction of linear channel microfluidic devices (LC’s); vascular 
channel width: 200 µm. Microfluidic device schematics provided by Synvivo © 1 
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IV. A. Cellular studies 
 
 Images taken using DSU confocal microscopy and traditional brightfield microscopy  

of LC’s pre and post flow with unmodified camptothecin nanocrystals reveal insignificant 

differences in cell counts/micron of channel length. This finding was important to verify 

endothelial cells growing within the channels were able to withstand the repetitive and 

scraping interaction with rods as they tumbled past within a controlled shear stress. Due to 

the short channel length and reduced physical range of nanocrystalline exposure to 

endothelial cell walls within the LC’s versus their counterpart MN’s, the author decided it 

was important to verify pre and post flow cell counts were within the same range. This was 

imperative to determine in order to correctly asses any changes in post flow nanocrystals 

with cell seeded devices as being authentic. Figure 3.27 (a-c) both qualitatively and 

quantitatively verifies the insignificant differences in cell population counts between pre and 

post flow LC’s.  
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(a)  

(b)  

      (c)  
 
Figure 3.27 Pre and post flow qualitative and quantitative analyses depicting cells 
remaining post flow of CPT UM nanocrystals within linear channels (LC’s). (a) Pre 
flow (b) post flow (c) side by side comparisons with cell counts provided per micron 
length.  
 
 
 
IV. B. Dimensionality and cell structural studies 
 
 As with the ICD’s and MN’s a certain dimensionality is expected of the cells growing 

within the selected microfluidic devices. This attribute helps distinguish microfluidic device 

cell culture work to traditional in vitro cell culture techniques which are often static 

monolayers. Figure 3.28 exemplifies the second order cell structural properties of the 

endothelial cells growing within the cell culture chambers of the linear channels. Much like 
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the endothelial cells growing with the ICD’s and MN’s cells are visible throughout the focal 

plan located on the sides, the top and bottom of the LC’s. Secondary antibody staining for 

ZO-1 is crucial to determine it’s presence in cell populations. ZO-1 is known for being active 

in cell-cell contact and necessary for higher order cell structural components both in vitro and 

in vivo. 

 
 
Figure 3.28  Varying focal planes through the Z axis for linear channel microfluidic 
devices seeded with endothelial cells, red stains depict secondary antibody staining for 
ZO-1. Focal planes start from the top left and move to the right through each row.  
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IV. C. Nanoparticle surface coated polymeric shearing 

 

 As with the microvascular network devices (MN’s), surface coating ligand shearing 

was expected after post flow analysis of nanocrystalline scaffolds. The extent of differences 

in surface charge, morphology, and structural integrity as a result of pure shear stresses under 

flow and not compounded by the added effects of complex flow patterns found within 

complex architectures (i.e. MN’s) is tabulated in Table 3.2. Results verify a significant trend 

in polymer and polymer-small molecule conjugate surface coating shearing. Surface charge 

values for stock CPT PEG particles (i.e. CPT PLA2K) have differing stock values (Table 3.2 

b-c). The author believes this to be due to the morphological structure of the PEG based 

polymer coating the nanocrystalline surface. The author believes the PEG polymer physically 

adsorbed to the nanocrystalline surface to be in a mushroom conformation, in contrast to the 

PEG chemically conjugated to the nanocrystalline surface which is believed to exist in a 

brush conformation. The brush versus mushroom surface conformations would result in 

differing exposure levels of the highly negative nanocrystalline surface. 

 

 CPT PEG surface charge changes observed in nanocrystals flowed through MN’s 

(Table 3.1) matched similar trends observed in nanocrystals flowed through LC’s seeded 

with and without endothelial cells. CPT PEG-FA (polymer-small conjugate) also behaved 

similarly and showed the same trends in surface charge changes after post flow analyses 

through MN’s and LC’s, what is unique to this category is the opposing trend for CPT PEG 

FA surface charges to become more positive after their flowed interaction with cell surfaces. 

The shift in positive surface charge is most pronounced in MN’s seeded with endothelial 
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cells, but is also strongly evident in LC’s seeded with endothelial cells. This implies an 

attracting role for the polymer-small molecule conjugate to the cell surface irrespective of 

their brief encounter times under flow and the increased complexity of shear stresses felt by 

the nanocrystals when in complex vessel architectures as opposed to linear channels. 

(a)  

(b)  

(c)  
Table 3.2 Tabulated zeta potential surface changes through linear channel microfluidic 
devices containing and lacking endothelial cells listed with nanocrystalline stock values 
for comparison.  
 
 To verify the nanocrystals were not only undergoing significant changes in their 

surface charge potentials, additional SEM microscopy verified the nanocrystalline material 

itself had failed and was evidenced by several break points as depicted in Figure 3.29. These 
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findings are consistent with other deformations observed using SEM microscopy for 

nanocrystals post flow through MN’s (Figure 3.25).  

 
 

 
Figure 3.29 SEM microscopy images of CPT PEG post flow through linear channel 
microfluidic devices. Images depict deformed and broken nanorods.  
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3. V. Materials, methods, and cell culture preparatory protocols 

 

Cell Culture 

  

All cell lines were commercially obtained from ATCC and were grown in a humidified 

incubator with 5% CO2 at 37°C. Endothelial cell line, EA.hy926 cells, were cultured using 

DMEM medium supplemented with 10% FBS and 1% Penicillin-Streptomycin (Pen-Strep). 

Murine mammary tissue cancerous cell line, 4T1 cells, and human breast cancer cell line, 

MDA-MB-231 cells, were cultured using RPMI-1640 medium supplemented with 10% FBS 

and 1% Pen-Strep. 

 

Cellular Studies: Cell Viability & Dimensional and Structural Studies 

 

Cell viability pre-infusion of nanocrystals within the MN’s was analyzed using 

SYTOX Green Nucleic Acid Stain and LYSOTracker Red DND (Invitrogen). EA.hy926 cells 

were seeded and cultured in MN’s at a density of 100,000 cells/mL in DMEM, 10% FBS, 1% 

Pen-Strep. Cells were allowed to attach overnight and grown for n=3 days before administering 

cell viability dyes at 4 uL/min for 30 min. Fluorescent images were taken using FITC and 

TRITC filters on an Olympus CKX-41. Fluorescence was processed and quantified using 

ImageJ.  

  

MN’s and LC’s were imaged using Phase 1 filters on brightfield settings on day 5 post 

initial seeding and after unmodified CPT nanocrystals infusion at 4 uL min-1 for 500 uL. Post 
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infusion device channels were washed with DMEM, 10% FBS, 1% Pen-Strep at 2 uL min-1 for 

50 uL. Devices were tested for the cell concentration within their channels as a means for 

measuring their survivability and ability to withstand the flow forces they were conditioned 

under. Cells were imaged under 10x and 4x on an Olympus CKX-41 and a Zeiss Axiovert 25. 

Images were obtained as qualitative evidence for endothelial cell presence pre and post flow. 

All images were quantified using the Cell Counter plug in available on ImageJ, n=4 regions of 

interest were selected for two-way anova statistical analyses performed on GraphPad Prism 7.   

 

Idealized Co-culture, Microvascular Networks, and Linear Channel Microfluidic Devices 

Preparation, Maintenance, & Use 

 

Idealized co-culture (ICD’s), Microvascular networks (MN’s), and Linear channel (LC’s) 

microfluidic devices were purchased from SynVivo (Cat#102016, Cat#SMN1-C001; SMN1-

D001; SMN1-C002; SMN2-C001; SMN2-D001, Cat#101002). Dimensions for the ICD’s 

were set to the following: an outer channel (OC) of 200 microns, a travel distance (T) of 50 

microns, slit spacing (Ss) of 50 microns, and a slit width (Ws) of 2 microns. MN’s and LC’s 

had matching outer channel dimensions of 200 microns.  

 

ICD’s, MN’s, and LC’s outer vascular channels were coated with 100 µg/mL human 

fibronectin (Thermo Fisher), subjected to 5 PSI N2 (laboratory grade) for 15 minutes, and 

incubated in a humidified incubator with 5% CO2 at 37°C in preparation for seeding with 

EA.hy926 cells. A cartoon schematic of the ICD’s is provided below. Once cultured, EA.hy926 

cells were allowed to incubate for 4 hrs to attach to the outer vascular channels of the ICDs 
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before changing the media using a syringe pump set at 4 µL/min (KD Scientific Inc.). Inner 

tissue culture chambers of ICD’s and MN’s (when applicable) were subsequently coated with 

a 20% v/v Matrigel (Corning) cell culture medium slurry. To facilitate polymerization of the 

Matrigel, ICD’s and MN’s were incubated with 5% CO2 at 37°C for 1 hr before seeding with 

either 4T1 or MDA-MB-231 breast cancer cell lines.  

 

For the duration of the experiments, Eahy.926 cells received media changes every 12 

hours at 2 µL/min for 10 minutes using a syringe pump (KD Scientific Inc.). Freshly prepared 

camptothecin based nanocrystals were then infused through the outer vascular channels at 1 

mg/mL, 4 µL/min, for 15 minutes. Outer channels were then flushed with fresh media at 4 

µL/min and incubated with 12-hour syringe pump programmed media changes resulting in a 

well maintained and flushed system. 

 

Shear Stress Calculations 

 

 Where the author refers to shear stresses, physiologically relevant shear stress values 

within the ICD’s, MN’s and LC’s were calculated using the Haagen-Poisseuille equation30. 
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& = !4(
#$% =

(6.67@10-660%7-6)(4 0.00089	45	0-67-6 )
# ∗ 100×10-.	0 % = &

= 0.075	45	0-67-D, 0.75	FG;=/>0D 

This number is physiologically relevant depending on hematocrit concentration and 

what size vessel is being considered 31,29,32.  

 

Polymeric coating shearing analyses 

 

CPT nanocrystals were analyzed pre and post infusion through MN’s and LC’s seeded 

with and without EA.926 cells. Pre-infusion and post-infusion analyses utilized Scanning 

Electron Microscopy (FEI Nova Nano 650 FEG SEM) for nanocrystalline structural failure 

analyses, and Zeta potential measurements (Malvern Zetasizer Nano ZS) for polymer coating 

shearing analyses.  
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3. VI. Conclusions 

 

Idealized co-culture microfluidic devices 

 

 Idealized co-culture microfluidic devices (ICD’s) were first used to verify the 

permeability and penetration of three basic drug delivery scaffolds, fluorescent trackers, and 

carriers. Polystyrene rods due to their inert nature are often used as scaffolds, Rhodamine B 

is often used in the field conjugated to other molecules of interest as a tracking device, and 

camptothecin (surface unmodified, UM) nanocrystals were selected as the authors drug 

delivery carrier of choice after rigorous in-house development (Ch.2). Preliminary studies 

conducted under flow within the ICD’s revealed permeation of polystyrene rods, and CPT-

UM nanocrystals albeit with very different time scales. Rhodamine B was not observed 

permeating the inner cell culture chamber while under flow indicating to the author, highly 

hydrophobic dyes or small molecules lack compatibility with the device due to their strong 

attraction to the polymer composition of the microfluidic device.  

 

 After permeation studies were concluded, the second order cellular structure of 

endothelial cells (Ch.4, Figure 4.4) and cancerous cells growing within the ICD’s (Figures 

3.9-12) were established using confocal microscopy. Verifying the higher order structures 

growing within the ICD’s enabled the author to conclude further drug delivery toxicity 

results could better indicate future performance within in vivo systems as opposed to 

traditional in vitro methods which lack toxicity results conducted on cells growing in higher 

order structures and in multi-cellular environments.  
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Concluding ICD experiments involved preliminary cell viability assays of ICD’s 

seeded with Ea.hy926 cells in the outer channels and 4T1 cells growing within the ensconced 

inner chamber. Early results indicated a background level of cell death which could be 

attributed to the morphology of the carrier (rod-like). A precedent for this observation was 

reported in literature 33. High levels of cell death were visible within the cancerous cell mass 

treated with CPT-UM, these results paved the way for further cell viability assays using more 

refined camptothecin nanocrystalline scaffolds.  

 

Microvascular Network Microfluidic Devices 

 

Cellular studies were conducted on Ea.hy926 cells grown with and without the 

support of growth factors emitted within the extracellular matrix of 4T1 cancerous cells. 

After healthy growth patterns were established for endothelial cells growing without the 

presence of cancerous cells, MN’s seeded solely with endothelial cells became the prominent 

platform used for further shearing studies. As with the ICD’s it was important to establish 

higher order cellular structures (vessel-like) of the Ea.hy926 cells growing within the MN’s. 

After establishing this as a foundational tenant of the MN platform, shearing studies focused 

on detecting changes in surface charge potentials were conducted for camptothecin 

nanocrystals containing polymer-small molecule conjugates in MN’s seeded with and 

without endothelial cells. Nanocrystals were observed after flow where significant 

differences were observed between pre and post flow nanocrystalline stocks.  

 



 107 

Linear Channel Microfluidic Devices 

 

 The linear channels (LC’s) inability to be co-cultured created a need for a different 

method which could verify the ability of endothelial cells to grow within the channels and 

survive the shear stresses. One possibility the author considered was to conduct live/dead cell 

viability staining as was conducted for endothelial cells growing in MN’s. Due to the 

simplicity of the channel geometry, the author chose to count cells present before and after 

flow in various regions of interest within multiple linear channels. Cell count differences 

before and after flow in the LC’s were insignificant implying the cellular surface felt by 

nanocrystals flowed through the channels would be consistent throughout the duration of the 

flow experiments.  

 

To build on this, z-stack images for endothelial cells stained for anti-ZO 1 imaged 

and processed using confocal microscopy. Z-stack images depict differing cell populations 

coming into and out of focus within the stacks implying a dimensionality and higher order 

structural component to the linear channel devices. As a control for shear stress effects on 

nanocrystalline polymeric coating shearing witnessed within the MN’s, the author conducted 

preliminary studies within LC’s seeded with and without endothelial cells. Pre and post flow 

analyses focused on differences in surface charge potentials. Significant shifts in surface 

potential chrages were observed for both MN’s and LC’s containing endothelial cells. Upon 

further investigation, physical evidence portraying material failure and deformations of the 

nanocrystals were evidenced using SEM microscopy and reported in post flow analyses of 

nanocrystalline constructs in both MN’s and LC’s (Figure 3.25; 3.29).  
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Early results presented in this chapter became the foundational support needed to 

build upon and refine further experiments involving MN’s and LC’s and their use in studying 

nanocrystalline performance, and probing material properties exposed under flow within the 

domain of physiologically relevant shear stresses and in the presence of highly structured 

endothelial cells. These further experiments and findings are reported in Chapter 4, 5 & 6.  
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4. Microfluidic co-culture devices comprising breast cancer and endothelial cells to 

assess     nanoparticle interactions and cancerous cell mass penetration 

 

In vitro and in vivo assessment of safety and efficacy are the essential first steps in developing 

nanoparticle-based therapeutic systems. However, it is often challenging to use the knowledge 

gained from in vitro studies to predict the outcome of in vivo studies since the complexity of 

the in vivo environment, including the existence of flow and a multi-cellular environment, is 

often lacking in traditional in vitro models. Here, we describe a microfluidic coculture model 

comprising 4T1 breast cancer cells and EA.hy926 endothelial cells under physiological flow 

conditions and its utilization to assess the penetration of therapeutic nanoparticles from the 

vascular compartment into a cancerous cell mass. Camptothecin nanocrystals (~310 nm in 

length), surface-functionalized with PEG or folic acid, were used as a test nanocarrier. 

Camptothecin nanocrystals exhibited only superficial penetration into the cancerous cell mass 

under fluidic conditions, but exhibited cytotoxicity throughout the cancerous cell mass. This 

likely suggests that superficially penetrated nanocrystals dissolve at the periphery and lead to 

diffusion of molecular camptothecin deep into the cancerous cell mass. The results indicate the 

potential of microfluidic co-culture devices to assess nanoparticle-cancerous cell interactions, 

which are otherwise difficult to study using standard in vitro cultures. This work was published 

in Bioengineering and Translational Medicine 2017;1-10. 
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4. I. Motivation 

 

Canonical drug delivery research usually commences with the validation of a carrier or 

a drug using in vitro static cell cultures in which cells are grown in 2D monolayers and are 

subjected to the drug and subsequently tested through a variety of established methods for 

cellular uptake and cytotoxicity effects. If efficacy and toxicity outcomes in the static cultures 

are deemed satisfactory, then the carriers are advanced to in vivo studies. Currently, on average, 

five compounds from the initial pool of 5,000-10,000 enter clinical trials, and only one 

becomes a successful FDA approved drug [1].  Since carriers often alter the drug’s efficacy 

and toxicity, drug-carrier combinations must also go through the same rigorous validation and 

approval process. This approach limits the likelihood and speed of translation of in 

vitro foundational research to in vivo outcomes [2]. 

  

            The knowledge gap between the performance of the carriers in vitro and in vivo is often 

difficult to bridge due to the disparate nature of the two methods of studies. In vitro cell cultures 

are typically conducted under static conditions and use a monoculture. In vivo studies, by 

definition, involve a dynamic environment where a multitude of contributing factors could 

collectively dictate the outcome and it is often difficult to isolate confounding elements and 

elucidate the mechanistic differences between in vivo and in vitro observations. 

  

Static 2D monolayer cell cultures do not fully account for the impact of physiologically 

relevant shear forces on carriers. Physiological flows in blood and interstitium are often 

laminar - dominated mostly by viscous forces and diffusive mixing within higher micro- and 
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macro- regime vessel sizes [3]. In addition, standard in vitro cultures lack the multicellular 

environment containing complex extracellular matrix, which is characteristic of tissues. These 

physical parameters strongly impact carrier performance in vivo, for example, the carrier’s 

ability to extravasate and accumulate at the cancerous cell mass site. 

  

Microfluidic devices offer the potential to bridge the gap between the standard in 

vitro and in vivo models for drug delivery and discovery because of their ability to integrate 

physiological processes which are often overlooked or not directly accounted for in 

traditional in vitro methods [4]. In comparison to traditional in vitro models, data from 

microfluidics devices can provide a more accurate and comprehensive prediction of how well 

a carrier will perform in vivo. 

  

In this study, we utilized an idealized co-culture microfluidic device (ICD) with an 

inner tissue culture chamber and two flanking outer vascular channels connected to the tissue 

chamber via micron sized pores [5]. The inner tissue culture chamber of the ICD was cultured 

with murine breast cancer cell line, 4T1, and the outer vascular channels were cultured with 

the human umbilical vein endothelial cell line, Eahy.926. Cancerous and healthy cells were 

cultured in 3D in the tissue chamber and exposed to camptothecin (CPT) nanocrystals, with 

rod-shaped morphology, under physiologically relevant shear stresses found within micro-

domain sized vessels [6]. Cells subjected to non-toxic and non-immune reactive nanoparticles 

under physiologically relevant shear stresses are known to induce cell death due to the physical 

and mechanical interactions of particles and cell surfaces which are enhanced and impart a 

cytotoxic effect [7]. The devices were used to monitor penetration and efficacy of the 
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nanocrystals within the cancerous cell mass site after short infusion time periods, akin to bolus 

injections. 

  

The choice of therapeutics (camptothecin nanocrystal) was motivated by our previous 

studies, which demonstrated the benefits of rod-shaped nanoparticles over spheres [8]. 

Nanocrystals provide a unique ability to increase drug loading as well as control its release 

kinetics [9]. The crystalline nanorods used here comprise entirely of camptothecin, a Topo I 

inhibitor. Hydrophobic drugs have traditionally posed a challenge in drug delivery due to their 

poor solubility and dependence on amphiphilic carriers for their distribution [10]. Nanocrystals 

posit an alternative to the traditional hydrophobic drug carriers since they are entirely 

comprised of the hydrophobic drug; creating a high concentration of drug in a localized area 

[11][12][13]. Camptothecin nanocrystals were used either in their bare form or surface-

modified to display PEG or PEG-folic acid. Folic acid was chosen for its ability to target the 

folic acid receptor on 4T1 cells [14][15][16]. 

 

4. II. Materials and Methods 

 

Preparation of Camptothecin (CPT) nanocrystals 

  

All camptothecin (CPT) nanocrystals were prepared using the solvent diffusion method. 

Unmodified camptothecin nanocrystals (CPT-UM) were used as a base model. To prepare 

PEG-modified camptothecin nanocrystals (CPT-PEG), DSPE PEG2K amine was added 

concurrently during the formation of the CPT nanocrystals. Folic acid-modified camptothecin 
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nanocrystals (CPT-FA) were prepared by first conjugating DSPE PEG2K Amine to folic acid 

and then adding it during camptothecin nanocrystal preparation. 

  

To make CPT nanocrystals, 5 mL of 0.8 mg/mL of CPT (Sigma Aldrich) in DMSO 

solution was pipetted dropwise into a 120 mL water mixture containing 1% w/w alpha – 

tocopherol (Sigma). The mixture was stirred at 800 rpm under constant ultra-sonication at 

room temperature (22°C) for 1 hr. CPT-UM nanocrystals formed at the boundary where 

DMSO diffused into the water. The CPT-UM nanocrystals were then centrifuged three times 

at 20°C with milliQ water (18.2 Ω) at 3500 rpm. The concentration of CPT-UM nanocrystals 

was determined by dissolving the nanocrystals in DMSO and reading the absorbance at 366 

nm using a spectrophotometer (Tecan M220 Infinite Pro) and a CPT calibration curve. 

  

To prepare CPT-PEG nanocrystals, a mixture of 5 mL of 0.8 mg/mL CPT and 3.2 

mg/mL DSPE PEG2K Amine (Avanti Polar Lipids) was added to the 1% alpha – tocopherol 

water mixture solution, all subsequent steps for preparation, purification, and quantification 

described above for CPT-UM nanocrystal preparation were followed. The successful 

incorporation of DSPE PEG2K Amine was validated via X-Ray diffraction (XRD) of DSPE 

PEG2K Amine, CPT, and alpha-tocopherol in their free powder form compared to the CPT-

PEG construct (Panalytical Empyrean Powder Diffractometer). CPT was quantified using 

absorbance at 366 nm as described above. DSPE PEG2K Amine was quantified via 

Phosphorous solution state NMR (P31) (Varian 600 MGHz). Spectra were analyzed using 

Mnova software; peaks were integrated and compared to a K2HPO4 standard to determine 

quantities of phosphorous present. Phosphorous and DSPE PEG2K Amine are present in 1:1 
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molar ratios enabling us to quantify the milligrams of DSPE PEG2K Amine present from 

Phosphorous signals. 

  

To prepare CPT-FA, DSPE PEG2K Amine-FA conjugates were prepared first. 

Specifically, 4.5 mg of Folic Acid was dissolved in 500 µL of DMSO. This solution was then 

added to 100 µL of 5 mg/mL EDC (Sigma) in DMSO solution. It was then vortexed and rotated 

for 30 minutes at room temperature. To this solution, 19 mg of DSPE PEG2K Amine dissolved 

in 500 µL of DMSO was added; this combined mixture was vortexed and rotated overnight at 

room temperature. The DSPE PEG2K Amine – Folic Acid conjugate was then purified with a 

HyperSep C18 octadecyl uncapped bonded silica column, with an acetonitrile – milliQ H2O 

(18.2 Ω) 5 – 50% v/v gradient. Polymer-Folic acid conjugate eluents were then analyzed 

via Matrix Assisted Laser Desorption Ionization – Mass Spectrometery (MALDI – MS, 

Microflex LRF A Bruker) and with FTIR set to 24 scans and taken in acetonitrile (Magna IR 

850 Nicolet). FTIR spectra were analyzed in the fingerprint region using OMNIC software. 

  

To incorporate folic acid into CPT crystals, 5 mL of 0.8 mg/mL of CPT (Sigma 

Aldrich) in DMSO solution was pipetted dropwise into a 120 mL water mixture containing 1% 

w/w alpha – tocopherol (Sigma). The 20% Acetonitrile - milliQ H2O (18.2 Ω) eluent containing 

PEG-FA conjugate was then added dropwise to this solution and the overall mixture containing 

CPT, DSPE PEG2K Amine, and FA was stirred at 800 rpm with constant ultra-sonification at 

room temperature(22°C) for 1 hr. After 1 hr, the CPT-FA nanocrystals were then centrifuged 

three times at 20°C with milliQ water (18.2 Ω) at 3500 rpm. The presence of folic acid was 

quantified using absorbance at 290 nm and 370 nm, and CPT was quantified using fluorescence 
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at 366/434 nm - both utilized a spectrophotometer (Tecan M220 Infinite Pro) and a CPT and 

FA calibration curve at all respective wavelengths. DSPE PEG2K Amine was quantified using 

P31 NMR as described above in CPT-PEG constructs. 

  

Morphologies of CPT, CPT-PEG, and CPT-FA nanocrystals were analyzed using a 

scanning electron microscope (SEM). Surface charges of all nanocrystalline scaffolds 

suspended in 1x PBS pH 7.4 were measured as zeta potential using a Nanoseries-Zetasizer 

(Malvern). 

  

CPT Release from CPT-UM and CPT-PEG nanocrystals 

  

Drug release of CPT from CPT-UM and CPT-PEG was achieved using Slide-A-Lyzer 

MINIdialysis Devices of 3.5k MWCO (Life Technologies, Grand Island, NY). Freshly 

prepared nanocrystals were resuspended in 500 µL’s of citric acid buffered solutions pH 3 and 

pH 5, a PBS buffered solution of pH 7.4, RPMI cell culture media containing 10% FBS and 

1% Pen-Strep, and lastly, 100% FBS in dialysis cups. Dialysis devices were inserted into 

microcentrifuge tubes containing 1 mL of the corresponding solution placed at 37°C and set 

on an orbital shaker at 100 RPM. At indicated time points, aliquots of CPT were removed from 

the microcentrifuge tubes and CPT concentration as determined via absorbance. 

Corresponding solutions were then added at each time point to maintain a constant volume.  
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Cell Culture 

  

All cell lines were commercially obtained from ATCC and were grown in a humidified 

incubator with 5% CO2 at 37°C. Endothelial cell line, EA.hy926 cells, were cultured using 

DMEM medium supplemented with 10% FBS and 1% Penicillin-Streptomycin (Pen-Strep). 

Murine mammary tissue cancerous cell line, 4T1 cells, were cultured using RPMI-1640 

medium supplemented with 10% FBS and 1% Pen-Strep. 

  

Idealized Co-culture Microfluidic Devices Nanocrystalline penetration studies 

 

Idealized co-culture microfluidic devices (ICD’s) were purchased from SynVivo 

(Cat#102016). Dimensions were set to the following: an outer channel (OC) of 200 microns, a 

travel distance (T) of 50 microns, slit spacing (Ss) of 50 microns, and a slit width (Ws) of 2 

microns. 

 

Idealized co-culture microfluidic devices (ICD’s) outer vascular channels were coated with 

100 µg/mL human fibronectin (Thermo Fisher), subjected to 5 PSI N2 (laboratory grade) for 

15 minutes, and incubated in a humidified incubator with 5% CO2 at 37°C in preparation for 

seeding with EA.hy926 cells. A cartoon schematic of the ICD’s is provided below. Once 

cultured, EA.hy926 cells were allowed to incubate for 4 hrs to attach to the outer vascular 

channels of the ICDs before changing the media using a syringe pump set at 4 µL/min (KD 

Scientific Inc.). Inner tissue culture chambers of ICDs were subsequently coated with a 20% 



 122 

v/v Matrigel (Corning) cell culture medium slurry. To facilitate polymerization of the Matrigel, 

ICDs were incubated with 5% CO2 at 37°C for 1 hr before infusion of freshly prepared CPT-

UM nanocrystals. For the duration of the experiments, Eahy.926 cells received media changes 

every 12 hours at 2 µL/min for 10 minutes using a syringe pump (KD Scientific Inc.). Freshly 

prepared CPT-UM nanocrystals were then infused through the outer vascular channels at 1 

mg/mL, 4 µL/min, for 15 minutes and imaged at 48 hours post infusion using an inverted 

microscope (Olympus CKX-41). Near-UV and FITC filters were used to obtain images of 

CPT-UM nanocrystal penetration and cell autofluorescence respectively. 

 

 

Figure 4.1. Cartoon depictions of the idealized co-culture microfluidic devices (SynVivo), 

channels in blue represent the outer vascular while red channels represent the inner 

tissue culture channel used in this study for breast cancer cell culture. A zoomed in image 

of the central tissue culture chamber better depicts the slits connecting the outer and 

inner tissue culture channels.  

  

In vitro cytotoxicity of CPT-UM, CPT-PEG, and CPT-FA 
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In vitro activity of CPT-UM, CPT-PEG, and CPT-FA nanocrystals in 4T1 cells was analyzed 

using Calcein AM and Ethidium homodimer-1 of the Live-Dead assay kit (Invitrogen). 4T1 

cells were cultured in 96-well plates at a density of 50,000 cells in 100 µL of RPMI, 10% FBS, 

1% Pen-Strep. Cells were allowed to attach overnight before undergoing exposure of 

nanocrystals for short incubation times. 4T1 cells in short incubation experiments were treated 

with nanocrystals for 3 hrs then washed with RPMI, 10% FBS, 1% Pen-Strep and allowed to 

incubate for 48 hrs before being assayed. All nanocrystal treatments were subjected to a serial 

dilution series starting with 1 mg/mL of CPT as determined by absorbance and fluorescence 

methods described above. The following controls were used in 4T1 cells: free CPT (Sigma), 

Folic Acid (Fisher), and DSPE PEG2K Amine (Avanti Polar Lipids Inc.). At 48 hours, 4T1 

live cells were measured using the Live-Dead Assay Kit (Invitrogen) and analyzed using a 

plate reader (Tecan M220). For quantification of the number of live cells, 1 µM of Calcein AM 

was added to the cells and incubated for 30 minutes before taking fluorescence intensity 

readings (ex./em. 495/530 nm). Fluorescence backgrounds were subtracted from each reading. 

Assays were performed in quadruplicate in three independent experiments. The results are 

expressed in IC50 format determined from dose response curves generated for each 

nanocrystalline scaffold via the Chou-Talalay method. 

  

Idealized Co-culture Microfluidic Devices 

  

The inner and tissue culture chamber and outer vascular channels of the idealized co-culture 

microfluidic devices (ICDs) were prepared as described above for EaA.hy.926 cell seeding. 

Unlike the ICDs used for nanocrystal penetration studies, the inner tissue culture chambers of 
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the ICDs were cultured with 4T1 cells 24 hrs post EAa.hy.926 seeding. 4T1 cells were cultured 

in a 20% v/v Matrigel (Corning) cell culture medium slurry. 4T1 cells were allowed 4 hrs to 

adhere to the outer inner tissue culture chambers of the ICDs before conducting a 100% cell 

culture media change using a syringe pump set at 4 µL/min (KD Scientific Inc). EA.ahy.926 

and 4T1 cell cultured ICDs were then maintained in a humidified incubator with 5% CO2 at 

37°C. Every 12 hrs Eahy.926 and 4T1 cells received 100% media changes with their respective 

media at 2 µL/min until all experiments were terminated.   

 

4. III. Results & Discussion 

Results 

Synthesis and Characterization of Camptothecin Nanocrystals 

  

Rod-shaped CPT nanocrystals were prepared using the solvent diffusion method and 

were visualized using Scanning Electron Microscopy (SEM, Fig. 2). 

  

 

 

Figure 4.2. Scanning electron microscopy (SEM) showing the morphology and size of 

CPT-UM, CPT-PEG and CPT-FA. 
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The dimensions of the nanocrystalline rods are reported in Table 1; the average long and short 

axes of these particles are 270 nm, 67 nm for the CPT-UM, 348 nm, 54 nm for the CPT-PEG, 

to 395 nm, 81 nm for the CPT -FA. In the case of CPT-PEG and CPT-FA, the w/w ratio of 

CPT/DSPE PEG2K Amine and CPT/FA are 0.25 and 0.88 respectively. The percent yield of 

PEG retained on the surface of the CPT nanocrystal was approximately 84%. CPT-UM, CPT-

PEG, and CPT-FA nanocrystals all possess negative zeta potentials, although the CPT-PEG 

and the CPT-FA constructs are significantly more positive compared to CPT-UM (Table 1). 

SEM images of the constructs depict aggregation which is attributed to the drying and coating 

method of the nanocrystals on the SEM mounts. Overall the morphology of particles was not 

altered by surface modification, which was expected since the surface coating is expected to 

be thin. 

 

Sample Z – Size Average (nm) Zeta Potential (mV) Width 

(nm) 

CPT-UM 271.7 nm 

PDI: 0.174 

-30.4 mV ± 6.61 mV 67 nm ± 17 nm 

CPT-PEG 348.0 nm 

PDI: 0.155 

-9.66 mV ± 4.94 mV 54 nm ± 9 nm 

CPT-FA 395.2 nm 

PDI: 0.172 

-4.67 mV ± 3.57 mV 81 nm ± 21 nm 
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Table 4.1. Z – Size averages with polydispersity indices, the Zeta potential, and the 

width as determined by ImageJ from SEM images are reported here. 

  

Mass spectra of the CPT-UM construct showed the parent peak at 348 m/z. CPT-PEG 

spectra depicted the polymeric PEG signature centered around 1500 m/z. Peaks labeled in the 

zoomed inlet are 44 m/z apart from one another corresponding to the weight of one PEG unit. 

CPT-FA spectra also show a polymeric signature centered around 1500 m/z. Lastly, mass 

spectra of the DSPE PEG2K Amine-FA conjugate has polymeric signatures ranging from 800 

m/z – 1700 m/z (Fig. 3). 

  

 

 

Figure 4.3. Matrix assisted laser desorption ionization – mass spectroscopy (MALDI-MS) 

spectra of i) CPT UM ii) CPT – PEG iii) CPT – FA and iv) DSPE PEG2K AMINE-FA 

conjugate. 
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X-Ray diffraction (XRD) spectra of all constructs verified the nanocrystalline nature 

of the particle scaffolds. The distinct signatures of CPT-UM, CPT-PEG, and CPT- FA signified 

that the three constructs are nanocrystalline in nature, and they possess unique packing 

structures. Most significantly, it is apparent that CPT-PEG is not a CPT-UM nanocrystal 

encased in a liposome but has the lipid tail of DSPE PEG2K Amine either anchored within the 

hydrophobic regimes of CPT-UM crystal, or the DSPE PEG2K Amine has physically adhered 

to the nanocrystalline surface in such a way it significantly alters the crystalline pattern and 

creates a distinction between CPT-UM and CPT-PEG. This distinction carries over and is 

further enhanced by the conjugation of folic acid to DSPE PEG2K Amine resulting in distinct 

nanocrystalline patterns for all three constructs. 
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Figure 4.4. X-Ray Diffraction Spectroscopy (XRD) of Green) CPT - FA Blue) CPT – PEG 

and Red) CPT UM crystals. Inlet depicts zoom-in of the CPT- PEG and CPT UM spectral 

patterns.         

  

DSPE PEG2K Amine-FA conjugates were analyzed using Fourier Transform Infrared 

Spectroscopy (FTIR). Mass spectra of dissolved CPT-FA nanocrystals were taken in 

conjunction with FTIR spectra and absorbance measurements for folic acid at 290 nm were 

used to verify and quantify the presence of the folic acid in the construct. 

  

The release of free CPT from all three nanocrystals was measured. CPT-PEG was 

stable and did not break down releasing free CPT during the five-day extended analysis in 

buffered solutions of pH 7, pH 5 and pH 3. Release studies conducted in cell culture media 

(DMEM, 10% FBS, 1% Penicillin-Streptomycin) revealed CPT-PEG broke down and released 

34% of the CPT encased in the construct. These values represent a significant decrease in the 

release of free CPT for the CPT-PEG construct compared to the release from CPT-UM. The 

release of CPT from CPT-UM construct was observed in buffered solutions pH 7, pH 5, and 

pH 3 but to a far lesser extent than in cell culture media for the same construct. The above 

results are consistent with the slight solubility, approximately 3 µg/mL, of CPT in buffered pH 

3 solution [17][18]. 100% release of CPT was observed when CPT-UM particles were placed 

in 100% FBS and allowed to incubate for 5 days under constant orbital shaking. All release 

data for CPT-UM and CPT-PEG were normalized to this positive control. The delayed effect 

of CPT release was attributed to the surface coating (Fig. 5). 
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Figure 4.5. Cumulative release (%) of Camptothecin (CPT) measured at 366 nm in pH 

7.4, pH 5, pH 3, and DMEM containing 10% FBS and 1% Pen-Strep (Cell Culture 

Medium, CCM) at 37°C under constant orbital shaking for CPT-UM crystals and CPT-

PEG crystals. Percent cumulative release calculated as percentage of release compared 

to 100% release of CPT-UM crystals in 100% FBS under the same physical conditions. 

            

In Vitro Cell Growth Inhibition by CPT Nanocrystal Constructs 

  

The effects of CPT-UM, CPT-PEG, and CPT- FA on in vitro growth inhibition of 4T1 cells 

were assessed. The effects of folic acid and free CPT were also tested for in vitro growth 

inhibition of 4T1 cells. PEG and its fatty acid derivatives are non-immunogenic and 

biologically inert [19]. Folic acid by itself exhibited minimal toxicity regardless of exposure 

time. Short exposure time experiments which, are more applicable towards the framework of 
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microfluidic device experiments had IC50 values of 26 µg/mL, 650 µg/mL and 560 µg/mL 

respectively for the CPT-UM, CPT-PEG, and CPT-FA constructs (Table 2). 

 

  

  

  

  

  

 

 

Table 4.2. 4T1 cell line IC50 values reported here for CPT-UM, CPT-PEG, and CPT-FA 

for short exposures of t-3 hrs with end time points set at 48 hrs. IC50 values were 

determined using Chou-Talalay methods describing Log(Fa/Fu)= mLog(Dx)– 

Log(Dm), IC50 values taken from Dm calculations. 

  

Cell Growth Inhibition in Idealized Coculture Microfluidic Devices 

  

The effect of all CPT constructs on in vitro growth inhibition of 4T1 cells was assessed within 

idealized co-culture microfluidic devices. Significant effect of CPT-UM on cell viability was 

observed (Fig. 6). In control devices (not exposed to CPT-UM), a large population of live cells 

(green) was seen in endothelial chambers as well as within the cancer cell chamber (Fig. 6A). 

A certain fraction of dead cells was seen as well, especially within the cancer cell chamber. 

This could be attributed to moderate cell death during the seeding process which can 

Sample IC50 Value 

CPT-UM 26 µg/mL 

CPT-PEG 650 µg/mL 

CPT-FA 560 µg/mL 
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compromise cell membrane integrity as the cells are transported through the syringe needle at 

relatively fast flow rates in a top down fashion resulting in relatively high impact forces at the 

moment of seeding. A significantly elevated population of dead cells was observed in CPT-

UM-treated ICDs (Fig. 6B). The effect was clear in the endothelial chamber as well as within 

the cancer cell chamber. Qualitative and quantitative analyses of fluorescent images taken of 

test ICDs subjected to CPT-UM nanocrystal flow reveal a significant difference in dead/live 

cell fluorescence intensity ratios measured from cell viability assays of 4T1 cells within the 

inner tissue culture chamber. 

  

(A)  (B)  

 

Figure 4.6. Idealized co-culture devices cultured with Eahy.926 and 4T1 imaged at 10x 

with cell death/live fluorescent indicator dyes. Live cell/Green Channel and Dead cell/Red 

Channel depicted at t=48 hrs: (A) control ICD and a (B) Test ICD. 

  

Effect of CPT nanocrystals on cells was quantified as the difference in the intensity ratio of 

dead/live cells between CPT-treated and control cells (non-treated) (Fig. 7). CPT-UM yielded 

the most prominent effect on cell viability, both in the endothelial as well as cancer cell 

chamber. CPT-UM yielded about 3-fold enhancement in dead/live ratio compared to controls. 
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The effect in the vascular channel was significantly more prominent compared to the cancer 

cell chamber. For example, CPT-UM exhibited over 100-fold increase in dead/live ratio for 

endothelial cells. This clearly indicates that CPT nanoparticles are significantly more effective 

in killing endothelial cells compared to cancerous cell mass cells. CPT-PEG also yielded a 

significant effect on cell viability in cancerous cell mass and vascular channels. Conversely, a 

relatively small effect was seen for CPT-FA in either channel (Fig. 7). The effect of CPT is 

distributed throughout the cancerous cell mass and cytotoxicity is observed even at the middle 

of the cancer cell chamber. No strong spatial dependence of anti-cancerous cell mass activity 

of CPT nanocrystals was found (Fig.7). 

 

(A)   (B)   

   

Figure 4.7. Effect on cell death in (A) 4T1 cells, cancerous cell mass channel, whereby 

CPT FAand (B) Eahy.926 cells, endothelial channel. Cells were cultured in n=3 idealized 

co-culture microfluidic devices (ICDs). CPT-UM, CPT-PEG, and CPT-FA were flowed 

at 4 µL/min to a total volume of 500 µL. Devices were incubated for 48 hours before being 

stained with cell death/live indicator dyes or stains.  
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Nanocrystal Penetration within Idealized Co-culture Microfluidic Devices 

  

To assess the correlation between the cytotoxicity of CPT nanocrystals and their cancerous cell 

mass penetration, we assessed migration of CPT-UM in ICDs with an intact endothelial barrier 

in the vascular channel. CPT-UM nanocrystals were localized largely in the vascular channel 

and no clear penetration was observed into the cancer cell chamber (Fig. 8A). To assess 

whether the limited penetration originated from the endothelial layer, the same experiments 

were performed using ICDs without endothelial cells. Clear penetration of CPT-UM was seen 

in the ICDs in the absence of endothelial cells (Fig. 8B). Migration of CPT-UM could be 

clearly seen through the slits into the inner chamber. Penetration of CPT even deep within the 

inner chamber could be seen. Zoomed views of the endothelial-cancerous cell mass interface 

further clarify this observation (Fig. 9A, B). In the absence of endothelial cells CPT 

nanocrystals could be seen to penetrate through the slits and appear within the cancer cell 

chamber (Fig. 9B). In the presence of endothelial cells, very limited penetration of CPT-UM 

could be seen in the slits and no visible penetration could be seen within the cancer cell 

chamber (Fig. 9A). These results clearly show that endothelial cells pose a barrier for 

nanoparticle transport into the cancerous cell mass. 
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(A)  (B)  

  

Figure 4.8. A co-culture idealized microfluidic device coated with a fibronectin 

basement membrane was imaged immediately after flow (t=0 hrs) with CPT-UM 

crystals under the Near UV Channel at 4x and 10x as depicted from left to right to 

track the progress of the CPT-UM UV fluorescent nanocrystals through the outer 

channel into the inner tissue culture chamber. Fluorescent images obtained on an 

Olympus CKX –41. A: ICD with endothelial cells, B: ICD without endothelial cells. 
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(A)  (B)  

  

Figure 4.9. A co-culture idealized microfluidic device coated with a fibronectin basement 

membrane was imaged immediately after flow (t=0 hrs) with CPT-UM crystals under the 

Near UV Channel at 20x as depicted from left to right to track the progress of the CPT-

UM UV fluorescent nanocrystals through the outer channel into the inner tissue culture 

chamber. Fluorescent images obtained on an Olympus CKX – 41. A: ICD with endothelial 

cells, B: ICD without endothelial cells. 

 

Discussion 

  

Nanoparticles developed for therapeutic applications typically advance through the canonical 

channels of drug delivery research, whereby the core platform is developed in vitro and then 

shunted into in vivo research routes. This serial assessment is not ideal and limits the likelihood 

of successful outcomes [1] [2][3] [20][21][22][23][24][25][26]. This study aims to couple 

conventional in vitro assays with microfluidics to assess nanoparticle penetration, diffusion 

and eventual killing of a localized cancerous cell mass while being subjected to physiologically 

relevant shear stresses, approximately 1 dyne/cm2, in a three-dimensional co-culture cellular 

environment. Shear stresses were calculated using the Haagen-Poisseuille equation. 
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Three nanocrystal platforms were chosen CPT-UM, CPT-PEG, and CPT-FA for 

studies. While the purpose of the PEG-coating on the nanocrystals was to extend their half-

life in vivo [19][27][28][29], we sought to assess whether the PEG coating would impact 

dissolution and penetration. Conjugation to folic acid was aimed to improve targeting to folic 

acid receptors which are known to be up-regulated or expressed in breast cancer lines, 4T1 

cells included [14] [16][30]. 

  

All three nanocrystalline constructs were imaged under SEM to verify their nanorod 

morphology. As the complexity of the scaffold increased so did their size and charge. Their 

overall charge remained negative, which has significant implications in their toxicity, uptake, 

and penetration both in vitro and within the ICDs [31][32][33][34][35]. 

  

Studies described here demonstrate the use of microfluidic co-culture devices to assess 

efficacy of nanoparticles and potentially other therapeutics while subjected to flow. The 

primary distinctive result obtained with microfluidic devices is the lack of nanoparticle 

penetration deep into the cancerous cell mass. Whereas the nanoparticles readily traversed into 

the center of the device in the absence of the endothelial layer, minimal penetration was seen 

in the presence of endothelial cells. These studies verify the presence of a barrier created by 

the endothelial cells for nanoparticle penetration (SI Figs. 4,5). Nevertheless, a clear effect of 

CPT on survival of cancer cells was observed. In fact, the cytotoxic effect of CPT was seen 

through the cancerous cell mass, even at the center of the cancerous cell mass. These results 

suggest that CPT nanocrystals likely dissolve near the periphery of the cancerous cell mass 
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and diffusion of molecular CPT is responsible for cytotoxic effect. This is consistent with the 

observation that LC50 of CPT nanocrystals correlated with their dissolution rates. CPT-UM 

constructs exhibited the highest therapeutic efficacy (Fig. 8). The in vitro cell viability data 

correlated well with the ICD cell viability data. CPT-PEG and CPT-FA exhibited lesser 

efficacy than CPT-UM likely due to these constructs’ slower dissolution (Fig. 5). The presence 

of the PEG-Folate construct in CPT-FA nanocrystals was able to reduce non-specific death 

observed within the vascular channels (SI Fig. 3) .  

  

The data presented here confirm the potential of camptothecin nanocrystalline scaffolds 

for cancerous cell mass treatment. The nanocrystals were delivered under a bolus injection-

like infusion method. While minimal-to-none penetration of CPT nanocrystals was found in 

the cancerous cell mass, sufficient amount appeared to cross the endothelium to treat cancer 

cells. The limited ability of nanocrystals to penetrate into the cancerous cell mass did not 

appear to originate from the challenge of margination/wall contact. Specifically, in the absence 

of endothelial cells, nanocrystals readily penetrated into the cancer cell chamber. The primary 

resistance appeared to arise from the endothelial cell barrier. The ICD’s ability to provide 

insight into carrier behavior under these complex conditions cannot be tested in static in 

vitro cell culture. The overarching combined results from the in vitro cell culture and the ICD 

data lead to the conclusion that modest amounts of nanocrystals diffuse into the periphery of 

the cancerous cell mass site which dissolve and supply drug deep into the cancerous cell mass 

[9]. It is the diffusion of small molecule, which results in cell death throughout the entirety of 

the cancer cell chamber. 
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Dissolution of nanocrystals appears to play a key role in its efficacy since the 

nanocrystals themselves were unable to penetrate deep within the cancerous cell mass. CPT-

UM nanocrystals had the highest release rates of CPT. The release profile data suggested that 

camptothecin’s increased solubility arose from its interactions with serum proteins [36][37]. 

Nanocrystalline constructs containing PEG or PEG-FA coating exhibited increased IC50 

values compared to CPT-UM. Folate receptors (FR’s) are known to be overexpressed in a 

variety of breast cancer cell lines [16]. For 4T1 cells, FR’s are also slightly overexpressed on 

their cell surfaces [14]. Some decrease in IC50 value was seen for CPT-FA compared to CPT-

PEG, thus suggesting the role of FA targeting. However, the effect was modest, thus indicating 

that the primary effect of CPT appears to be through drug dissolution.   

  

4. IV. Conclusion 

  

Nanocrystals provide an attractive platform for delivery of highly hydrophobic drugs. In 

addition to validating and rigorously analyzing camptothecin nanocrystalline constructs for 

their properties and performance in vitro, this study aimed to provide an additional cellular 

analytical tool to help bridge the gap between in vitro characterization and development and in 

vivo testing. Cell viability data obtained using the idealized co-culture microfluidic devices 

cultured with both 4T1 breast cancer and Ea.hy926 endothelial cells in a three-dimensional 

construct, in close cellular contact and with flow and shear stress factors included, was 

insightful and supports that notion of superficial yet impactful delivery of nanocrystals. The 

camptothecin nanocrystals’ capacity to induce significant levels of cell death within the 

cancerous cell mass supports further development for in vivo assessment. 
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4. V. Supplemental Information 

 

 

 

 

Figure 4.10: X-Ray Diffraction Spectra were obtained using a Panalytical MRD Pixel 

3D between 5-70 2θ angles. (A) free CPT, folic acid, and DSPE PEG2K Amine (DPA) 

were analyzed separately and then together in a 1:1:1 mixture of the three free powders 

as distributed from the manufacturer in their powder form. Plots were generated using 

HighScore Plus software for XRD control analyses of the nanocrystalline construct 

CPT-FA. 
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Figure 4.11: X-Ray Diffraction Spectra were obtained using a Panalytical MRD Pixel 

3D between 5-70 2θ angles. (B) free folic acid and DSPE PEG2K Amine (DPA or 

PLA2K) were analyzed separately and then together in a 1:1 mixture of the two free 

powders as distributed from the manufacturer in their powder form. Plots were 

generated using HighScore Plus software for XRD control analyses of the DSPE 

PEG2K Amine-FA construct.  
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Figure 4.12: X-Ray Diffraction Spectra were obtained using a Panalytical MRD Pixel 

3D between 5-70 2θ angles. (C) free CPT, folic acid, DSPE PEG2K Amine (DPA or 

PLA2K), and α-tocopherol (TCP) were analyzed separately as free powders distributed 

from the manufacturer in their solid form. Plots were generated using HighScore Plus 

software for XRD control analyses of the nanocrystalline constructs CPT UM, CPT-

PEG, and CPT-FA.  
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Figure 4.13: Matrix Assisted Laser Desorption Ionization – Mass Spectrometery 

(MALDI-MS) spectra were obtained using a Microflex LRF A Bruker (Bruker 

Daltonics) Microflex LRF MALDI TOF with a 60 Hz nitrogen laser. Background 

matrix of 2,5-Dihydroxybenzoic Acid was analyzed using FlexImaging software, the 

spectra is indicated in blue. CPT-FA nanocrystals were digested in acetonitrile, 

incubated with matrix – spectra is indicated in red. The zoomed inlay shows the 

camptothecin parent peak, the primary spectra depicts the conjugated PEG polymeric 

signature. 
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(A)   

(B)  

Figure 4.14: (A) CPT PEG and (B) CPT FA uptake were measured using fluorescence 

microscopy, fluorescent images were captured on an Olympus CKX-41 and quantified 

using ImageJ. N=16 Regions of Interest (ROI’s) were imaged within each well, and 

studies were conducted N=3 times. 
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Figure 4.15: Test ICD stained with NucBlue (Green) and primary and secondary 

antibodies for ZO-1 (Red). Imaged using the multiarea time lapse feature on the 

Olympus Fluoview 1000 Spectral Confocal, stiched together using Fluoview software 

and stacked to create 3D rendering using Imaris imaging software. 
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5. Vascular Shear forces and Endothelial Cell Contact induce Shedding of 

Ligands from Nanoparticle Surface: Assessment using Microfluidic Devices 

 

Surface modification of nanoparticles is routinely used to alter their properties to enhance 

circulation and/or targeting. While in vitro studies are routinely found in the literature that 

demonstrate the stability of such modifications, relatively little attention has been paid to 

understanding the stability of such surface modifications under in vivo conditions. Here we 

used microfluidic devices to study the effect of two factors that potentially adversely impact 

surface modifications; flow-induced shear stresses in blood vessels and contact with 

endothelial cells under flow. Camptothecin nanocrystals were used as a model nanoparticle 

and polyethylene glycol (PEG) and folic acid (FA) were used for surface modification. 

Physical adsorption as well as chemical conjugation of targeting ligands on the surface of 

nanoparticles was tested.  Two microfluidic devices, a simple linear channel and a complex 

microvascular network, were used. Detachment of surface ligand was assessed using 

inductively coupled plasma spectrophotometer. Significant shedding of PEG was observed in 

cell-free devices and was attributed to flow induced shear forces. Presence of endothelial cells 

in the devices further increased PEG shedding. A significant adverse effect of flow was also 

seen on the structure and surface charge of nanoparticles. The results demonstrate the ability 

of shear forces and endothelial cell contact to induce detachment of ligands from nanoparticle 

surface, a factor that should be critically assessed during the translation of nanoparticles from 

in vitro to in vivo studies.  

 

 



 152 

5. I. Motivation 

Numerous nanoparticles have been developed over the years for therapeutic applications, 

primarily in oncology 1,2. These nanoparticles include polymeric systems, liposomes, micelles 

and nanocrystals, among others 3–6. Regardless of the composition of nanoparticles, their 

surface is often modified with polyethyleneglycol (PEG) to extend their blood circulation or 

with targeting ligands to enhance tissue-targeting 7–10. Numerous studies have demonstrated 

the ability of PEG to minimize opsonization and clearance by the reticular-endothelial system 

sequestration (RES) 9,11,12. At the same time, several target ligands including small molecules, 

peptides and antibodies have been successfully used for targeting purposes 11,13,14.  

 

Numerous studies have been focused on the design and characterization of surface 

coating of nanoparticles 15,16. For example, studies have focused on characterization and 

optimization of PEG coating and surface ligand density 17–19. These surface coatings are often 

developed based on in vitro studies and relatively little is known about their stability in vivo. 

In particular, the surface modifications of nanoparticles are susceptible to detachment under 

the influence of shear forces in the vasculature. In addition, close contact of these nanoparticles 

with endothelial cells in vivo is also likely to adversely impact their stability. Here, using 

endothelial cell-laden microfluidic devices, we systematically assess the role of vascular shear 

and endothelial cells of the stability of surface coating on nanoparticles.  

 

The nanoparticles used in this study were rod-shaped camptothecin (CPT) nanocrystals 

20,21, modified with PEG which was physically or chemically tethered to the surface. Previous 

studies in our and other laboratories have demonstrated the utility of nanocrystals for 
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therapeutic applications 22–27. An additional variant of CPT nanocrystal, carrying PEG-folic 

acid (FA) conjugate was also tested. Two types of microfluidic devices were used; 

microvascular network devices (MNs) that possess complex fluidic network or linear channel 

device’s (LCs) which offer a simple system to assess the role of shear forces.   

 

5. II Materials and Methods 

Preparation and analysis of Camptothecin nanocrystals 

 

All CPT nanocrystals were prepared using the solvent diffusion method as described 

previously 20. 

 

Figure 5.1: Schematic representation of three CPT nanoparticle scaffolds prepared and 

used in this study. In case of CPT+PEG, the lipid chain of DSPE-PEG is expected to 

associate with the hydrophobic surface of CPT as shown in the schematic. In case of CPT-

PEG, two configurations are likely; the amine group in DSPE-PEG-amine is chemically 

conjugated to the surface of CPT, thus exposing the lipid chain outside. DSPE-PEG-

amine may also fold leading to anchoring of the lipid chain on CPT surface thus exposing 
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PEG in a loop. For CP+PEG-FA, the DSPE-PEG-FA is expected to anchor on CPT by its 

hydrophobic tail, thus exposing FA outwards.  

 

CPT+PEG nanoparticles (PEG physically adsorbed on CPT):  

 

5 mL of 0.8 mg/mL of CPT (Sigma Aldrich) and 3.2 mg/mL DSPE PEG2K Amine 

(Avanti Polar Lipids) in DMSO solution were pipetted dropwise into a 120 mL water mixture 

containing 1% w/w alpha – tocopherol (Sigma). The mixture was stirred at 800 rpm under 

constant ultra-sonication at room temperature (22°C) for 1 hr. CPT+PEG nanocrystals formed 

at the boundary where DMSO diffused into the water. The CPT+PEG nanocrystals were then 

centrifuged three times at 20°C with milliQ water (18.2 Ω) at 3500 rpm. The concentration of 

Camptothecin in CPT+PEG nanocrystals was determined by dissolving the nanocrystals in 

DMSO and reading the absorbance at 366 nm using a spectrophotometer (Tecan M220 Infinite 

Pro). The successful incorporation of DSPE PEG2K Amine was validated via X-Ray 

diffraction (XRD) of DSPE PEG2K Amine, CPT, and alpha-tocopherol in their free powder 

form compared to the CPT+PEG construct (Panalytical Empyrean Powder Diffractometer). 

DSPE PEG2K Amine content was analyzed using an Inductively Coupled Plasma (ICP) 

Atomic Emission Spectrometer (Thermo iCAP 6300 Model) the detection of Phosphorous 

signals using calibration curves prepared with a Phosphorous Standard for ICP 

(TraceCERT,1000mg/L P in H2O, Sigma). 
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CPT+PEG-FA (PEG-FA physically adsorbed on CPT):  

 

DSPE PEG2K Amine-FA conjugates were prepared first. Specifically, 4.5 mg of Folic 

Acid was dissolved in 500 µL of DMSO. This solution was then added to 100 µL of 5 mg/mL 

EDC (Sigma) in DMSO solution. It was then vortexed and stirred for 30 minutes at room 

temperature. To this solution, 19 mg of DSPE PEG2K Amine dissolved in 500 µL of DMSO 

was added; this combined mixture was vortexed and rotated overnight at room temperature. 

The DSPE PEG2K Amine – Folic Acid conjugate was then purified with a HyperSep C18 

octadecyl uncapped bonded silica column, with an acetonitrile – milliQ H2O (18.2 Ω) 5 – 50% 

v/v gradient. Polymer-Folic acid conjugate eluents were then analyzed via Matrix Assisted 

Laser Desorption Ionization – Mass Spectrometery (MALDI – MS, Microflex LRF A Bruker) 

and with FTIR set to 24 scans and taken in acetonitrile (Magna IR 850 Nicolet). FTIR spectra 

were analyzed in the fingerprint region using OMNIC software. 

  

To incorporate PEG-FA into CPT nanoparticles, 5 mL of 0.8 mg/mL of CPT (Sigma 

Aldrich) in DMSO solution was pipetted dropwise into a 120 mL water mixture containing 1% 

w/w alpha – tocopherol (Sigma). 20% Acetonitrile - milliQ H2O (18.2 Ω) eluent containing 

PEG-FA conjugate was then added dropwise to this solution and the overall mixture containing 

CPT, DSPE PEG2K Amine, and FA was stirred at 800 rpm with constant ultra-sonification at 

room temperature (22°C) for 1 hr. After 1 hr, the CPT+PEG-FA nanocrystals were then 

centrifuged three times at 20°C with milliQ water (18.2 Ω) at 3500 rpm. Presence of folic acid 

was quantified using absorbance at 290 nm and 370 nm, and CPT was quantified using 
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fluorescence at 366/434 nm - both utilized a spectrophotometer (Tecan M220 Infinite Pro). 

DSPE PEG2K Amine was quantified using ICP-MS as used for CPT+PEG constructs. 

 

CPT-PEG nanoparticles (PEG chemically conjugated to CPT).  

 

To prepare CPT-PEG, unmodified Camptothecin nanocrystal surfaces were activated with 

carbonyldiimidazole (CDI, MR 1:10, Sigma) in pH 7.4 1x PBS buffer for 5 minutes. The 

activated particles were then centrifuged at 5,000 rpm, for 30 minutes at 20°C and washed 

three times using DI water. They were then mixed with DSPE PEG2K Amine (PEG-NH2, MR 

1:3) in 1x PBS pH 7.4 and left for overnight coupling at 4°C. Finally, the unreacted PEG-amine 

was removed after three washes with DI water.  

 

In some experiments, FA was directly conjugated to CPT (CPT-FA). To prepare these 

particles, 600 uL of 0.5 mg/mL of unmodified CPT nanocrystals were added to 400 uL of the 

CDI stock solution. This solution was allowed to rotate for 15 minutes at room temperature. 

CDI-activated CPT nanocrystals were spun down at 5,000 rpm for 15 minutes at room 

temperature. Pellets were collected, washed with DI water, and resuspended in a 0.8 mg/mL 

solution of Folic Acid in MQH2O at pH 5. The folic acid and CDI activated CPT nanocrystals 

were incubated together and rotated overnight at 4°C. CPT-FA were then spun down at 5,000 

rpm, 30 minutes at 20°C and washed two times at these conditions in MQH2O. CPT and FA 

presence were determined via absorbance at 366 nm and 290 nm respectively using 

independent CPT and FA standard curves on the Tecan M200 PlateReader. 
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Morphologies of CPT+PEG, CPT-PEG and CPT+PEG-FA nanocrystals were analyzed 

using a scanning electron microscope (SEM). Surface charges of all nanocrystalline scaffolds 

suspended in 1x PBS pH 7.4 were measured as zeta potential using a Nanoseries-Zetasizer 

(Malvern). 

  

Cell Culture 

  

Human umbilical vein endothelial cell line, EA.hy926, were commercially obtained from 

ATCC and were grown in a humidified incubator with 5% CO2 at 37°C. Endothelial cell line, 

EA.hy926 cells, were cultured using DMEM medium supplemented with 10% FBS and 1% 

Penicillin-Streptomycin (Pen-Strep).  

 

Microfluidic Device Preparation for Nanocrystalline Physical Studies 

 

Microvascular Networks (MN) and Linear Channel Devices (LC’s) were purchased from 

SynVivo (Cat #105002,101002) outer channel dimensions were customized to 200 microns. 

MN’s and LC’s were coated with 100 µg/mL human fibronectin (Thermo Fisher), subjected to 

5 PSI N2 (laboratory grade) for 15 minutes, and incubated in a humidified incubator with 5% 

CO2 at 37°C in preparation for seeding with EA.hy926 cells.  
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Figure 5.2. Schematic depictions of the microvascular networks (MNs) and the linear 

channel devices (LCs). Channels represented in blue, 200 µm. 

 

Once cultured, EA.hy926 cells were allowed to incubate for 4 hrs to attach to the 

vascular channels of the MN’s before changing the media using a syringe pump set at 4 µL/min 

(KD Scientific Inc.). For the duration of the experiments (n=5 days), Eahy.926 cells received 

media changes every 12 hours at 2 µL/min for 10 minutes using a syringe pump (KD Scientific 

Inc.). Freshly prepared CPT PEG, CPT-PEG or CPT PEG-FA nanocrystals were then infused 

through the vascular channels at 0.5 mg/mL, 4 µL/min, for 2 hours. Nanocrystals were 

collected and saved for further analysis. MN’s were washed with 1X PBS at 2 uL/min for 15 

min and imaged post infusion using an inverted microscope (Olympus CKX-41). For control 

studies performed in MNs and LCs lacking endothelial cells, the devices were subjected to the 

same preparative conditions as described above.  
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Endothelial Cell Viability within MNs and LCs 

  

Cell viability pre-infusion of nanocrystals within the MN’s was analyzed using 

SYTOX Green Nucleic Acid Stain and LYSOTracker Red DND (Invitrogen). EA.hy926 cells 

were seeded and cultured in MN’s at a density of 100,000 cells/mL in DMEM, 10% FBS, 1% 

Pen-Strep. Cells were allowed to attach overnight and grown for n=3 days before administering 

cell viability dyes at 4 uL/min for 30 min. Fluorescent images were taken using FITC and 

TRITC filters on an Olympus CKX-41. Fluorescence was processed and quantified using 

ImageJ.  

  

MNs and LCs were imaged using Phase 1 filters on brightfield settings on day 5 post 

initial seeding and after unmodified CPT nanocrystals infusion at 4 uL min-1 for 500 uL. Post 

infusion device channels were washed with DMEM, 10% FBS, 1% Pen-Strep at 2 uL min-1 for 

50 uL. Devices were tested for the cell concentration within their channels as a means for 

measuring their survivability and ability to withstand the flow forces they were conditioned 

under. Cells were imaged under 10x and 4x on an Olympus CKX-41 and a Zeiss Axiovert 25. 

Images were obtained as qualitative evidence for endothelial cell presence pre- and post-flow. 

All images were quantified using the Cell Counter plug in available on ImageJ, n=4 regions of 

interest were selected for two-way anova statistical analyses performed on GraphPad Prism 7.   

  

 Analysis of CPT nanocrystals pre- and post-infusion 
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CPT+PEG, CPT-PEG and CPT+PEG-FA nanocrystals were analyzed pre- and post-

infusion through MN’s and LC’s seeded with and without EA.926 cells. Pre-infusion and post-

infusion analyses utilized Scanning Electron Microscopy (FEI Nova Nano 650 FEG SEM) and 

X-Ray Diffraction Spectroscopy (Panalytical Empyrean Powder Diffractometer) for 

nanocrystalline structural failure analyses, and Zeta potential measurements (Malvern 

Zetasizer Nano ZS) and Phosphorous detection (Thermo iCAP 6300 ICP) for PEG coating, 

content and shearing analyses. Differences in Zeta potential and phosphorous content were 

analyzed using paired t tests available in GraphPad Prism 7, degrees of freedom and P values 

reported in Results.  

 

5. III. Results & Discussion 

Results 

 

All CPT nanocrystals were flowed through microvascular networks (MN’s) and linear 

channel devices (LC’s) at 4 µL min-1. This flow rate was selected because it was sufficiently 

low so as to not cause endothelial cell detachment while also maintaining the lower limit of 

physiologically relevant shear stresses 28. The average shear stress in the devices at the entry 

and exit ports for both LC and MN devices  correspond approximately to 0.75 dyne/cm2. Due 

to complex bifurcations, loops, and intersections the shear stresses at the core of the MN’s are 

expected to experience a slight drop with a return to entry level shear stresses upon the 

reunification of the bifurcated channel into the linear portion leading to the exit ports29. 

Microvascular network devices were seeded with endothelial cells and conditioned under 

constant flow for 5 days before cell viability was tested using live/dead fluorescent probes. 
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Post infusion, MN and LC devices were imaged under brightfield phase contrast to verify the 

presence of endothelial cells at pre-flow confluency counts (Figure 3).  

  

Figure 5.3. Brightfield images of an LC & MN seeded with EAhy926 taken five days post 

initial seeding (Pre-Flow) and after nanocrystal infusion (Post-flow). Images were 

processed using ImageJ. (a) LC pre-flow (b) LC post flow (c) MN pre-flow, (d) MN post 

flow images taken at 10x on an Olympus CKX-41, IX70, and a Zeiss Axiovert 25. Cell 

numbers quantified for (e) LCs and (f) MNs, standard deviation represented on graphs.  

 

CPT nanocrystals were collected after flow through the devices and were centrifuged 

to form a pellet. Phosphorous content (arising from DSPE-PEG) in supernatant and the pellet 

was separately determined using ICP spectrometer. Detachment of PEG from nanoparticle 

surface was assessed by quantifying the ratio of phosphorous in the supernatant and the pellet. 

Freshly prepared CPT (CPT+PEG, CPT-PEG and CPT+PEG-FA) showed no detectable 

amounts of phosphorous in the supernatant, indicative of strong association of PEG with the 

nanocrystals.  



 162 

 

Flow-induced shear as well as presence of endothelial cells induced significant 

detachment of PEG from the nanocrystals (Fig. 4A). Physically adsorbed PEG (CPT+PEG) 

was readily desorbed from the surface as indicated by the supernatant-to-pellet ratio of about 

20, implying that a majority of physically adsorbed PEG has been detached from the particle 

(Fig. 4A). This number was nearly the same with and without the cells, indicating that 

desorption of PEG from CPT+PEG was mediated primarily due to shear and not endothelial 

cell-contact.  

(a)  (b)     
Figure 5.4. Supernatant to pellet ratios of phosphorous concentration (measured 

individually in ppm or g L-1) post flow in (a) LCs with and without endothelial cells, 

EA.hy926 and (b) in MNs with and without endothelial cells.  

 

Interestingly, strong removal of PEG was also observed in the case of chemically 

attached PEG (CPT-PEG, Fig. 4A). In the absence of cells, majority of PEG was removed from 

CPT-PEG. Note however, that the detachment was dramatically reduced in the presence of 

cells (Fig. 4A, CPT-PEG dark grey bar). Strikingly different behavior was observed for 

CPT+PEG-FA. Specifically, flow through blank LCs induced little detachment of PEG (Fig. 
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4A). The level of detachment was strikingly increased when CPT+PEG-FA nanocrystals were 

flowed through endothelial cell-laden devices.  

 

The effect of shear and endothelial cell contact was qualitatively similar for MNs and 

LCs (Fig. 4A and 4B), although the extent of PEG detachment in MNs was generally lower 

compared to that observed for LCs, with the exception of CPT+PEG-FA in endothelial-cell 

laden MNs. The lower detachment of PEG in MNs likely originates from the lower shear 

experienced in MNs compared to LCs and the increased exposure of nanocrystals to cell 

surfaces within the complex branched architectures of the MNs.  

(a)	   (b)  

(c)   (d)  
 

Figure 5.5. Changes in Zeta Potential (ZP) on the surface of the nanocrystalline pellet 

measured post flow for (a) LCs with a base fibronection coating, (b) LCs seeded with 
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endothelial cells, (c) MNs with a base fibronectin coating, and (d) MNs seeded with 

endothelial cells. N=3 for all conditions. ***p<0.01.  

 

Surface charge of nanoparticles also exhibited significant change upon flow through 

the devices. In the absence of endothelial cells, relatively small, but statistically significant 

decrease in zeta potential of CPT+PEG was observed (Figure 5A). Specifically, the zeta 

potential of CPT+PEG particles decreased from -9.89mV ± 0.02mV to -7.03mV ± 0.28mV 

after flow through LCs. Significantly greater change of similar nature was observed for CPT-

PEG nanocrystals. Specifically, the zeta potential of stock CPT-PEG nanocrystals was strongly 

positive (+6.55 mV ±0.62mV) which decreased significantly (-11.03 ± 0.75mV) after flow 

through LCs. A significant change was also observed for CPT+PEG-FA (increase from -

18.57mV ± 1.29mV to -28.87mV ± 1.50mV). Inclusion of endothelial cells generally amplified 

these trends, except for CPT+PEG-FA where the flow through devices led to significant 

increase in zeta potential, suggesting either significant cell-mediated removal of FA from the 

PEG-FA conjugates or mass agglomeration of folic acid head groups from CPT+PEG-FA.  The 

trends observed in MN’s were qualitatively and quantitatively similar to those observed for 

LC’s. (Fig. 5B). The changes observed in MNs were qualitatively similar to those observed in 

LCs (Fig. 5C, D).  

 

CPT+PEG and CPT+PEG-FA nanocrystals collected post flow through blank 

fibronectin-coated devices were observed by SEM. Post-flow SEM imaging for both 

CPT+PEG and CPT+PEG-FA samples revealed several breakage sites, splintering, clumping, 

aggregation, and deformations of the original rod-like nanocrystalline structure (Figure 6).  
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Figure 5.6. SEM images of nanocrystals pre flow and post flow through LC and MN 

devices with a base fibronectin coating. Top row, left to right, images of stock particles 

for CPT UM, CPT PEG, and CPT PEG-FA constructs. Middle row, post flow analysis 

of CPT PEG (physical adsorption) nanocrystals through LC’s and MN’s. Bottom row, 

post flow analysis of  CPT PEG-FA nanocrystals through LC’s and MN’s. Break points 

or deformations, denoting failure of material, accented in red arrows. Images captured 

on FEI Nova Nano 650 FEG SEM. 

 

Structural changes in nanocrystals due to flow through LCs and MNs were also 

characterized using XRD. Significant alterations in spectral peaks were observed for 

nanocrystals flowed through MNs. Peaks obviously apparent in the stock spectra had been 

reduced or were nonexistent signals in the post-flow MN’s (PF, MN) spectra (Peaks: 
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41.35°,45.46°,52.37°,56.44°, 66.26°). Peak overlaps within Stock and Post Flow LCs (PF, LC) 

spectra were visible, though peaks in the post-flow spectra were significantly reduced in their 

intensity and at points, shifted (Peaks: 31.72°,41.35°,45.46°,56.44°) (Figure 7).  

 

Figure 5.7. XRD spectra obtained for CPT PEG-FA Stock and post flow through LC’s 

and MN’s containing a base fibronectin membrane.  Spectra obtained using the 

Panalytical Empyrean Powder Diffractometer. q1-6 : 31.72°,41.35°,45.46°,52.37°,56.44°, 

66.26°. 
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Discussion 

 

This study used a combination of microfluidic devices to probe the effects of shear 

stresses and endothelial cell contact on ligand shedding from nanoparticles. Camptothecin 

nanocrystals were used as a model system. Several studies report the use of microfluidic 

devices for studying  tumor microenvironments, target-screening, and cancer metastases 

modeling (30–37). This study aims to use microfluidic devices to specifically probe the 

combined effects of complex architecture and shear stresses experienced by nanocrystals and 

other drug delivery carrier during flow in the vascular network. PEG was attached to 

camptothecin nanocrystals either via chemical conjugation (CPT-PEG) or physical adsorption 

(CPT+PEG) (SI Figure 2, 3). The third scaffold involved the conjugation of a PEG to folic 

acid (PEG-FA), which has been previously shown to target breast cancer cells (38). The PEG-

FA conjugates were physically adsorbed to the surface of a camptothecin nanocrystal 

(CPT+PEG-FA).  

 

Two types of microfluidic devices were used in this study, Linear Channels (LC’s) 

which simply provide a means of imposing shear on the nanocrystals and Microvascular 

Networks (MN’s) which provide the complex connectivity of channels routinely seen in 

vascular networks. (Figure 2). Both devices were able to grow cells and maintain viability 

under shear for extensive time periods  (SI Figure 4-5, Figure 3). Flow of nanocrystals itself 

did not adversely impact the endothelial cells, thus confirming the suitability of the devices for 

screening effect on particles. All pegylated nanocrystals were flowed through microfluidic 

devices seeded with or without endothelial cells. Detachment of PEG from nanocrystals was 
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assessed by measuring phosphorous using ICP-AS taking advantage of the fact that each strand 

of PEG contained one phosphorous atom.  

 

Significant shedding of PEG was observed from nanocrystals in response to shear and 

endothelial cell-contact (SI Figure 6, Figure 4).  The extent of removal depends on several 

factors including the nature of attachment of PEG to the surface, presence of cells, presence of 

a targeting ligand and presentation of PEG. Specifically, physically adsorbed PEG exhibited 

extensive shedding due to shear and the extent of shedding was not significantly impacted by 

the presence of cells. This is consistent with the fact that PEG is unlikely to exhibit any 

interactions with endothelial cells, thus leaving shear as the primary source of PEG 

detachment. Peculiar observation was made for chemically-conjugated PEG (CPT-PEG). In 

the absence of cells, chemically conjugated PEG exhibited higher shedding than physically 

adsorbed PEG. This observation is counter-intuitive, although it may have originated from the 

differences in the orientation of PEG on the nanocrystal surface (Figure 1). Chemically 

conjugated PEG may potentially extend its lipid chain under shear and induce detachment due 

to the interactions of the lipid tail with the wall. In the presence of cells, PEG shedding was 

significantly reduced possibly due to reduced interactions of PEG with the cells. The most 

striking differences were found for PEG-FA-coated nanoparticles. In the absence of cells, 

CPT+PEG-FA was the most resilient coating, exhibiting little shedding. In the presence of 

cells, this was significantly reversed, leading to extensive shedding, likely due to direct 

interactions of FA with endothelial cells. 
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All particles exhibited a significant change in zeta potential due to passage through the 

device (Figure 5 A,C). CPT+PEG (physical attachment) and CPT-PEG (chemical attachment) 

exhibited a decrease in zeta potential post-flow whereas CPT+PEG-FA particles exhibited an 

increase in the potential (Figure 5 B, D). Negative ZP shifts post-flow likely arises from the 

loss of surface PEG, thus  exposing the unmodified camptothecin nanocrystalline surface 

which has a negative zeta potential (28). Positive ZP shifts post-flow possibly arose due to 

exposure of the amine group at the end of the PEG which was previously engaged in the amide 

bond to the carboxyl group of the folic acid.  

 

The results presented here also reveal strong structural changes in the nanocrystals due 

to flow. The changes were observed at the morphological level (Fig 6) which showed several 

locations of breakage and overall gross morphological changes. Microstructural evaluations 

using XRD indicated loss of crystallinity, thus indicating significant changes of nanoparticles 

structure.  

 

 The results presented here clearly show that vascular shear and endothelial cell contact 

offer sources of ligand shedding from nanoparticle surface. At the same time, the same factors 

can also induce significant changes in nanoparticle structure. The final extent of ligand 

shedding is likely determined by the balance of its interactions with the nanoparticle surface 

and vascular surface whereas the shear force is likely to be an accelerator or a mediator of 

ligand re-distribution. Physically adsorbed ligands in principle are more susceptible to ligand 

shedding, however, even chemically-conjugated ligands are susceptible to shedding if the 

interactions with the wall/endothelial cells are dominant. While the studies reported here are 
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focused on only one type of nanoparticle, camptothecin nanocrystal, the implications of these 

results are broad. The extent of ligand-shedding will likely depend on several nanoparticle 

parameters including material, size, shape, and deformability. Conjugation chemistry, 

especially the length of the linker and the strength of the covalent bond will also impact the 

degree of shedding. Finally, the chemistry of the ligand, especially the strength of interaction 

with the vascular wall will also impact the extent of detachment. Such studies should be 

performed in future to fully understand the extent of ligand detachment.  

  

 While the studies presented are focused on camptothecin nanocrystals, the findings 

have applicability to many other nanoparticles. The extent of ligand detachment may depend 

on several factors including size, shape and deformability of the nanoparticle as well as the 

chemistry of ligand conjugation. While the results of the findings here to other nanoparticles 

should be done with caution, the findings clearly demonstrate the necessity of assessing these 

issues during translation of nanoparticles from in vitro to in vivo studies.  

 

5. IV Conclusion 

 

Shear stress due to simple laminar flow and not complex architecture dominated the 

polymer shearing effect witnessed when there was an absence of small molecule (FA) and the 

construct solely contained PEG polymer. This was observed irrespective of whether the PEG 

polymer was chemically conjugated or physically adsorbed to the nanocrystalline surface. 

Once PEG-FA was added to the nanocrystalline surface we observed a significantly large 

increase in polymer coating shearing due to the complex architecture of the MN’s. We attribute 
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this to the increased exposure of nanocrystals to endothelial cells in MN’s that were able to 

sense the presence of the small molecule-polymer construct as it flowed past. Due to the 

increased attraction of cell to small molecule, nanocrystals which contained PEG-FA were 

destroyed and displayed a complete lack of structural integrity post flow as observed using 

SEM and XRD. This implies for future in vivo work the nanocrystalline construct, as we have 

designed it currently, may not withstand the complex architecture, shear stresses, and 

promiscuous interactions with endothelial cells lining the vasculature in circulatory systems 

before reaching the general target diseased site. This is helpful for interpreting future in vivo 

data and potentially providing a rational starting point for future design modification and 

enhancement.  
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5. V. Supplemental Information 

 

Figure 5.8. XRD spectra obtained for a Camptothecin nanocrystal conjugated to Folic 

Acid (CPT-FA) of stock and post flow through MN’s containing a base fibronectin 

membrane.  Spectra obtained using the Panalytical Empyrean Powder Diffractometer.  
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Figure 5.9. FTIR Spectra of PEG, FA, a 1:1 physical blend of PEG and FA, and the 

PEG-FA EDC mediated conjugate. Spectra obtained on Nicolet Magna 850 FTIR 

Spectrometer. 
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Figure 5.10. FTIR Spectra of blue)DSPE PEG2K Amine conjugated via EDC 

Chemistry to the surface of the camptothecin nanocyrstal and red) the camptothecin 

nanocrystals prior to conjugation (control group). Spectra obtained on Nicolet Magna 

850 FTIR Spectrometer. 
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(a) (b)  

(c) (d)  

(e) (f)  

 

Figure 5.11. Test MN’s stained with NucBlue (Blue) and primary and secondary 

antibodies for ZO-1 (Red) (a-f) different angles rendered to better view dimensionality 

of cell groth within chambers. Imaged using the multiarea time lapse feature on the 

Olympus Fluoview 1000 Spectral Confocal, stiched together using Fluoview software 

and stacked to create 3D rendering using Imaris imaging software. 
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Figure 5.12.Varying focal planes through the Z axis for linear channel microfluidic 

devices seeded with endothelial cells, red stains depict secondary antibody staining for 

ZO-1. Focal planes start from the top left and move to the right through each row.  
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Figure 5.13. Supernatant to pellet ratios of phosphorous content for stock 

nanocrystalline constructs (not subjected to flow). 

 

Figure 5.14. Fluorescence (a.u.) of particles taken up by cells at 15 and 120 

minutes.  Quantified using ImagJ software.  No significant difference was observed 

between the two time intervals. 
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Figure 5.15. Concentration of camptothecin within each wash in 4T1 cells using CPT 

NKD as the model particle.  The decline in concentration shows the remaining particles 

were successfully taken up by the cells. 
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6. Appendix 

 

6. I. Appendix A: Polystyrene Nanoparticle Preparation 

 

Methods: 

 

Polystyrene rod development 

 

65 mL of milliQ H2O (18 W) were heated to 80°C. To this heated solution, 6 grams of 

PVA was added and allowed to dissolve for 30 minutes under constant stirring for a final 

target concentration of ~10 w/v% PVA/Water. After PVA dissolved, it was taken off the heat 

and allowed to cool to room temperature. Once PVA solution had cooled to room 

temperature, glycerol (5 w/v%) and polystyrene spheres (0.05-0.5 w/v%) were added under 

constant stirring and allowed to stir for 2 minutes to homogenize. The nanoparticle, PVA, 

glycerol solution was then poured into molds (19x27cm film plates) which had been cleaned 

with 70% ethanol/water, IPA, and dried used aerosol dusters. Using hand pipettes, bubbles 

were removed from the poured solution while sitting in the mold. Molded solutions lacking 

bubbles were allowed to sit overnight (18 hours) and harden.  

 

After films dried, they were cut into 5x5 cm sections and mounted on stretchers with 

physical stoppers adjusted for a stretching aspect ratio of 4. Mechanical stretchers with 

stoppers were designed and fabricated in house. After films were mounted on stretchers with 

stoppers set to desired aspect ratios, the stretcher with films were placed into 4L of mineral 
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oil heated to 125°C for 5 minutes. After 5 minutes of applied heat within the oil bath, using 

the lever arm, the films were stretched along the long axis of the stretcher till the height of 

appropriate stopper was reached. The stretcher was removed from the oil bath and allowed to 

cool to room temperature (~20 min) prior to cutting the film. Films were cut at 1 cm 

distances from either stretching block.  

 

Cut films were then wiped clean from oil residue using IPA. Films were then placed 

in 30 mL of IPA and sonicated for 30 minutes. Films were then removed and washed of 

IPA/Oil residues using milliQ H2O; they were then placed in 50 mL of MQH2O in a 50 mL 

centrifuge tube and placed in a warm water bath set to 37°C till the films dissolved. After 

films dissolved, the film solution within the centrifuge tubes were then centrifuged for 1 hour 

at 3000g. Particles were then resuspended in 10% IPA/water vortexed, sonicated, and 

centrifuged at 1 hour at 3000g this was repeated 7x with reductions in IPA/water from 10 to 

5 to 0 at washes 3,5, and 7 respectively. Nanoparticles were resuspended in milliQ water and 

kept at 4°C for long term storage.    

 

Polystyrene rod imaging 

 

Polystyrene nanorods were imaged under transmission electron microscopy and 

scanning electron microscopy to measure and confirm their shape and size. Briefly, samples 

were pipetted in solution onto formvar film coated grids (Ted Pella Inc.) for TEM imaging 

and onto pen mount specimen holders for SEM imaging. Samples were then placed at 37°C 

in an oven to dry overnight. After drying, SEM samples were sputter coated using 
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Gold/Palladium at 10 mA. TEM samples received no further modifications prior to imaging. 

TEM imaging was conducted on a JEOL 1230 TEM, and SEM imaging was conducted on a 

FEI Nova Nano 650 FEG SEM.  

 

Polystyrene nanorod: microfluidic device assays 

 

All polystyrene nanorods were quantified using a fluorescent standard curve (made 

using spheres) prior to infusion through microfluidic devices. Polystyrene nanorods were 

flowed at 4 uL/min and imaged at set time points using confocal microscopy to view the 

diffusion kinetics in various z axial planes of nanorods into the inner cell culture chamber of 

the idealized co-culture microfluidic devices. Nanoparticle fluorescence in the z-axis was 

reconfigured using Imaris software as beads to cleanly depict spatiotemporal relations.  

 

Results: 

(A) (B)  

Figure A.1. TEM images of (A) nanorods after stretching and purification and of the 
(B) stock nanosphere stock.  
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(A)  (B)  

Figure A.2. (A) SEM images of polystyrene nanorods with corresponding (B) size and 
surface charge measurements.  
 

 
Figure A.3. Control and test ICD cell viability results post PS nanorod infusion. Top 
Row: Control ICD, Left: SYTOX Nucleic Acid Stain (Dead cell), Right: LYSOtracker 
Red DND (Live cell). Bottom Row: Test ICD, Left: SYTOX Nucleic Acid Stain (Dead 
cell), Right: LYSOtracker Red DND (Live cell). 
  

PS	RODS	200	nm
24
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6. II. Appendix B: Screening Alternative Drug Carriers 

 

Methods: 

 

Microfluidic device assays 

 

 Polymer drug conjugates of Hyaluronic Acid-Doxorubicin (HA-DOX) and Aptamer-

drug conjugates selected and screened against nucleolin-1 in 4T1 murine breast cancer cells 

conjugated to doxorubicin (APT-DOX) were prepared by collaborating lab members and 

flowed through idealized co-culture microfluidic devices seeded with Ea.hy926 and 4T1 cell 

lines at 4 uL/min in 1x PBS pH 7.4 via methods described in Ch.4 and Ch.5 of this text.   

 

 

Figure B.1. Cartoon schematics of generic polymer-drug conjugates and aptamer-drug 
conjugates1,2.  
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Results:  

 
Figure B.2: Post infusion cell viability assay live/dead cell fluorescent overlays of ICD’s 
tested against DOX-HA and APT-DOX. Top left: DOX-HA Test ICD, top right: DOX-
HA Control ICD, Bottom left: DOX-APT Test ICD, & Bottom right: DOX-APT 
Control ICD. 
 

 
Figure B.3: Dead/life cell fluorescence ratios of SYTOX Green Nucleic Acid Stain 
(Green filter) and LYSOTracker Red DND (purple filter) results for both constructs 
with corresponding controls.  
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6. III. Appendix C: ICD Triple Cultures 

 

Methods:  

  

Idealized co-culture microfluidic devices were coated with 100 ug/mL fibronection in 

DMEM. There were then subjected to N2 at 5 psi for 15 minutes at room temperature prior to 

transfer into membrane coating fixation conditions, 1 hour, 37C. Primary macrophages were 

stained with NucBlue (Hoechst 33342) and seeded concurrently with 4T1 murine breast cancer 

cells in 1:5 matrigel, RPMI 10%FBS, 1% Pen-Strep slurry at cancerous to immune cells ratios 

of 106/105. Outer cell culture chambers were seeded with EA.hy925 endothelial cell line to 

develop a triple culture microfluidic assay. Doxorubicin loaded liposomes (100 uM, 300 uL) 

provided by VK were flowed at 4 uL/min through endothelial cell cultured channels and were 

subsequently flushed with DMEM, 10%FBS, 1% Pen-Strep. Triple cultured ICD’s were then 

incubated for 48 hours with 12 hour incremental media changes (2 uL/min, DMEM (external 

chambers)/RPMI (internal chamber) 10%FBS, 1%Pen-Strep). At 48 hours triple cultured 

ICD’s were then stained with cell viability dyes SYTOX Green Nucleic Acid stain and 

LYSOTracker Red DND and imaged to obtain fluorescent dead & cell signals. Images were 

processed for fluorescent signals using ImageJ, graphs and statistics (Welch’s t-test) were 

conducted on Prism7. 
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Results: 

  
Figure C.1. Dead/Live cell fluorescence intensity ratios depicting toxicity results post 
bolus infusion of Liposomes through ICD’s seeded in triple culture. P<0.0001, n=3 
experimental repetitions. 
 

(A) (B)
Figure C.2. Fluorescent signal overlays for dead cell (green) and live cell viabilities (red) 
within (A) test and (B) control ICD’s using SYTOX Green Nucleic Acid Stain and 
LYSOTracker Red DND cell viability stains post liposome bolus infusion.  
 
 

(A) (B)
Figure C.3. Pre flow or infusion images (10x) of (A) NucBlue stained macrophages 
seeded in triple culture with (B) EA.hy926 and 4T1 cell culture lines imaged in Near UV 
and Ph1 Brightfield. 
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