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a b s t r a c t 

Antibody micro/nano-particle conjugates have proven to be essential tools in many diagnostic and 

nanomedicine applications. However, their production with homogenous coating and in a continuous 

fashion remains a tedious, labor-intensive, and costly process. In this regard, 3D micromixer-based mi- 

crofluidic devices offer significant advantages over existing methods, where manipulating the flow in 

three dimensions increases fluid contact area and surface disruption, facilitating efficient mixing. While 

conventional softlithography is capable of fabricating simple 2D micromixers, complications arise when 

processing 3D structures. In this paper, we report the direct fabrication of a 3D complex microchan- 

nel design using additive manufacturing for the continuous conjugation of antibodies onto particle sur- 

faces. This method benefits from a reduction in cost and time (from days to hours), simplified fabrication 

process, and limited post-processing. The flexibility of direct 3D printing allows quick and easy tailor- 

ing of design features to facilitate the production of micro and nanoparticles conjugated with functional 

antibodies in a continuous mixing process. We demonstrate that the produced antibody-functionalized 

particles retain their functionality by a firm and specific interaction with antigen presenting cells. By 

connecting 3D printed micromixers across the conjugation process, we illustrate the role of 3D printed 

microchannels as modularized components. The 3D printing method we report enables a broad spectrum 

of researchers to produce complex microfluidic geometries within a short time frame. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Antibody (Ab) micro/nano-particle conjugates have become an

ntegral part of biosciences with applications across therapy, di-

gnostics, biosensing, and sorting [1–3] . The adsorption of func-

ionalized groups onto gold nanoparticles (AuNPs) has proven ef-

ective for optical imaging techniques and in vivo and in vitro di-

gnostics [4–6] . Microparticle conjugates have also proven useful

or cell targeting. Despite the many advantages and applications of

icro/nanoparticle-Ab conjugates [7–9] , their preparation remains

 challenging issue, involving labor-intensive and time-consuming

rocesses. Regularly involving multiple steps, these batch processes
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ften suffer from varying levels of reproducibility (unwanted varia-

ions in size, adsorptivity, and functionality) and quality [10] . Batch

cale production is also limited in terms of volume; often appropri-

te for fundamental studies, not amenable to commercial upscal-

ng due to the lack of control in the mixing that results in batch-

o-batch variations. Upscaling a batch scale protocol will aggravate

he insufficient mixing and mass transfer issues at play, negatively

mpacting the physical and chemical characteristics of conjugates.

urthermore, the batch production lacks fast screening of products

nd optimization of synthesis conditions. As such, a continuous,

utomated approach that minimizes the chance of error and hu-

an interaction is an appealing concept. 

Microfluidics is uniquely suited to address the issues associated

ith producing particle conjugates. In particular, continuous flow

icromixers are widely studied for their precise control, elevated

eat and mass transfer, high mixing efficiency, and increased num-

er of particle interactions [11] . These systems operate at a steady-

https://doi.org/10.1016/j.apmt.2020.100726
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
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state condition, offering control over the introduction of reagents,

incubation time, and mixing efficacy [12] . Microfluidic micromixer

geometries may exist in either two or three dimensions and can be

further classed as active or passive. Active micromixers rely upon

the application of external forces, making them a less viable option

for rapid prototyping and commercial translation owing to added

complexity. By contrast, passive micromixers rely upon their geom-

etry to stretch, fold, break, and split fluid flow to combine reagents.

While the synthesis of various micro and nanoparticles via planar

microfluidic platforms have been well explored [13–17] , particle

functionalization with biological moieties via micromixing is less

investigated. 

While planar passive micromixers have well-established meth-

ods of fabrication, they often fail to deliver high mixing efficien-

cies over short channel lengths and wide ranges of Reynolds num-

ber (Re) [18] . Additionally, many nanoparticle types readily diffuse

into the matrix of polydimethylsiloxane (PDMS) (commonly used

in 2D micromixer manufacturing) and are prone to particle precip-

itation, effectively fouling the microchannel and reduce the func-

tionality of the device [13] . On the other hand, 3D micromixers

offer significant advantages over planar designs as the addition of

z-direction greatly impacts the generation of vortices. By manipu-

lating the flow in a third dimension, there is an increase in fluid

contact times, surface disruption, and a decrease in required chan-

nel length [19] , resulting in significant improvements in mixing ef-

ficiency across a range of Re when compared to planar micromix-

ers. Despite these advantages, the fabrication process for 3D pas-

sive micromixers by conventional photolithography and chemical

etching processes remains a standing challenge due to the com-

plexity in processing complicated structures, leading to an inability

for direct industrial translation [ 20 , 21 ]. 

Additive manufacturing is a rapidly expanding field of fabri-

cation methods, well suited to addressing these issues [22] . The

emergence of 3D printers has realized the potential for the fabri-

cation of complex microstructures [23] . 3D printing enables a re-

duction in the resources and skills required to manufacture mi-

crofluidic devices, micromixers included. One of the major advan-

tages of direct 3D printing over other existing methods is the abil-

ity to modify the design quickly. Furthermore, there is no need for

plasma treatments, lengthy heat curing, or use of adhesives. There

exist several printing technologies, each with their own inherent

limitations. Among them, multijet modelling (MJM) has been ex-

plored for the printing of internal and external features [ 24 , 25 ], but

requires further post-processing and is not proper for extremely

fine features in order micrometers. Fusion deposition modelling

(FDM) provides low-cost production of microfluidic devices and

sensors [26] , at the cost of resolution. Many other printing meth-

ods often involve several labor-intensive steps, compounding fabri-

cation time; as such, researchers are not afforded the flexibility to

make design changes as their experiments may demand. The di-

rect 3D printing of a three-dimensional micromixer that requires

limited post-processing and allows rapid prototyping of designs for

swift optimization has until now remained elusive. 

In this work, we report the facile fabrication of 3D com-

plex microchannel designs for the continuous and efficient mix-

ing and production of Ab micro/nano-particle conjugates. The re-

ported printing process enables us to fabricate complex internal

microchannels with little required expertise in the microfabrica-

tion. We validate the flexibility and mixing capability of our design

through numerical simulations. We demonstrate that the versatil-

ity of direct 3D printing allows quick and easy tailoring of design

features to facilitate processes that require high mixing indexes

(MI). Additionally, we demonstrate the adaptability of our mixing

approach through the adsorption of functional antibodies onto a

variety of particles, from microparticles to nanoparticles. Further-

more, the flexibility of direct 3D printing also enables the connec-
ion of modularized print parts to introduce new reagents and con-

rol mixing incubation time. With the rise of multiple lab-on-chip

icrofluidic technologies and considering how essential mixing is

n many microfluidic procedures, the benefit of the quick and easy

abrication of micromixer modules that can be adjusted for inte-

ration with other microfluidic components is highly valuable ( Fig.

 ). Overall, the printing process we report here is versatile enough

o be used for multiple conjugation processes; from particle syn-

hesis to cell labeling, and even for the other microfluidic opera-

ions such as particle separation or 3D printed molds [27] . 

. Materials and methods 

.1. Materials 

Printing was performed using a semi-clear proprietary resin

BV007A) purchased from Creative CADworks (Toronto, Canada).

0% ethanol and isopropanol (IPA) were used respectively for resin

ashing as provided. Carboxylated PS Microspheres (5.1 μm di-

meter) were purchased from Bangs Laboratories (Bangs Labora-

ories, Fishers, IN), while Anti-Epcam antibodies were supplied

y BioLegend® (San Diego, USA). PC3 cells were used as sup-

lied from cryopreservation and cultured with RPMI supplemented

ith fetal bovine serum (FBS) (10%), both from ThermoFisher Sci-

ntific. TryplE Express Enzyme with phenol red was also pur-

hased from ThermoFisher Scientific. Mix&Go Micro for particle

oating was purchased from Anteo Technologies (Australia). Cit-

ate capped (20nm) gold nanoparticles, polyclonal anti-mouse IgG

rom goat, IgG from human serum, powdered Bovine Serum Albu-

in (BSA), Tris-HCL buffer, and MES buffers were purchased from

igma Aldrich. 

.2. Numerical modelling 

To better understand fluid and mixing behaviour inside the

hannel, the whole domain was solved numerically. COMSOL Mul-

iphysics 5.4 which is a commercially available software based on

nite element methods was used [28] . All simulations have been

erformed by a remote computer with 2 × 3.1GHz Intel Xeon

5-2687W (8 Cores) integrated with 128GB 1600MHz ECC DDR3-

AM and NIVDIA Quadro K2200 4GB Graphics Card. The gov-

rning equations in this study are Navier-Stokes, Continuity, and

onvection-Diffusion, as shown by Eq. (1) to (3) [29] . 

. V = 0 (1)

∂V 

∂t 
+ ρ( V . ∇ ) V = −∇P + μ∇ 

2 V (2)

∂c 

∂t 
+ ( V . ∇ ) c = D ∇ 

2 c (3)

In the equation above, V is the velocity vector, P is the pres-

ure, D is the diffusion coefficient and c is the concentration of

ach species. Reynolds number ( ρUD h / μ, D h is the hydraulic diam-

ter of the channel) is used to characterized the regime of fluid

nside the channel, which is defined as the ratio of inertial to vis-

ous forces. 

In this study, the fluid was considered as Newtonian, steady-

tate, and incompressible with the density of 10 0 0 kg/m 

3 and dy-

amic viscosity of 0.001 Pa.s . Inlets was set and uniform velocity

nd its value has been calculated from Re number. Outlet was also

et as zero static pressure. During the calculation of the equations

o-slip boundary condition has been applied to the walls. In this

D printed micromixer, the molar concentration of each stream has

een considered as 0 and 1 and the molar diffusivity was assumed

s 1.0 × 10 −9 m 

2 /s. Therefore, uniform mixing occurs when the

olar intensity reaches 0.5. To qualitatively evaluate the degree of
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Fig. 1. A) Examples of modular microfluidics applications amenable to additive manufacturing B) Design process workflow from CAD modeling to a printed mixer module. 
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ixing, mixing index has been introduced and used. The mixing

ndex ( MI ) is defined as follows: 

I = 1 −
√ 

1 

n 

n ∑ 

i =1 

(
k i − k̄ 

k̄ 

)2 

(4) 

The values of mixing index vary from 0 to 1 where 0 means

o mixing while 1 means complete (homogenous) mixing. To solve

he sets of equations Eqs. (1 - (3) ), first value of velocity of pressure

rom each node has been calculated. Afterward, using these values,

he amount of concentration of species has been calculated. Since

hese values extremely is dependent on the number of meshes

sed, a mesh study has been used. Our results reveal that beyond

he number of 8.9 × 10 6 , the value of mixing index in indepen-

ent of the number of meshes. Therefore, this value has been used

s the optimum value for calculation of the fluid flow and mixing

ehaviour inside the channel. 

.3. Fabrication process 

By using additive manufacturing, the volume, size, number of

hreads, loops, and even position of inlets in the design can be var-

ed; allowing 3D printed parts to be joined in a modular fashion
nd adapt to experimental changes quickly ( Fig. 1 A). In this study,

D printing was performed using a high-resolution Digital Light

rocessing (DLP) 3D printer (MiiCraft, Hsinchu Taiwan). The de-

ired geometry was drawn in SolidWorks 2018 × 64 Premium Edi-

ion and then exported as an STL file to Miicraft software (MiiCraft

25, Version 4.01, MiiCraft Inc), for pre-processing of the printing

ptions. Once the print options were confirmed, the part was set to

rint, effectively com pleting the fabrication process in a straight-

orward workflow. 3D printing as an additive manufacturing tech-

ique lends itself well to the generation of microfluidic modules.

he direct printing of interior microchannels offers researchers the

exibility to involve many custom pieces for a multitude of specific

uid interactions. ( Fig. 1 ) 

Once a part was printed, it was carefully removed from the

icker of the printer and washed thoroughly with IPA, followed by

0% ethanol and water, thrice. Between each wash, the part was

low-dried with a pressurized air gun, making sure to remove all

esidual liquid resin from the printed microchannels [30] . The part

as then cured under ultraviolet (UV) light for 120 seconds in 20-

econd increments; turning the part between each increment. It is

orth noting that excessive UV treatment may result in the forma-

ion of stress fractures. The exact dimensions of these micromix-
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ers are provided in the electronic supplementary information (ESI)

(Fig. S1, and S2). 

2.4. Experimental setup 

In these experiments, microsphere or nanoparticle samples

were loaded into BD plastic syringes with Luer-lok tips and

pumped through microchannels along with conjugation materials

at a variety of flow rates. Samples were pumped through tygon

tubing (inner diameter 0.508 mm, outer diameter 1.524 mm) us-

ing a Fusion Touch Chemyx syringe pump. Where required, a sec-

ondary micromixer was connected to the first to ensure a high MI,

increase the conjugation time and or allow the introduction of a

new reagent. Inlet ports were designed to accommodate tygon tub-

ing with an outer diameter of 1.524 mm but could be easily modi-

fied at the CAD modelling stage to allow the connection of smaller

or larger tubing. Inlets were also designed to deliberately extend

away from the threaded section of both mixer designs to allow

for design alterations. Tubing was connected by pinching and in-

serting the tubing with tweezers and sealing the inlet/outlet with

resin cured at the connection point. This allowed the micromixer

to withstand high flow rates that far exceed the limit of PDMS-

based multi-channels [30] . Samples were collected from the outlet

tube which could drip directly into a 1.5 mL graduated microtube

covered with tape to prevent dust collection. 

2.5. Ab-polystyrene (PS) microsphere conjugates 

PS Microsphere conjugation was performed using Anteo’s

Mix&Go Micro activation reagent via mixing within our 3D printed

design. Typically, 1 mg of carboxylated PS microspheres were

washed via centrifugation at 4500 rcf for 10 minutes and resus-

pended in the conjugation buffer (25 mM MES, pH 6). Before any

mixing, channels were flushed with the conjugation buffer, and

in the case of Mix&Go, with the Mix&Go activation reagent it-

self. Through the two micromixer inlets, the microspheres and the

Mix&Go coating were introduced at a flow rate of 0.02 ml/min and

collected in a suitably sized Eppendorf tube. Samples were then

centrifuged (Heraeus TM Multifuge TM X1) to remove excess Mix&Go

coating and uncoated particles before being resuspended in the

conjugation buffer. As a control, one aliquot of particles was taken

to be blocked with 1% BSA via micromixing while another was

taken for conjugation with Anti-Epcam Ab. Both aliquots were con-

jugated at the same flow rate of 0.04 ml/min before being washed

via centrifugation. The resulting conjugates were stored in Tris

buffered saline (50 mM, pH 8). In order to confirm the Mix&Go

coating on carboxylated PS microspheres, aliquots of mixed solu-

tions were taken for zeta potential analysis after the first mixing

step. 

2.6. PC3 cell culture and conjugation 

PC3 cells were chosen due to their known expression of Epithe-

lial cell adhesion molecule (Epcam). PC3 cells were cultured in cell

culture media containing RPMI with 10% FBS at 37 °C and 5% CO 2 

until confluent. Cells were detached using TryplE and passaged into

96 well plates and incubated overnight to allow cells to attach to

the bottom of the wells. 

To confirm the specific interaction of Ab-functionalized PS mi-

crospheres to the cells, suspended cells were introduced to the

BSA-blocked PS microsphere (control) and Ab conjugated PS mi-

crosphere suspensions. Upon confirming that the Ab-cell interac-

tion was not through non-specific binding, the experiment was re-

peated with stained, fixed cells for better imaging. Attached cells

were stained with DAPI at working solution concentration after fix-

ation with paraformaldehyde and permeabilization with TRITON X-
00. After washing, each well was covered with a diluted sample

f 100 μL of PS microsphere-Ab conjugates, in a ratio of 4:1 cells

o beads and left for 1 hour to ensure conjugation took place. BSA

locked Mix&Go coated PS microspheres were again used as a con-

rol to confirm attachment was the result of Ab conjugation. Af-

er incubation, the samples were washed gently with PBS and cap-

ured using an Olympus Ix73 inverted microscope with an Olym-

us DP80 camera for brightfield and fluorescent imaging, before

eing processed in ImageJ (bundled with Java 1.8.0). Cell labeling

as also performed via micromixing. Detached PC3 cells and Anti-

pcam Ab-functionalized PS microsphere solutions (in DPBS) were

umped into two connected micromixers at a flow rate of 0.14

L/min each. Cell concentrations were kept below 50,0 0 0 cells/ml,

nd Ab-bead conjugates supplied at an excess of three times their

oncentration. 

.7. Ab-gold nanoparticle (AuNP) conjugates 

Before conjugations was carried out, microchannels were

ushed at 0.2 mL/min with 1mL of 1% BSA solution with the conju-

ation buffer to help prevent any non-specific adsorption of parti-

les to the channel walls. Briefly, the AuNP solution and 1% BSA so-

ution in 10 mM HEPES buffer (pH 7.4) were pumped through two,

wo-layer micromixers at a combined flow rate of 0.08 ml/min

nd collected as 1 ml-samples. Samples were then centrifuged at

1,0 0 0 rcf for 10 minutes to remove unbound BSA and AuNPs, and

he supernatants were removed. AuNP-BSA conjugates were redis-

ersed in 1mL of MilliQ water. 

For Ab adsorption, an appropriated method [31] was used

hereby AuNPs were redispersed in 10 mM Tris-HCL buffer. 2

g/ml of anti-mouse IgG antibodies were also redispersed in a

ris-HCL buffer, pH 9. AuNP and Ab solutions were pumped in-

ividually into a first two-loop micromixer at a flow rate of 0.04

L/min/inlet to begin the conjugation process. Samples were then

llowed to flow into a second mixer which introduced a 1% BSA

locking solution. Again, the collected volume was kept constant

nd samples were centrifuged to remove unbound particles and

b. 

Characterization of conjugated particles was performed through

ynamic light scattering (DLS) (Zetasizer Nanoseries ZS, Malvern

nstruments, U.K), size distribution, and UV-Visible spectroscopy

Cary 60 Uv-Vis, Agilent Technologies) to confirm the presence of

SA and Ab on the surface of AuNPs. To confirm the recognition

bility of Abs after conjugation, a simple colorimetric test was per-

ormed. Initially conjugates were redispersed in Tris-HCL buffer

ith a 7.4 pH. 50 μL of Ab-conjugated AuNPs was diluted with

0 μL Tris-HCL buffer and spiked with 20 uL of IgG from human

erum in the same buffer. 

. Results and discussion 

Upscaling the fabrication of Ab micro/nano-particle conjugates

emains a challenging issue due to batch production that involves

abor-intensive and time-consuming processes. In this work, we

ave demonstrated the facile fabrication of 3D micromixers for the

ontinuous and efficient mixing and production of Ab micro/nano-

article conjugates. The reported process based on 3D printing en-

bles us to fabricate complex internal microchannels with little re-

uired expertise in microfabrication. 

We demonstrate the effectiveness of our printing process

hrough the fabrication of two highly efficient micromixer designs,

oth including the use of threaded microchannels to promote con-

ective diffusion. In order to accommodate larger or smaller mix-

ng volumes, the size of the microchannels could be altered as

eeded using SolidWorks and printed the same day. Initially, a

wo inlet, single-loop threaded lemniscate design having a channel
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ength of 288 mm from the point of fluid contact was printed and

ubsequently doubled, tripled, and quadrupled in channel length

ver consecutive iterations. The print time for this device was ap-

roximately 80 minutes for a single loop and 135 minutes for two.

he printing process also allows the fabrication of fine channel ge-

metries via direct 3D printing down to (but not limited to) a mi-

rochannel cross-section and length of 2.217 mm 

2 and 296.39 mm,

espectively. This directly 3D-printed, fine channeled module car-

ies a footprint of less than 5.425 cm 

2 . The printing of a part with

hese finer dimensions resulted in a complete micromixer in less

han 4 hours. 

.1. Design principle and mixing efficiency of PS beads 

The microchannel geometry used adopts a 3D structure to pro-

ide a higher MI that can accommodate larger sample volumes

hundreds of microlitres) than planar micromixers which are typ-

cally limited to just a few microlitres [32–34] . By extruding the

esign in the z-direction, we achieve a high MI quickly and main-

ain it over the length required for conjugation to occur. At low

e, a suitable mixing time can be set to allow particle-Ab conju-

ation to take place. While many designs suffer from a limited MI

n the diffusive mixing range, the use of threads increases the in-

erfacial area, where fluids (in this case proteins and particles) can

ave a higher contact area. The primary purpose of the threads

round the channel is to carry fluid from one side of the chan-

el to the other side to increase the chances of being in contact

ith the other mixing fluid. Therefore, having threads within the

hannel and the inclusion of the z-direction prevents particle set-

ling and reduces channel fouling, as no micromixing exhibited a

uild-up of particulates within the channels. The other strategy

sed in these 3D structures is the continuous presence of Dean

ow in the curved channels. This Dean flow assists in inducing

haotic advection, which increases the mixing efficiency. In most

f the 2D micromixer designs, the presence of Dean vortices oc-

urs in certain segments and is limited to a specific length due to

he lack of enough space for the fabrication of planar micromixers.

n the proposed micromixers in this study, this problem has been

ddressed by designing a 3D micromixer that takes advantage of

he z-direction, which is made accessible through additive manu-

acturing. The cumulative results of these phenomena mentioned

bove lead to having MI around 100% in all tested flow rates. Since

 single mixer achieves a MI of near 100% by its end at all tested

ow rates ( Fig. 2 A), Fig. 2 B depicts the number of loops the fluids

ust travel before full mixing is achieved across various Re. 

Since the mixer achieves a MI of near 100% at the end at all

ested flow rates, as seen in Fig. 2 A, Fig. 2 B depicts the loop (out of

 loops) at which full mixing is achieved across various Re. The ef-

cient generation of complete mixing early on in the mixer geom-

try is suitable for the controlled synthesis of Mix&Go and Ab con-

ugates. Fig. 2 B illustrates the mixers ability to consistently achieve

omplete mixing before the halfway point of the devices mixing

egion. The transition time for a particle to pass from inlet to out-

et versus various flow rates is illustrated in Fig. 2 C. Based on our

nitial experiments, little more than 10 0 0 seconds incubation time

s sufficient for generating successful Ab micro/nano-particle con-

ugates. Based on this, the desired flow velocity can be calculated

nd applied. The quick transition toward > 90% mixing observed in

ig. 2 D at flow rate of 0.02 ml/min/inlet is achieved with the first

alf loop of the design, allowing the remaining length of the ge-

metry to be used for particle-Ab incubation. The fluid streamlines

lucidated in Fig. 2 C also depicts the agitation of fluids passing

hrough the channel. These numerical results were confirmed vi-

ually through the use of food dyes, which was visible through the

emi-clear photopolymer resin used for printing, as shown in Fig.
 F. The clarity of the resin also allowed immediate validation of

rint quality as well as monitoring of particle interactions. ( Fig. 2 ) 

.2. Characterization of PS microsphere-Ab conjugates 

The generalized conjugation process illustrated in Fig. 3 A

emonstrates the stages of microfluidic-based Mix&Go and Ab con-

ugation, followed by cell labeling. Mix&Go Micro is a commercial

olymeric coating that contains multiple metallic complexes with

n affinity for proteins [35] . In order to attach to the carboxylated

S microsphere surface, the Mix&Go reagent forms strong multi-

alent bonds with the electron-donating carboxylic moieties [36] .

s opposed to a batch scale introduction of this reagent to mi-

rospheres, micromixing provides continuous production of coated

icrospheres. To immobilize Ab, Mix&Go utilizes small molecule

igands to bind Ab Fc domains benefiting from an orientated im-

obilization of Ab onto the surface covering PS microspheres. Fur-

hermore, the metal complexes embedded into the polymer chains

nhance the binding efficiency of Fc domains and provide greater

tability. ( Fig. 3 ) 

The high MI achieved by the 3D design promotes the interac-

ion of suspended bodies, effectively reducing the time required to

chieve a reaction compared to standard, batch scale incubation.

or example, a typical Mix&Go protocol advises incubating 1 mg of

icrospheres with Ab for approximately 2 hours. The same mass of

articles under micromixing requires just 25 min to achieve conju-

ation. This is achieved by demonstrating microsphere-Ab conjuga-

ion with 1 mg of microspheres and completing the full mixing of

he injected solutions at the ideal flow rate (0.02mL/min). Over the

ength of the mixing channels this results in a significantly shorter

ynthesis time. The ability to fabricate enclosed 3D microchannels

irectly through DLP 3D printing not only enabled precise control

ver particle incubation times but also allowed us to forgo the use

f complicated fabrication processes. 

To characterize EpCAM-coated PS microsphere conjugation and

unctionality, Ab-PS conjugates were introduced to EpCAM ex-

ressing PC3 cells and attachment was observed ( Fig. 3 B). PC3

s a low-moderate EpCAM expressing prostate cancer cell line

37] . Despite its lower levels of expression compared to other

ancer cell types, the clear conjugation of PS microspheres with

ells demonstrates the retained functionality of EpCAM Abs af-

er micromixing and conjugation. Fig. 3 B and 3 C illustrate the

nteractions of BSA blocked and Ab conjugated microspheres to

on-adherent PC3 cells, respectively. While BSA blocked micro-

pheres presented no attachment and readily moved away from

ells in suspension, EpCAM conjugated microspheres stayed firmly

ttached to cells. Moreover, fluorescence microscopy ( Fig. 3 D)

hows EpCAM-functionalized PS particles (Green) attachment to

ells (DAPI stained nucleus). Approximately 92.3% of cells pre-

ented microsphere labelling with an average number of 4.7 beads

er cell over three repeated micromixer-based conjugations. It is

lear that the mixing process did not negatively influence the func-

ionality of Abs despite reducing the time for conjugation. 

In order to confirm the presence of Mix&Go on the surface of

arboxylated PS microspheres, zeta potential measurements ( Fig.

 A) were taken from samples collected after the first mixing step.

ix&Go coated microspheres exhibited a sharp increase in zeta po-

ential comparing with carboxylated PS microspheres. This resul-

ant increase in zeta potential from -34 mV to 43 mV is indica-

ive of microsphere coating consistent with control samples. The

hift from a negative to a positive charge is due to the positive

harge of Mix&Go polymeric metal complex. Following Ab conjuga-

ion, zeta potential measurements were repeated, revealing a shift

ack to negative zeta potential (-17 mV), indicative of Ab adsorp-

ion [38] . Examination of SEM images of PS microspheres before

 Fig. 4 B) and after ( Fig. 4 C) coating with Mix&Go coating reveals
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Fig. 2. Numerical simulations characterizing the 3D micromixer design. A) Pressure drop and MI of the micromixer across a wide spectrum of Re values. Due to the 

continuous presence of Dean vortices, threads on the curved channels, and 3D structure of the channel as well as taking the advantages of Z direction, MI is approximately 

100% in all tested flow rates. B) Characterization of the approximate points at which the mixer achieves near 100% mixing over the number of loops in the design. In all 

tested flow rates, fluids get homogeneously mixed before the third loop C) Fluid Velocity and particle incubation time over a select range of appropriate flow rates used 

for Ab conjugation. Our initial experimental results reveal that little more than 10 0 0 seconds incubation time is enough for generating successful Ab micro/nano-particle 

conjugates. D) and E) concentration distribution and streamline simulations for Mix&Go and Ab conjugation conditions (flow rate: 0.04 mL/min). Approximately before one 

full loop, samples get mixed thoroughly. F) For the better illustration of the proposed micromixer, the fabricated dye filled micromixer module has been shown. 

 

 

 

 

 

 

m  

c  

w  

r  

t  
a substance present on the surface of microspheres. Fig. 4 C ex-

hibits notable large surface entities bound to the surface of the mi-

crosphere depicted as well an overall increase in apparent surface

roughness. The coating of PS beads with the Mix&Go mixture pro-

vides an optimal surface for Ab conjugation during the following

mixing stage. ( Fig. 4 ) 
m  
To further confirm the strength of cellular attachment, cell-

icrosphere conjugates in solution were run through a spiral mi-

rochannel with eight loops (trapezoidal channel cross section

ith a width of 600 μm and heights of 80 and 130 μm) at flow

ates exceeding 2 ml/min. The cells retained their attachment to

he beads demonstrating a considerable promise for the develop-

ent of a micromixer-based immunoprecipitation assay in the fu-



S.A. Vasilescu, S.R. Bazaz and D. Jin et al. / Applied Materials Today 20 (2020) 100726 7 

Fig. 3. A) Illustration of total conjugation process from Mix&Go coating to cell labelling B) and C) Visual characterisation of cell-microsphere interaction in free floating sus- 

pension after micromixing for BSA blocked PS microspheres (non-reactant with live cells) and PS microsphere-Ab conjugates (showing cell interaction and surface labelling) 

D) Cell-Microsphere interaction of DAPI stained, fixed cells where Di) is an image of combined brightfield, DAPI and FITC channels Dii) is an inset of an example interaction 

in brightfield and Diii) is an inset of the same example under fluorescent imaging. 

Fig. 4. A) Zeta potential measurements of unmodified, Mix&Go coated and Ab conjugated PS Microspheres showing changes in surface charge as a result of the micromixing 

process B-C) SEM images of unmodified and Mix&Go coated PS microspheres for visual confirmation of polymer coating respectively. 
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ure, such as conjugation of beads and cells in neat biological fluids

or the detection of different cell types. 

.3. Design principle and mixing efficiency for gold nanoparticles 

Reducing particle size down to the nanoscale presents an

dditional challenge when performing functionalization with

iomolecules. Nanoparticles tend to aggregate and due to their

ano size are prone to the effects of not only external forces but

lso Brownian motion. Therefore, to account for these challenges,

e modified the mixing approach into a modular structure. The

onjugation process illustrated in Fig. 5 A shows the integrated use

f modular lemniscate micromixers for the conjugation and subse-

uent blocking step of 20 nm AuNPs with Ab and BSA, respectively.

 Fig. 5 ) 

Initially, a single loop design (one full 3D lemniscate) was

dopted for the synthesis of AuNP-BSA conjugates, which yielded

 collection of DLS size values (See Fig. S3). With the presence of

nbound BSA and aggregates often being a result of inadequate

ncubation time [39] , the design was modified to a single three-
oop and later a two-piece, two-loop, modular setup; this allowed

s to maintain the same level of mixing while simultaneously in-

reasing particle incubation time. The presence of aggregates at

hree loops indicated insufficient surface coating while a suitable

ize distribution was achieved using four loops. The internal mix-

ng time (end to end) for four-loop AuNP-BSA conjugation mix-

ng equated to roughly 11.6 minutes at the applied flow rate (0.04

l/min/inlet). 

Similarly, two and four loops were tested for the conjugation of

uNPs and Ab. Fig. 6 A displays a moderate (but insufficient) size

hift with a broader distribution at two loops compared to four.

uNP-Ab conjugates exhibited the desired size shift after mixing

n a four-loop process, indicating a suitable mixing time of 22.32

in for the generation of a uniform nanoparticle Ab coating. By

hanging the length of the channel through 3D printing, we were

ble to increase particle incubation time without the expense of

odifying the flow rate and impacting the mixing efficiency. The

bility to make these changes as needed demonstrates the versa-

ility of direct 3D printing and its positive impact on experimental

esign. ( Fig. 6 ) 
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Fig. 5. Experimental setup of modular 3D printed micromixers for AuNP-Ab conjugation. A) illustrates the impact of mixing efficiency on particle interactions while B) and 

C) depicts the micromixers themselves flushed with dye channel observation. D) DLS size distribution of AuNP conjugates after micromixing E) UV-Visible spectra of AuNP 

conjugates after micromixing. 

Fig. 6. A) Change in DLS size distribution of AuNP-Ab conjugates as a result of increased incubation time B) Colorimetric test of Ab functionality I. AuNP-Ab conjugates 

from micromixing II. Conventionally produced AuNP-Ab conjugates spiked with IgG from human serum III. Micromixer produced AuNP-Ab conjugates spiked with IgG from 

human serum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i  

r  

o  

t  

m  

C  

t

 

c  

b  

a  

o  

l  

s  

s  

m  

A  
Both the adsorption of Ab and BSA onto the surface of gold

nanoparticles via passive adsorption are well reported in litera-

ture [39–41] . BSA was solely adsorbed onto AuNPs as a model pro-

tein (known for its water solubility and affinity for elemental gold)

for the confirmation of mixing and particle interaction before pro-

ceeding with Ab conjugation and characterization. Adsorption re-

lies upon van der Waals, electrostatic, and covalent interactions be-

tween AuNPs and Abs [42] . By achieving a MI close to 100% by the

end of the first loop of the first micromixer, the number of these

interactions increases as reagents travel though the micromixer. A

second two-loop micromixer attached to the output of the first, fa-

cilitate the introduction of a BSA blocking solution to prevent non-

specific binding, while also maintaining the high level of mixing

during incubation ( Fig. 5 A). 

Cross-sectional simulations of the MI along several points in the

channel demonstrate how the mixing efficiency is expected to im-

pact nanoparticle surface adsorption ( Fig. 5 A). This schematic also
llustrates how multiple parts may be connected to introduce new

eagents, potentially facilitating multi-step mixing processes with-

ut the need for human intervention. The use of a cured pho-

opolymer rather than PDMS also reduces the permeability of the

icromixer through which nanoparticles or proteins may diffuse.

hannels are filled with red dye for better illustration of the fea-

ures ( Fig. 5 B and 5 C). 

Following the synthesis of AuNP-BSA and AuNP-Ab conjugates,

haracterization was performed through analyzing DLS size distri-

ution and UV-Visible spectroscopy to confirm the presence of BSA

nd Ab on the surface of AuNPs. AuNPs possess the phenomenon

f localized surface plasmon resonance, where the wavelength of

ight absorbed increases as a function of increasing nanoparticle

ize; therefore, protein adsorption can be monitored by UV-vis

pectroscopy. The slight red shift in the absorbance peak maxi-

um can be observed in Fig. 5 E after the introduction of BSA and

b to AuNPs, accordingly. The maximum absorbance wavelength
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Table 1 

Hydrodynamic and stability parameters derived from DLS and ζ analysis. 

Sample Mean peak hydrodynamic diameter (nm) PDI ζ potential pH 7 (mV) 

Citrate AuNPs 19.43 ±1.28 0.15 ±0.07 -28.2 ±2.54 

AuNP-BSA Conjugate 28.21 ±4.24 0.16 ±0.05 -19.875 ±2.24 

AuNP-Ab Conjugate 39.59 ±2.89 0.23 ±0.003 -10.27 ±0.68 
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hifts are indicative of the direct adsorption of BSA and Ab onto

uNPs, respectively [ 31 , 43 , 44 ]. The absorbance peaks of the AuNP-

b conjugates were consistently shifted to 525 nm from the 520

m peak, typical of 20 nm gold nanoparticles. These spectral shifts

re the result of changes in the local refractive index due to the

rotein adlayer. 

Stock AuNPs were revealed to have an average hydrodynamic

iameter of 19.43 ±1.28 nm ( Table 1 ). The hydrodynamic shift

easured via DLS correlated to the size shift expected for each

onjugate ( Fig. 5 D). After conjugation, approximate 9 and 20 nm

hifts for BSA and Ab, respectively, were observed, correlating well

ith the size shift expected from BSA and Ab protein adsorp-

ion [ 45 , 46 ]. Table 1 . Shows the size distribution of AuNP conju-

ates remains relatively low through a low standard deviation ( ±)

n the mean peak hydrodynamic diameter and consistently low

olydispersity indexes. This suggests a good level of monodisper-

ity between samples. Additionally, zeta potential measurements

f AuNPs and conjugates represent a decrease in the negative

harge of AuNPs upon their conjugation with BSA and Ab ( Table 1 ).

he resultant decrease in zeta potential to -19 mV and -10 mV

n the case of BSA and Ab respectively provide indirect evidence

f Ab conjugation [47] . The functionality of Ab conjugates from

icromixing was confirmed through a colorimetric test inducing

he aggregation of AuNP-Ab conjugates. By spiking IgG from hu-

an serum into anti-human (EpCAM) coated AuNP solution, the

rosslinking-induced aggregation of AuNPs resulted in an almost

nstant color change from pink to purple. Fig. 6 B shows the resul-

ant color changes in conjugated samples beside a neat stable so-

ution of AuNP-Ab conjugates. The aggregation of AuNP conjugates

n both microfluidic and conventionally produced samples confirms

he retained functionality of Abs present. 

. Conclusion 

This study showcases the successful fabrication of directly 3D

rinted, modular microfluidic devices for the creation of consistent

nd continuous mixing of micro/nano-particles with biomolecules.

uNP-Ab and PS microsphere-Ab conjugates were produced within

irectly 3D printed micromixers to confirm their mixing capabil-

ty. The printing process completed in a matter of hours, dramati-

ally reduces the turnover time for optimizing experiments and is

menable to modularization. The flexibility afforded by 3D printing

llowed us to tailor our continuous mixing process to our conjuga-

ion protocol; this involved the addition of multiple reagents and

uperior control over the mixing time to achieve the level of ad-

orption required. In addition, improved conjugation time was ob-

erved in conjugates when compared to conventional conjugation

rotocols, confirming the high MI. The use of a 3D micromixer for

article conjugation improves upon the handling capabilities of 2D

esigns and may be used for more complex particle functionaliza-

ion in the future. In addition, the direct 3D printing of internal

icrochannels will undoubtedly be useful to any researchers re-

uiring such small internal features in a short period of time. 
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