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cell types to exhibit subpopulations.[1] Het-
erogeneity arising from the phenotypic 
plasticity of immune, cancer and stem 
cells that serve multiple biological func-
tions,[2] some with competing functional 
roles is important to quantify, since their 
balance regulates emergence of several 
diseases[3] and therapeutic outcomes. 
Hence, specific cellular subpopulations 
need to be enriched for quantifying their 
functional role and identifying disease 
markers.[4,5] While this is performed effec-
tively by flow cytometry after fluorescent 
staining[6] or magnetic functionalization[7] 
of characteristic surface proteins, followed 
by fluorescent or magnetic activated cell 
sorting, the sample preparation is time 
consuming, requires costly chemicals, and 
introduces selection bias. Additionally, 
these operations are done off-chip, which 
causes sample loss, dilution and limits the 
enrichment level possible for fractional 
subpopulations. Furthermore, character-
istic cell surface markers are often not 
available for biological functions, such as 
cancer metastasis,[8] stem cell differen-
tiation lineage,[9] and immune cell activa-

tion.[10] Complementary approaches to identify cell phenotypes 
based on biophysical differences[11] in size,[12] shape,[13] deform-
ability[14] and electrical properties[15] are emerging, but mul-
tiparametric approaches for high dimensional identification of 

The integration of on-chip biophysical cytometry downstream of microflu-
idic enrichment for inline monitoring of phenotypic and separation metrics 
at single-cell sensitivity can allow for active control of separation and its 
application to versatile sample sets. Integration of impedance cytometry 
downstream of cell separation by deterministic lateral displacement (DLD) 
for enrichment of activated macrophages from a heterogeneous sample is 
presented, without the problems of biased sample loss and sample dilution 
caused by off-chip analysis. This requires designs to match cell/particle flow 
rates from DLD separation into the confined single-cell impedance cytometry 
stage, the balancing of flow resistances across the separation array width to 
maintain unidirectionality, and the utilization of co-flowing beads as cali-
brated internal standards for inline assessment of DLD separation and for 
impedance data normalization. Using a heterogeneous sample with un-acti-
vated and activated macrophages, wherein macrophage polarization during 
activation causes cell size enlargement, on-chip impedance cytometry is used 
to validate DLD enrichment of the activated subpopulation at the displaced 
outlet, based on the multiparametric characteristics of cell size distribution 
and impedance phase metrics. This hybrid platform can monitor the separa-
tion of specific subpopulations from cellular samples with wide size distribu-
tions, for active operational control and enhanced sample versatility.
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1. Introduction

Phenotypic heterogeneity is an essential feature of the organi-
zation and functioning of biological systems, causing specific 
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cells will be needed to discern subtle differences in subpopula-
tions from the same cell type.[16] Hence, microfluidic separation 
based on multiple biophysical criteria integrated with on-chip 
phenotypic analysis at single-cell sensitivity can enhance dis-
crimination of cellular phenotypes and be applied to enrich for 
minority subpopulations.[17,18,19] This phenotypic information is 
essential for device design, active control of separation condi-
tions,[20] and sample choice to improve versatility of the work-
flow[21,22] and discrimination ability of the separation.

Integration of on-chip cytometry is especially important 
within passive microfluidic separation systems, such as those 
based on deterministic lateral displacement (DLD).[23,24] DLD 
designs can robustly separate cells at specific cutoff size or 
deformability levels[25,26] for sorting microscale cells of close 
size along displaced versus zigzag streamlines, with a sharp 
particle size cutoff, minimal clogging, and high throughput.[27] 
However, target cell types can exhibit wide size distributions, 
causing their separation ability to be limited by the relative 
position of particle size cutoff within the distribution of cell 
sizes in a heterogeneous sample. On-chip biophysical cytom-
etry for inline monitoring and feedback during DLD can be uti-
lized to screen a particular sample based on its cellular compo-
sition and their size distributions, for systematic design of flow 
resistances and active control of separation force fields[28,29,30] 
to advance automation, relax design requirements, and allow 
application of versatile sample types.

We present the microfluidic integration of multichannel 
single-cell impedance cytometry[31,32,33] downstream of DLD 
separation based on cell size and deformability metrics, so that 
biophysical quantification of phenotypes for cell size and elec-
trical physiologies can be conducted at multiple outlets on the 
same chip. The overview layout of the respective sections of 
this integrated device is in Figure 1, including DLD separation 

along zigzag versus displaced streamlines based on designed 
critical size (or Dc) (Figure  1A) per magnified views for the 
inlets (Figure 1B), the outlets (Figure 1C), and on-chip imped-
ance cytometry (Figure  1D) to measure impedance magnitude 
(|Z|) and impedance phase (φZ) over several simultaneously 
applied frequencies, with off-chip validation of the collected 
fractions (Figure  1E). Integration of impedance cytometry 
downstream of inertial separation has been presented,[10,34] but 
the flow rate mismatch has motivated modular platforms[35] or 
alternate cytometry methods,[36] that require extensive device 
footprints. On the other hand, the operating ranges for flow 
rate and sample throughput of DLD and impedance cytometry 
have a high degree of overlap, but their integration presents 
other challenges. While microstructures over a large footprint 
(cm-scale) and high depth (>50  µm) are required for high 
throughput DLD separation, on-chip single-cell impedance 
cytometry at equivalent throughput requires confined geom-
etries for sensitive measurements of the electric field screening 
by individual cells.[32,37] This presents challenges associated 
with microfabrication, balancing of hydrodynamic resistances 
to match volumetric flows and utilization of co-flowing beads as 
internal standards for impedance analysis to normalize signals, 
account for positional dependence and quantify separation met-
rics, alongside biophysical analysis of cell phenotypes.

To realize the application of DLD separation coupled to 
impedance cytometry using heterogeneous samples for sepa-
ration and cytometry of subpopulations on a single chip, we 
consider size-controlled separation of macrophages to enrich 
for subpopulations in their activated state. Macrophages are 
immune effector cells that display a high degree of phenotypic 
plasticity due to their role in several homeostatic functions.[38] 
Their infiltration at injury sites evokes a cascade of activa-
tion and associated inflammatory responses,[39] but disease 
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Figure 1. Schematic layout of the different sections of the integrated device: A) Overview of the workflow for DLD in its two separation modes: displace-
ment mode and zig-zag mode. B) Device inlets, wherein mixed samples from the central inlet branches are focused by sheath flows in the lateral inlet 
branches, and the B′ red dashed line shows the input channels for the sheath flows and the sample that feeds each lane of the DLD array. C) Device 
outlet, wherein the smaller sized sample fraction is collected at the central channel and the larger sized sample fraction is collected at the lateral 
channels. The C′ red dashed line shows the individual outlet DLD array collection channels that are streamlined towards two separate impedance 
measurement sections, with one for the zig-zag fractions and one for the displaced fractions . D) The two on-chip impedance measurement sections 
are located after a straight length of channel flow from the DLD outlet region for cytometry of the separated fractions in each outlet and D′ red dashed 
line shows the input channel with a wider volume that decreases towards the impedance section channel. The black filled circles represent the final 
collection outlets where the two separated fractions are retrieved from the chip. E) The collected samples from the reservoirs of “displaced” and “zig-
zag” fractions are analyzed by off-chip impedance cytometry using facing electrodes for validation of on-chip measurements.
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outcomes are determined by the balance of activation responses 
in their subpopulations.[3] Hence, it is of interest to enrich for 
subpopulations with activated phenotypes for quantification 
by cytometry. However, due to their dynamic and stimulus-
dependent phenotype,[40,41] flow cytometry after staining for 
molecular markers from a specific signaling pathway is often 
unable to identify the full spectrum of macrophage activation,[42] 
or enable longitudinal studies on activation dynamics for the 
same set of cells within the sample.[43] Using macrophages 
(Raw 264.7) stimulated by lipopolysaccharide (LPS) that acti-
vates the pro-inflammatory Toll-like receptor 4 (TLR4),[41] the 
activation state can be assessed based on impedance magni-
tude and phase,[44] which is cross-validated based on the Griess 
assay for secreted nitrite (NO) in media.[45] Due to systematic 
cell size enlargement of macrophages under progressive activa-
tion,[44] akin to that observed during leukocyte activation,[46] we 
explore the coupling of DLD-based separation for enrichment 
of activated macrophages from a heterogeneous sample to on-
chip impedance cytometry. This enables multiparametric moni-
toring of the activation state of the enriched subpopulation, 
based on the size distribution from impedance magnitude (|Z|) 
and on interior polarization from impedance phase (φZ). On-
chip quantification of DLD enrichment of the activated mac-
rophage subpopulation from the heterogeneous sample with a 
distribution of size and activation states prevents many prob-
lems observed during sample collection for off-chip cytometry, 
such as biased sample loss, dilution, and viability loss. Such 
on-chip integrated approaches to separate and quantify samples 

with phenotypic heterogeneity can advance in vitro platforms to 
screen immunomodulatory drugs for the modulation of mac-
rophage activation.

2. Results and Discussion

2.1. Device Design and Integration

Based on the overview presented in Figure  1, we consider the 
specific design, integration, and operation tasks. The DLD 
designs were conducted following standard empirical rela-
tions,[47] with edge corrections to prevent Dean flows in each 
array period for maintaining unidirectionality, and by shifting 
the first post in each period to decrease flow disruption when 
two flows merge. Since unidirectional flow conditions are 
needed across the device width for ensuring deterministic 
displacement of particles at the posts, we balanced the hydro-
dynamic resistance at the inlets before the particles reach the 
DLD array, for particle separation based on displaced or zig-
zag motion at the designed critical diameter (or Dc). Simi-
larly, flow resistances were balanced at the outlet region from 
DLD, including the additional section leading to the imped-
ance cytometry measurement region, so that the separated 
fractions can flow into their respective collection channels, 
without resistance imbalances causing the separated frac-
tions to cross lanes. The CFD simulations in Figure 2A (Sup-
porting Information Section SA3) confirm that the inlet and 
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Figure 2. Device design and integration. A) Balancing hydrodynamic resistances across the DLD array inlets and outlets using CFD simulations for 
design validation (see Supporting Information Section SA3). A(i) shows horizontal flow streamlines at the DLD inlet region. The red dashed line and 
arrow show the feeding channels for each DLD input lane (B′ from Figure 1). A(ii) shows horizontal flow streamlines at the DLD array outlet region 
that leads to the impedance measurement section. The red dashed line and arrow highlight each DLD array outlet collection lane (C′ from Figure 1). 
B) Impedance measurement in the two outlet channels: The one for the displaced fractions is collected at the edge of the device footprint, and the one 
for the zig-zag fractions is collected in the device center. B, i) Schematic of impedance measurement channel, with the inset showing the electrodes 
in the detection volume with respect to a macrophage cell. B, ii) Simulation of DLD device outlet section with two main collection channels, including 
zoomed in impedance measurement channel showing a significant increase of the flow linear velocity (D′ from Figure 1 – also see Figure S5, Sup-
porting Information). C) Co-flowing size-controlled beads as internal standards to assess DLD separation metrics at each outlet and for normalizing 
the impedance data to enable comparisons across biological sample runs. C, i) Calibration plot to compare measured versus simulated impedance 
signals using a range of size controlled 7–20 µm beads that spans the range for cells in the sample C(ii), with gating of each population C(iii) (see 
Supporting Information Section SA4).
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outlet branches have a similar level of flow resistance across 
the device width, thereby ensuring that the flows enter horizon-
tally into the DLD array and split into the required streamlines 
for effective DLD separation. For coupling the respective DLD 
separated fractions to impedance cytometry, the volume must 
be constricted to improve detection sensitivity (Figure  2B(i)), 
but the data sampling rate must account for the increased flow 
velocity in the constricted region (Figure 2B(ii); Figure S5, Sup-
porting Information). This was accomplished by constricting 
the channel volume from the DLD collection region to one-
third across a constant 50 µm depth for impedance detection, 
with a straight section in the impedance channel to stabilize 
particle flow,[48,49] prior to detection, using a coplanar elec-
trode design with positional correction.[50,51] Due to the wide 
size distribution of cells in heterogeneous biological samples, 
such as those with subpopulations of activated and un-acti-
vated macrophage phenotypes used in this study (8–18  µm), 
co-flowing size-controlled polystyrene beads must be used in a 
size range that spans the range for cells in the sample (7–20 µm 
in Figure  2C(ii)). This will enable their utilization as internal 
standards to assess separation metrics and to carry out the nor-
malization of impedance cytometry data, by gating each popu-
lation using a high-frequency φZ versus low-frequency |Z| plot 
(Figure 2C(iii)), to enable comparisons across multiple sample 
sets. However, the wide size distributions create challenges due 
to differential focusing of small versus large- sized beads within 

the microchannel cross-section and due to amplifier gain set-
tings for the impedance measurements that are optimized for 
sensitivity to detect smaller beads but may exhibit signal satura-
tion for the larger beads. This was addressed through a calibra-
tion plot (Figure 2C(i)), to account for size-dependent focusing 
using positional correction algorithms based on differential 
impedance signal shape and for signal saturation by com-
paring measured versus simulated signal magnitude (details 
in Supporting Information Section SA4 for signal simulation 
by COMSOL and for positional correction). Figure  2C(i) con-
firms proportionality between measured and simulated signal 
amplitudes in the 7–15  µm range, with a degree of saturation 
for 20 µm beads, likely due to non-linear gain response of the 
amplifier. Based on this, we can assess the efficacy of cell sepa-
ration and carry out impedance signal normalization versus 
size-controlled beads to account for any temporal variations 
within the device or sample.

The integrated device set-up (Figure  3A) includes a 3D 
printed holder to integrate the microfluidic chip for fluidic, elec-
trical, and optical interfacing; the inlet sample and sheathing 
flows into the DLD array (Figure 3B); and the impedance meas-
urement section downstream from DLD separation, using a 
custom designed PCB for automated acquisition and triggering 
of downstream signals (Figure  3C). Also shown are images 
of flowing mixed sample into the inlet (Figure  3D(i)), the 
separated fractions after DLD separation into their respective 

Adv. Mater. Technol. 2023, 2201463

Figure 3. Integrated device. A) 3D printed holder for fluidic, electrical and optical interfacing of the chip for DLD separation and on-chip impedance 
measurement. B) Close up of the sample and sheathing flows at the inlet. C) Top view of PCB connections to the impedance electrodes, as well as 
collection of DLD separated fractions. D, i) Images of mixed sample flowing into the inlet, ii) Separated fraction at the end of the DLD array flowing 
into their respective collection channels and iii) On-chip impedance measurement of displaced cells. (see videos and their description, Section SB1, 
Supporting Information).
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collection channels (Figure 3D(ii)), and the on-chip impedance-
based cytometry sections (Figure 3D(iii)).

2.2. Validation of DLD Separation of Beads by On-Chip 
Cytometry

The integrated device (DLD separation with on-chip imped-
ance cytometry) was assessed for its ability to separate het-
erogeneous inputs of standard- sized polystyrene beads of 
differing sizes. Based on images of the fabricated DLD sepa-
ration array (designed DC of 11.63  µm becomes fabricated DC 
of 12.9  ±  0.5  µm, per Figure S4, Supporting Information), we 
investigated the separation of 7 versus 12 µm (Figure S6A, Sup-
porting Information), 7 versus 15 µm (Figure S6B, Supporting 
Information), and 7 versus 20 µm beads, using off-chip forward 
scattering cytometry (FSC) (Figure 4A) and on-chip impedance 
cytometry (Figure  4B) to measure beads in the input i), zig-
zag ii) and displaced outlets iii). Since the actual DC is likely 
≥13  µm, no significant change is observed in the proportion 
of 7 and 12  µm beads at either outlet for the heterogeneous 
input sample (Figure S6A, Supporting Information), with very 
few beads collected in the displaced fraction (<500 events com-
pared to the few thousand events typically measured). How-
ever, collection of 15 µm beads predominantly at the displaced 

outlet versus a heterogeneous input that includes 7 µm beads 
(Figure S6B, Supporting Information), confirms that the actual 
DC is <15  µm. Using a heterogeneous input of 7 and 20  µm 
beads, we compare the quantification of separation by off-chip 
flow cytometry (Figure  4A) versus on-chip impedance cytom-
etry (Figure  4B). While both methods indicate a good level of 
separation for the smaller-sized beads within the zig-zag out-
lets and the larger-sized beads within the displaced outlets, on-
chip cytometry allows for quantification of the separation with 
no sample loss at the collection outlets. This is established by 
confirming that the on-chip detection events of the particles 
at the respective outlets resemble that of their input propor-
tions using matrix analysis of their cytometry data (Supporting 
Information Section SB5), but this is not the case for off-chip 
cytometry of the collected fractions. Weighted mean ± standard 
deviations from impedance events confirm sizes of 7 ± 0.3 µm 
and 20 ± 0.7 µm, which are close to vendor standard deviations 
of 0.2 and 0.3 µm, respectively.

2.3. Application Toward Enrichment of Activated Macrophages

Due to their role within multiple immune functions, the phe-
notypes of macrophage cells can exhibit a degree of heteroge-
neity, motivating the need for single-cell measurements. The 

Adv. Mater. Technol. 2023, 2201463

Figure 4. Comparison of: A) off-chip forward scattering flow cytometry (FSC) versus on-chip impedance cytometry ( | |)0.5MHz
3 Z  B) for assessing DLD 

separation of 7 versus 20 µm beads: i) input sample; and fractions in the ii) zig-zag outlet, and iii) displacement outlet. Weighted mean ± standard 
deviations from impedance events indicate 7 ± 0.3 µm and 20 ± 0.7 µm, which is very close to vendor numbers (See Figure S5, Supporting Information, 
for trends from flow cytometry for separation of 7 versus 12 µm beads and 7 versus 15 µm beads).
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heterogeneity can influence their activation state, with the net 
balance between subpopulations being responsible for the 
inflammatory response.[3] Hence, it is of interest to separate 
and assess macrophage subpopulations based on their activa-
tion state to quantify the effect of immunomodulatory drugs 
on heterogeneity of their activation state. Using ≈105 cells per 
well, stimulation with lipopolysaccharide (LPS) at 100 ng mL–1 
over a 24 h period causes near-complete macrophage activation 
(Figure  5A), while LPS activation over a 6  h period activates 
cells to a lesser extent, as validated by Griess assay for secreted 
nitrite in the culture media (Figure  5B). However, since the 
Griess assay averages across all cells in the sample, it cannot 
assess the heterogeneity in macrophage activation, leading us 
to consider single-cell impedance cytometry.

Macrophages exhibit systematic increases in cellular elec-
trical size (or | |0.5 MHz

3 Z ) with activation,[44] similar to that 
observed with leukocyte activation;[46] hence, we explore the effi-
cacy of DLD-based size separation from a heterogeneous sample 
to enrich for the activated macrophages in the displaced outlets 
versus in the zig-zag outlets. Since untreated macrophages are 
predominantly un-activated and the 24  h LPS-treated samples 
are predominantly activated, we use a so-called “mixed 50–50” 
sample, with equal proportions of untreated and 24  h LPS-
treated samples to simulate a heterogeneous sample. Imped-
ance cytometry on this mixed sample shows that their cellular 
electrical size values fall between those of the untreated and 
24  h LPS-treated cells (histogram corresponding to the x-axis 
of impedance scatter plot in Figure  5C). For multiparametric 
analysis of activated versus un-activated macrophages, we also 
consider their impedance phase in the MHz range (φZ2 MHz), 
which is downshifted upon activation due to their altered inte-
rior morphology. The “mixed 50–50” sample shows φZ2 MHz 
levels that fall between those of the untreated and 24  h LPS-
treated cells (histogram corresponding to the y-axis of imped-
ance scatter plot in Figure  5C). In fact, while there are some 
overlaps in the 1D histograms for electrical size and φZ2 MHz, 

the 2D scatter plots of electrical size versus φZ (Figure  5C at 
2  MHz and Figure S7, Supporting Information, at 0.5  MHz) 
and the 3D scatter plot (Figure S10, Supporting Information) 
show a good degree of separation between the data points of 
the respective parent samples, highlighting the value of mul-
tiparametric analysis. The data points for the mixed sample 
fall in between their parent samples and signals of the two 
subpopulations (unactivated and activated) can be separated 
in the 3D plot (Figure S10, Supporting Information). The size 
distribution of this mixed sample, determined from impedance 
cytometry, is also compared to its parent sample (untreated and 
24 h LPS-treated) in Figure 5D, as well as to the 6 h LPS-treated 
sample that can exhibit a degree of heterogeneity in impedance 
phase data due to a mixture of activated and un-activated mac-
rophages (Figure S8, Supporting Information). The average size 
of macrophages in the mixed 50-50 sample is similar to that of 
the 6 h LPS-treated sample, but its size distribution reflects the 
wide range of sizes observed in the untreated and 24  h LPS-
treated sample. This suggests that the mixed 50–50 sample is 
a good representative for a heterogeneous macrophage sample, 
with a wide size distribution and composed of a mixture of un-
activated and activated phenotypes.

The DLD separation was conducted using the mixed 50–50 
sample (≈105 cells in 0.5 mL), with on-chip impedance cytom-
etry to monitor the traversing cells in the displaced and zigzag 
outlets, while the collected fractions at the respective outlets 
were validated by off-chip impedance cytometry. In com-
parison to mixed beads that exhibit narrow size distributions 
of their parent populations, the heterogeneous mixed 50–50 
macrophage sample exhibits a wide size distribution in the 
8–18  µm range (Figure  5C,D). Hence, while DC of the DLD 
array determines the cut-off for size-based separation, the net 
separation purity depends on the position of DC with respect to 
the size distribution histogram of the heterogeneous sample. 
The small but finite probability for cells slightly smaller than 
DC to cross lanes into the displaced outlet and for cells larger 

Adv. Mater. Technol. 2023, 2201463

Figure 5. Macrophage activation under LPS-treatment (A(i) versus A(ii)) is validated based on Griess assay for secreted nitrite in media B) and is 
assessed along with a heterogeneous mixed sample (A(iii)) by single-cell impedance cytometry (A(iv)). C) Activation upshifts the electrical size (or 

| |0.5MHz
3 Z ) of the cells (x-axis histogram) and downshifts φZ2 MHz (y-axis histogram), with the 2D scatter plot showing separation between the data 
clusters for the untreated and 24 h LPS-treated cells, and with data points in between for the “mixed 50-50 sample” made from equal portions of the 
above samples. D) The “mixed 50-50 sample” reflects the wide range of sizes observed in the untreated and in the 24 h LPS-treated sample, while its 
mean size is similar to that of the 6 h LPS-treated sample, suggesting that it is a good representative for a heterogeneous macrophage sample. The 
fabricated DC of the DLD array is indicated in (C) and (D), close to intersection point between the size histrograms of untreated and 24 h LPS treated 
samples. Histograms are based on data from ≈1000 events for each sample.
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than DC to cross lanes into the zig-zag outlet becomes higher, 
if the heterogeneous sample contains a large number of cells 
with sizes near the DC value for the DLD array. This crossing of 
lanes can be accentuated at the high flow rates typically used in 
DLD, since deformation of cells at the posts is more likely for 
cells of sizes in the vicinity of DC, thereby causing further devi-
ations in cell streamlines from that determined solely by DC. 
The DLD array with a DC of ≈13 µm that is close to the inter-
section point of the size histograms of untreated and 24 LPS-
treated macrophages and shifted at least one standard devia-
tion away from the mean of the histogram for the mixed 50-50 
macrophage sample seems appropriate (Figure  5C). Based on 
size distributions (Figure 5D), DLD separation based on this DC 
would ideally exclude ≈80% of untreated sample of unactivated 
macrophages, and include ≈75% of the 24 h LPS-treated sample 
of fully activated macrophages within the displaced outlet.

On-chip cytometry following DLD separation of the 50-50 
sample in Figure 6A shows that the size distribution of the dis-
placed fraction resembles that of the 24 h LPS treated sample 
that is likely composed of fully activated macrophages and the 
size distribution of the zig-zag fraction resembles that of the 
untreated sample that is composed of unactivated macrophages 
(parallel run in Figure S9, Supporting Information, shows a 
similar result). Using the input mixed 50-50 sample with ≈44% 
of cells with sizes > than this DC value, 72% of cells in the dis-
placed fraction after DLD separation showed cell size levels 
higher than DC, which is very close to the expected maximum 
of the 75% of LPS-treated cells that exhibited sizes >DC. The 
impedance phase levels measured for the cells in the displaced 
fraction are downshifted with respect to that of the input mixed 
50-50 sample (scatter plot in Figure  6B, with histograms of 
φZ2 MHz in Figure 6C and φZ0.5 MHz in Figure S6B, Supporting 

Information), similar to that observed for the 24 h LPS treated 
activated macrophages versus the untreated macrophages with 
no activation (Figure 6C). Comparison of the size distributions 
from impedance cytometry performed on-chip versus off-chip 
show a good degree of overall similarity (Figure 6D,E), but the 
histograms suggest that the smaller sized cells picked up by 
on-chip cytometry are not present within the off-chip cytom-
etry results. Since continued collection of cells is needed over 
several hours (at least 2 h) to have enough events for off-chip 
cytometry, it is possible that smaller cells adhere more strongly 
to the edges of the collection region versus larger cells, thereby 
causing the reported differences in size data between on-chip 
and off-chip cytometry. This biased sample loss is similar to 
that observed with beads (Figure 4) and highlights the need for 
on-chip cytometry for real-time measurement during DLD sep-
aration to improve quantification of enriched sample, as well 
as ascertain device design (micropost DC and number of lanes 
for collection of zig-zag versus displaced fractions), sample 
(heterogeneity in cell size distributions to account for day-to-
day sample variations), and device operational conditions (flow 
resistance control or electric field based steering) to improve 
separation within complex samples of unknown heterogeneity.

3. Conclusions

We developed an integrated device with DLD separation 
coupled to multichannel impedance cytometry for on-chip 
assessment of phenotypes of the separated fractions from 
heterogeneous samples that exhibit wide cell size distribu-
tions. On-chip cytometry avoids biased sample loss and cross-
contamination at the collection outlets, while particle spacing 

Adv. Mater. Technol. 2023, 2201463

Figure 6. A) DLD separation with on-chip impedance cytometry applied to the mixed 50-50 macrophage sample (equal proportions of untreated and 
24 h LPS-treated macrophages) is assessed based on similarity of the size distribution of the displaced fraction to that of the 24 h LPS-treated sample, 
and that of the zig-zag fraction to the untreated sample. Using an input mixed sample with ≈44% of cells > than this DC value, 72% of cells in the 
displaced fraction showed cell size levels higher than DC, which is very close to the expected maximum of the 75% of LPS-treated cells that exhibited 
sizes > DC. See parallel run in Figure S9, Supporting Information. Cells in the displaced fraction exhibit downshifting of their impedance phase levels 
(scatter plot in B and histograms of φZ2 MHz in C and φZ0.5 MHz in Figure S6B, Supporting Information), similar to that observed upon activation of 
macrophages. The size distribution histograms from on-chip impedance cytometry compare well to those from off-chip impedance cytometry for the 
zig-zag D) and displaced fractions E). All histograms are based on data from ≈1000 events for each sample.
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created by the DLD separation stage reduces coincidence of 
detection events, thereby preventing dilution of the enriched 
fractions for off-chip analysis without coincident events. Inte-
gration required the ability to maximize cell collection from 
DLD separation into a confined channel geometry for high 
sensitivity impedance cytometry, the balancing of flow resist-
ances across the width of the DLD separation array to maintain 
unidirectional flows, and the utilization of co-flowing beads as 
calibrated internal standards for assessing DLD separation and 
for normalization of the impedance cytometry data for effec-
tive comparisons across biological samples. Following valida-
tion of the DLD separation metrics by on-chip versus off-chip 
cytometry using a mixed sample of size-controlled beads, the 
integrated device was applied to enrich for the activated macro-
phage subpopulation from a model heterogeneous sample with 
equal proportions of an untreated sample of un-activated mac-
rophages and a 24  h LPS treated sample with activated mac-
rophages. A DLD separation array was designed with a DC level 
to ideally include ≈75% of the activated macrophages from the 
24 h LPS treated sample and exclude ≈80% of the un-activated 
macrophages from the untreated sample within the displaced 
outlet. This was applied to enrich activated macrophages from 
the model heterogeneous sample with equal proportions of the 
untreated and 24  h LPS treated sample. The DLD displaced 
fraction from this heterogeneous input sample exhibited a 
size distribution that resembles that of the 24  h LPS treated 
sample, which is composed of activated macrophages, while the 
DLD zig-zag fraction exhibited a size distribution that resem-
bles that of the untreated sample, which is composed of un-
activated macrophages. Using this input mixed 50-50 sample 
with ≈44% of cells with sizes more  than the DC value, 72% of 
cells in the displaced fraction after DLD separation showed cell 
size levels higher than DC, which is very close to the expected 
maximum of the 75% of LPS-treated cells that exhibited sizes > 
DC. Multiparametric analysis based on cell interior characteris-
tics confirmed that the displaced fractions were downshifted in 
impedance phase levels versus the input sample, further indi-
cating enrichment of activated macrophages at this outlet. The 
size distributions from on-chip impedance cytometry compare 
well to that from off-chip cytometry, but biased sample loss was 
apparent within off-chip cytometry due to the inability to effec-
tively collect the fraction of smaller-sized cells from the device 
outlet. Future work will focus on the separation of subpopula-
tion from other samples with wide size distributions, such as 
stem cells and cancer cells, that exhibit size-based phenotypic 
cutoffs related to stem cell differentiation lineage or cancer 
metastasis ability.

4. Experimental Section
DLD Device Design and Operation: The DLD device was designed 

by setting up an array of circular posts with a diameter (Dp) and a 
gap (G) of 35  µm (fixed parameters). An iterative process, per prior 
reports,[23,25] was set up for obtaining a set of critical size (DC) close to 
the desired value of ≈12  µm. The selected DC had a row shift (∆λ) of 
3.50 µm. The period or the number of post arrays (N) was iterated such 
that the total particle displacement (µm/mm) exceeded the post array 
width in the y-axis (see Supporting Information). The period (N) was 
adjusted to add redundancy to the DLD device to account for possible 

microfabrication defects. The DLD device aspect ratio was kept at 1.43 
(50 µm post height). The DLD device was mirrored to increase the cell 
separation throughput and edge corrections on each array period were 
done following previously reported empirical relations.[47] For device 
operation, two sheath flows were used to confine the input sample in 
the device center (Figure 1) for maximizing the sample interaction with 
the DLD post array for enabling the displacement of particles > DC. The 
volumetric flow proportion between the two sheath flows and the input 
sample flow was designed to be a 1:1 ratio and the experiment was run 
by adjusting the flow ratio close to that ratio while keeping the input 
sample as centered as possible. The overall volumetric flow rate into the 
device was ≈60 µL min–1.

Microfluidic Device Fabrication and Integration: The device for DLD 
separation with on-chip impedance measurement was fabricated 
following the standard photolithography methods. The microfluidic 
mold was fabricated on a silicon wafer (University Wafer) by spinning 
SU-8 (2050, Kayaku), soft-baking of the resist, and UV exposure under 
a photomask on a mask aligner (EVG 620, EV Group, Austria). A post 
exposure bake was done for evaporating the remaining photoresist 
solvent and for structural stability. The device structures were examined 
after the development step and a final hard bake step was done to 
reduce surface imperfections and enhance mechanical resistance. The 
electrodes for impedance cytometry were patterned on a glass wafer 
(University Wafer) using the lift-off technique, by patterning the AZ1505 
resist (MicroChemicals GmbH), electron beam deposition (Denton 
Vacuum) of metals (100 Å Ti adhesion layer and 1000 Å Au layer). The 
metal patterned glass wafer was laser cut (VSL 3.5, Universal Laser 
Systems, Scottsdale, AZ). The DLD devices were then fabricated using 
1:5 of PDMS curing agent to base (Sylgard 184, Dow Chemicals) for 
soft micromolding. The PDMS was poured into the SU-8 mold on Si, 
left overnight at 65  °C on a bake plate (CEE, Apogee), and the PDMS 
layer was peeled from the mold. Following size estimation of the 
active PDMS region, and inlets and outlets were drilled using a biopsy 
punch. The PDMS and glass chip with electrodes were activated using 
Oxygen plasma (Tergeo, PIE Scientific), aligned to place electrodes in 
each channel outlet using a stereo microscope, and put in contact for 
bonding.

Flow Cytometry of Reference Beads: The stock solutions for each bead 
size (7, 12, 15, and 20  µm from Sigma–Aldrich) were diluted in 1  mL 
tubes (Flex-tubes, Eppendorf) with 1× PBS (Dulbecco, Sigma-Aldrich) 
and run through the flow cytometer (Cytoflex, Beckman Coulter) for 
establishing stock solution concentrations. Once those concentrations 
were known, the volume needed for obtaining an ≈50–50% mix of 7 µm 
with each of the other bead types (12, 15, or 20 µm) was used to prepare 
mixed samples and run through the flow cytometer to establish the 
input sample percentages. Adjustments to the concentration of each 
bead subpopulation were made to arrive at an approximate 50-50% 
ratio between beads of each size. Before the DLD separation, the mixed 
input samples, as well as the collected fractions from the zig-zag and 
displacement outlets after DLD were run through the flow cytometer for 
off-chip validation of the separation.

Biological Sample Preparation: Macrophages Raw 264.7 cells from 
American Type Culture Collection (ATCC) (Manassas, VA) were cultured 
with Dulbecco’s modified Eagle’s medium (DMEM, high glucose 
4.5  g  L–1, Gibco, Grand Island, NY) supplied with 10% fetal bovine 
serum (FBS) (Gibco), 1% penicillin (100 µg mL–1), and 1% streptomycin 
(100  µg  mL–1) (Gibco) and maintained in 5% CO2 at 37  °C. The cell 
seeding density was optimized to 5  ×  105  cells  mL–1, with 0.5  mL per 
well, to yield 2 ×  105 lifted cells per well. For LPS activation, Raw 264.7 
cells were pre-seeded in the complete growth media in a 24-well plate at 
a density of 1 × 105 cells mL–1 (0.5 mL well) overnight. Cells treated with 
serum-free media were placed in absence (untreated) or presence of LPS 
at 100 ng mL–1 for 6 and 24 h. Cell secretion analysis for nitrite in culture 
media was conducted with the Griess assay (Promega, Madison, WI). 
The heterogeneous sample was made by mixing equal volume portions 
of untreated and 24 h LPS treated macrophages.

Impedance Cytometry: On-chip impedance cytometry (Figure 1B) was 
conducted in each outlet channel of the microfluidic device (detection 
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region ≈50  µm depth by ≈50  µm width) at a flow rate of 60  µL min−1 
(neMESYS, Cetoni) in 1×  PBS media for the beads and in serum-
free culture media for the macrophages to maintain cell viability. AC 
signals at three discrete frequencies (0.5, 2, and 18 MHz; 2 Vpp at each 
frequency) were applied to the central electrode of the coplanar three-
electrode assembly using an impedance spectroscope (HF2IS, Zurich 
Instruments) and current signal at the adjoining side electrodes was 
acquired (sample-rate = 1.15  ×  10–5 samples  s−1) and converted using 
a current amplifier (HF2TA, Zurich Instruments). Lock-in amplification 
(HF2TA, Zurich Instruments) was used to separate the real and 
imaginary signal components at each frequency to compute impedance 
magnitude and phase (Supporting Information Section SA.1). For off-
chip cytometry, samples in each outlet of the DLD device were collected 
and transferred to a standard chip with facing top-bottom electrodes[8] 
(detection region of 50  µm  ×  50  µm) at a flow rate of ≈20  µL min−1, 
using an impedance analyzer (Ampha Z32, Amphasys AG) at 0.5, 2, 
18 and 30 MHz. Processed signal data were then stored in the form of 
impedance magnitude and phase.

Data Analysis: Impedance cytometry data were processed and 
analyzed using custom code written in MATLAB (R2018b, MathWorks). 
The impedance signal was normalized against the frequency-
independent impedance response of the reference polystyrene beads by 
dividing the impedance data by the mean impedance data of reference 
beads. Due to normalization, impedance phase was herein reported in 
arbitrary units. Normalized impedance magnitude was used to compute 
the metric of electrical diameter by calculating | Z |0.5MHz3 , and using 
the polystyrene beads for size reference. Statistical analyses (MATLAB 
R2018b) were performed on processed datasets. Significance level was 
defined at α  <0.05 for all cases. For cell measurements, two sample 
Students’ t-tests were performed to compare individual datasets, to 
assess statistically significant differences between treatment conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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