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A microchip-based spiral system was fabricated with an integrated laser-
induced fluorescence setup to study the size of genetic material preceding 
cancer onset. The chip was designed with three inlets: one for the isolated 
genetic material, the second for acridine orange dye, and the third for 
rhodamine dye at four different concentrations to determine the optimal 
energy transfer efficiency. In healthy cells, a single distinct emission peak 
appeared around 520 nm, while an additional peak extended toward 590 
nm, alongside the green emission. The ratio of these peaks varied with the 
degree of structural degradation. When mixed with rhodamine, the 1:1.5 
ratio produced the best energy transfer before photobleaching occurred. 
The gold coating, leveraging a plasmonic effect, and a smooth laminar flow 
significantly boost the signal clarity and minimized the need for reagents. 
This work represents a parallel step toward early cancer detection when 
conventional methods fail, reducing both the physical and psychological 
burden experienced by patients during routine examinations.

INTRODUCTION
Damage to DNA can change nucleotide 

sequences and cause malfunctioning proteins to 
be expressed, which can affect normal cellular 
physiology, And through Cancer treatments 
(especially chemotherapy and radiotherapy) can 
adversely effect on hematology order [1,2]. Since 
greater fragmentation causes genomic instability, 
which makes it easier for mutations to accumulate 
and malignant transformation to occur, DNA 
fragmentation is thought to be one of the processes 
linked to the development of cancer. Research 
has demonstrated that poor DNA fragmentation 

repair raises the risk of cancer, especially in 
tumors that have mutations in repair genes like 
BRCA1/2. Furthermore, quantifying DNA fragment 
byproducts be a useful diagnostic indicator for the 
early identification of specific malignancies [3-
5]. Radiation exposure, chemotherapeutic drugs, 
oxidative stress, and apoptotic processes can all 
cause DNA fragmentation [6]. It includes double-
strand breaks (DSBs) from ionizing radiation 
and single-strand breaks (SSBs) from metabolic 
byproducts [7]. Pathological fragmentation 
is caused by replication mistakes, whereas 
programmed fragmentation occurs during 
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apoptosis, because persistent DSBs we have the 
potential to cause chromosomal translocations 
[8].

Among versatile fluorescent dye, Acridine 
Orange (AO) exhibits differential binding to 
nucleic acids, producing red fluorescence when 
complexed with single-stranded nucleic acids 
(RNA or denatured DNA) and green fluorescence 
when intercalated with double-stranded DNA [9]. 
Since apoptotic cells show higher red fluorescence 
because of increased RNA accessibility and DNA 
breakage. This characteristic makes it very useful 
for cell cycle analysis and apoptosis detection, 
allowing for the early detection of nuclear 
changes [10]. AO enables the detection of nuclear 
morphological changes during programmed cell 
death when paired with fluorescence microscopy 
for three reasons [ 11]:

1. Nucleic Acid Binding Specificity: Because 
of differential stacking interactions, AO shows 
a green-to-red fluorescence shift when binding 
to dsDNA (λem=530 nm) as opposed to ssRNA/
denatured DNA (λem=640 nm) [12].

2. Status of Cellular Viability: Increased red 
fluorescence is seen in apoptotic cells from(a) RNA 
exposure during membrane degradation (b)DNA 
denaturation in fragmented nuclei [13].

3. pH-Dependent Aggregation: In acidic 
compartments (lysosomes), AO dimers or 
aggregates produce red spectral shifts that are 
helpful for autophagy research [14].

Because Acridine Orange (AO) can cause 
mutagenesis by interfering with DNA replication, 
it may be lethal at high quantities [15].

Modern laboratories have undergone a 
revolution because of microfluidic chips, which 
allow for precise fluid manipulation at the 
microscale, greatly lowering sample and reagent 
usage while improving analytical performance 
[16]. These miniature devices provide quick, 
high-throughput, and reasonably priced 
solutions for chemical and biological studies by 
combining several laboratory tasks like mixing, 
separation, and detection into a single chip 
[17, 18]. Utilizing laminar flow and diffusion-
dominated phenomena specific to microscale fluid 
dynamics, their applications extend to point-of-
care testing, drug development, and diagnostics. 
Microfluidic technology is a flexible platform that 
keeps advancing lab-on-a-chip and personalized 
medicine [19, 20].

Lab-on-paper is a low-cost, portable, and user-
friendly alternative manufacturing method that 
has a lot of promise for mechanisms for food 
safety, environmentally friendly protection, and 
forensic science [21]. Because of its high sensitivity, 
specificity, and real-time monitoring capabilities, 
fluorescence detection is an essential analytical 
technique that is used in DNA sequencing, cellular 
imaging, and biomedical diagnostics [22]. In certain 
applications, single-molecule detection is made 
possible by its high signal-to-noise ratios and low 
background noise, which contribute to its accuracy 
[23], Researchers have developed numerous 
sensors using various optical techniques. Key 
platforms among these are Surface-Enhanced 
Raman Spectroscopy (SERS) [24], Mach-Zehnder 
Interferometers (MZI) both single and cascaded 
[25,26]. Multi-Mode Interference (MMI) devices 
[27], and fiber-optic sensors built with coreless 
fiber and an offset coreless fiber design [28, 29].

Many biosensors Plasmonic nanostructures, 
such as gold nanoparticles, are used to further 
improve fluorescence signals by using surface 
plasmon resonance (SPR) to increase emission 
intensity through localized electric field 
enhancement [30] by optimizing light-matter 
interactions, methods like plasmonic nanoantenna 
design and metal-enhanced fluorescence (MEF) 
greatly increase detection limits [31].

In Fluorescence Resonance Energy Transfer 
(FRET), energy is transferred non-radiatively from 
an excited donor fluorophore to an acceptor 
chromophore through long-range dipole-dipole 
coupling [32] for reviews see [33, 34]. A novel 
method for assessing DNA fragmentation in 
lymphocytes is presented, employing a gold-
coated microchannel platform. The sensitivity 
is significantly amplified by coupling laser-
induced fluorescence detection with the signal 
enhancement mechanisms of localized plasmon 
resonance and FRET.

MATERIALS AND METHODS
Ethical Approval and Lymphocyte Isolation

Peripheral blood samples were collected from 
two groups:12 healthy female donors (22-25 years) 
and 15 women newly diagnosed breast cancer 
with invasive Ductal Carcinoma (IDC), low grade, 
with Ductal Carcinoma in Situ (DCIS) involved 
margin. following informed consent and ethical 
approval from the relevant situational review 
board. Each subject provided 5 mL of venous 
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blood collected in EDTA-treated tubes. To isolate 
lymphocytes, 3 mL of phosphate-buffered saline 
(PBS) was added to each blood sample to maintain 
isotonic conditions, followed by density gradient 
centrifugation using Ficoll-Paque. The mixture was 
centrifuged at 400 × g for 30–45 minutes, yielding 
distinct layers, including a buffy coat containing 
mononuclear cells, see Fig. 1.

The lymphocyte layer was carefully extracted, 
washed repeatedly with PBS to remove residual 
platelets and Ficoll, and suspended in RPMI-1640 
medium supplemented with 9% fetal bovine 
serum and L-glutamine. The cells were incubated 
at 37 °C with 5% CO₂ and 95% relative humidity for 
24 hours to ensure viability prior to staining.

Microfluidic Chip Fabrication and Configuration
Microfluidic channels were fabricated on highly 

transparent poly(methyl methacrylate) (PMMA) 
sheets with a thickness of 2.5 mm (supplied by 
Jumei Acrylic Manufacturing, Shanghai, China). 
The engraving process was performed using a 
high-power CO2 laser system (Liaocheng JK-4060, 
China) operating at an output power of 60 W. The 
laser beam was focused to a spot diameter of 
approximately 55 µm. The laser head, equipped 
with a focal lens and mounted on a three-axis (x, 

y, z) translation stage, was traversed at a constant 
scan speed of 250 mm/s to engrave the desired 
micro-line patterns. Prior to machining, the 
protective coating was removed from the PMMA 
sheets to prevent interference with the engraving 
process. The integrated laser system included 
auxiliary components for process control, namely 
an air compressor, a cooling unit, and an exhaust 
system.(see Fig. 2)

Microchannels offer the advantage of an 
increased surface area to volume ratio in many 
biological applications, which reduces reagent 
and sample consumption while enhancing the 
reaction of surfaces [35]. A critical component 
of microfluidic devices is the micromixer chip 
designed to provide excellent mixing of two or more 
incoming microfluidic streams. Understanding the 
stream dynamics within a microfluidic chip, we 
recognize two types of fluid flow: 

1. laminar flow: characterized by a parabolic 
velocity profile, where the flow speed is greatest 
at the centerline of the channel.

2. Turbulent flow: at this pattern, molecules 
move in irregular directions due to Flow 
eddies, this movement can be characterized by 
oscillations, contrasting with the orderly motion 
seen in laminar flow. 

 

  
Fig. 1. Blood separation with Ficoll gradients.
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The kinematic viscosity (Table1) is measured 
using an UBBELOHDE VISCOSIMETER at a 
temperature of 40°C for 3 seconds in the 
Department of Oil and Petro Research, 
Scientific Research Commission, Baghdad, Iraq. 
Additionally, the density of liquids is determined 
at 20°C using a condenser in the Department of 
Advanced Material Research, Scientific Research 
Commission, Baghdad, Iraq. As shown, intact 
DNA has Higher viscosity due to entangled DNA 
chains increase resistance to flow (higher intrinsic 
viscosity).

Among the advantages of mixing (or staining) 
under laminar flow are high homogeneity without 
bubbles, precise control over flow rate and 
pressure using micro-pumps, and the absence of 
mechanical stress on cells or proteins. However, 
despite these tremendous benefits, there are 
still challenges related to manufacturing costs 
and design complexity. Nevertheless, the future 
direction is clearly moving toward producing low-
cost devices to make precision medicine accessible 
to everyone.

The sputter coating process, which involves 
applying a thin layer of gold (see Fig. 3) onto a PMMA 
substrate. Produces channels that are significantly 
smoother than their untreated counterparts. 
This improvement in microchannel surface 
quality is crucial for the optimal performance of 
microfluidic devices. By increasing the contact 
area between the sample and the metal film, we 
enhance energy coupling between the plasmon 
mode and the fluid, making it more efficient. It is 
imperative to thoroughly investigate the effects of 
surface roughness on fluid flow in microchannels. 
Process parameters such as injection speed and 
laser power can lead to the formation of solidified 
particles, drastically increasing surface roughness. 
Addressing these issues is essential for advancing 
microfluidic technology.

Energy Dispersive X-ray (EDX) elemental 
analysis was performed on the polymer samples. 
Chloroform was used as an intermediate layer to 
create PMMA-PMMA structures. Since chloroform 
Since adhesives are believed to be biocompatible, 
direct contact with the components inside the 

Sample Pressure (mBar) Re Fluid viscosity (pa.s) Density kg/cm3 Flow rate 
(µL/min) 

Intact DNA + AO 0.01 4.84e-3 0.00156 0.992 0.16 
Fragmented DNA+ 

AO 0.01 5.01 e-3 0.001528 1.006 0.16 

 
  

 
  

Table 1. Flow rate at micromixer (channel width 446 µm, Hight: 144µm, length 28mm).

Fig. 2. PMMA spiral -U micro mixer (left) channel width (right).
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microchannels is not a concern. Fig. 3 shows peaks 
from the gold (EDX) spectra for the PMMA and 
adhesive chloroform elemental compositions. The 
findings supported PMMA’s acrylic-rich nature, and 
revealed that it was primarily made of carbon (C) 
and oxygen (O). The presence of these substances 
will produce charges on the polymer’s surface and 
electrostatic forces that will draw the sample and 
chloroform solution together. Electrostatic contact 
can cause the chloroform solution to adhere to 
PMMA surfaces, in agreement with [36, 37].

As a result of its low surface energy (41.1 mN 
m-1), PMMA is very wettable. Substrates with 
more surface energy or wettability have a higher 
bonding propensity. Water contact angles for 
surfaces before and after coating were measured, 
and it was discovered that the latter had a larger 

angle than the former. This finding suggests 
that coating increased the substrates’ surface 
energy, enhancing the surfaces’ wettability or 
hydrophilicity. Fig. 4 shows the contact angle 
values for microfluidic devices the PMMA contact 
angle values (40.37° and 73.57°, respectively) 
before and after coating. The hydrophilic PMMA 
surface’s contact angle increased as the roughness 
gradually decreased, so the flow rate increased 
when the roughness decreased, were in good 
agreement with published studies [38, 39].

A blue laser (15 mW) beam is totally internally 
reflected at the interface between a solid 
substrate (PMMA) and the liquid droplet. This 
internal reflection generates an evanescent 
electromagnetic field that penetrates the liquid 
phase, but only for a very short distance (typically 

 

 
  

A B 

 

  

Fig. 4. Contact angle for PMMA microfluidic devices A) before coating, B) Contact angle after coating.

Fig. 3. Sputter coating onto a PMMA substrate (left), EDX of gold nano layer (right).
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~100-200 nm). This evanescent field selectively 
excites fluorescent molecules that are very close 
to the solid-liquid interface, as a Result we get a 
dramatically enhanced signal-to-noise ratio for 
events happening specifically at the interface of 
interest, right where the contact angle is defined 
[ 40-43].

Optical and structural characterization of material
Acridine Derivatives: Exhibit distinct FTIR peaks 

for amine, carbonyl, and aromatic vibrations as 
shown in Fig. 5 Strong absorption of about 1693 
cm⁻¹ Carbonyl (C=O) due to dye binding and broad 
Hydroxyl (O-H) 3435 cm⁻¹ from polysaccharides, 
and Amine (N-H) 1540 cm⁻¹ involvement in 
biosorption. that’s agree with [44, 45].

Structural Fingerprints for RhB is aromatic 
(1500–1600 cm⁻¹) The broad signal centered 
around 3400 cm⁻¹ can be attributed to O-H 
stretching vibrations including that of adsorbed 
water molecules. The peak at 1575 cm⁻¹ can be 
assigned to symmetric stretching vibrations of C=C 
bonds. That’s with [46]. 

Hematite’s crystal structure (hexagonal) leads 
to distinct Fe-O vibrations in the far-IR region, 
therefore Strong, broad peak antisymmetric Fe-O 
stretching in octahedral sites extend from 540–
580 cm⁻¹ and 3400 cm⁻¹ Broad band appear due 
to adsorbed water or surface - groups that’s with 
[47, 48].

The plasmon phenomenon often evokes 
thoughts of the visible spectrum region, but 
when analyzing FTIR spectra of multiple materials 
observed similarities in certain peaks may arise 
due to fundamental structural overlaps or require 
deeper analytical interpretation. For example, C=O 
in Rh B ~1670 cm⁻¹ and O ~1650 cm⁻¹.

So, the selection of dyes and nanomaterials 
to correspond with the absorption peaks was 
effective.

Dispersions of 0.001 g /L Hematite (α-Fe2O3) 
nanoparticles in DIW were prepared and sonicated 
for 10 min and stirred further 1 h. The isolated cell 
environment and the nanomaterial solution were 
forced through saying pump to get plasmonic effect 
(first aim) and to get anti-bacterial environment. 
Fig. 6 shows that virgin particles have a rough 
spherical structure. Indicating the aggregation of 
particles with small grains present at a surface.

RESULTS AND DISCUSSION 
Absorption spectrum by An SP 3000 

spectrometer, featuring a 10 W tungsten halogen 
lamp, was employed to capture the absorbance 
spectrum using a standard quartz cell to analyze 
liquids across a wavelength range of 190 nm to 
1100 nm, with a silicon photodiode detector. The 
results revealed striking absorption peaks at 277 
nm and 279 nm for both unstained healthy cells 
and fragmented cells, indicating the presence of 
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highly concentrated proteins (see Fig. 7). Notably, 
healthy lymphocytes generally have lower RNA 
levels compared to rapidly proliferating cancer 
cells, which showed no significant variation in the 
UV range. This finding suggests that the patient 
may have been newly diagnosed, consistent with 
the observations made by Thais P. Pivetta et al. 
[49].

Under identical conditions after staining 
with acridine dye, variations in cell membrane 
permeability can significantly influence the 
amount of dye uptake; thus, cancer cells tend 
to absorb more dye, resulting in a shift towards 

a longer wavelength that correlates with RNA 
levels. Specifically, 492 nm represents the 
maximum absorbance for healthy cells, while 
494 nm corresponds to fragmented stained cells. 
During staining with Acridine Orange (AO), it does 
not alter the chemical structure of the genetic 
material. Instead, it acts as an intercalating agent 
that interacts with it through the mechanism of 
intercalation between the base pairs of double-
stranded nucleic acids, or via ionic binding 
(electrostatic attraction) to the phosphate groups 
of the sugar-phosphate backbone in denatured or 
single-stranded regions.
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The figure below shows the absorption of AO 
dye at a concentration like that used in fluorescent 
microscopy staining (5*10-6M), as well as three 
different concentrations of RhB dye with ratios 
(1:1), (1:1.5), and (1:2). At first glance, the 
following can be observed:

I.	 Acridine dyes have a primary absorption 
peak in the blue light region (typically around 
460 nm), while Rhodamine dyes absorb at longer 
wavelengths (peaks at ~541 nm). This means 

that Acridine efficiently absorbs blue light, while 
Rhodamine efficiently absorbs green light. 
II.	 The absorption of light in these dyes 

is linked to the presence of chromophores in 
their molecular structure. The molecules of both 
Acridine and Rhodamine contain conjugated 
aromatic rings that absorb light in the ultraviolet 
and visible regions of the spectrum. Dyes with a 
more extensive conjugated system tend to absorb 
light at longer wavelengths.
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III.	 Neither standard Acridine nor Rhodamine 
dyes have significant absorption in the far-red 
region (>600 nm). However, advanced rhodamine 
derivatives (like Texas Red) are engineered to 
absorb and emit in the red spectrum, that’s with 
[50].
IV.	 Ao requires a blue light source 
(laser diode) for optimal excitation, whereas 
Rhodamine is best excited by green or yellow 
light (fluorescence of AO), The clear separation 
between their absorption spectra allows them to 
be used together in multiplex assays (e.g., imaging 
two different cellular targets simultaneously) with 
minimal spectral overlap.

Fig. 9 shows the PL for both AO (donor) and RhG 
(accepter) When acridine (donor) emits light that 
overlaps with rhodamine’s (acceptor) absorption, 
energy transfers via FRET, enhancing rhodamine’s 
fluorescence at red-shifted wavelengths. This 
occurs due to efficient non-radiative dipole 
coupling, quenching acridine’s emission while 
amplifying rhodamine’s signal. The process is 
distance-dependent (1–10 nm) and useful in 
sensors and imaging.

LIF spectrum
Laser-Induced Fluorescence (LIF) achieves one 

of the lowest detections limits due to the coherence 
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and low divergence of lasers, allowing for precise 
focusing on very small detection volumes and 
delivering exceptionally high irradiation. With a 
90-degree excitation, dye molecules effectively 
absorb photons, transitioning from the ground 
state (s0) to an excited singlet state (s1). Then, 
they undergo vibrational relaxation to the 
lowest level of s1 before returning to s0 and 
emitting fluorescence light, Fig. 10 illustrates 
the fluorescence induced by blue excitation at 
15 mW. This evidence unequivocally highlights 
the critical differences in cellular composition 
between healthy and cancerous cells, emphasizing 
the imperative nature of early diagnosis in cancer 
detection.

The green fluorescence appears because 
Acridine Orange intercalates between the base 
pairs of intact, double-stranded DNA. This 
intercalation locks the dye in a stable, hydrophobic, 
and planar environment created by the stacked 
bases, which promotes green emission. When 
DNA becomes denatured or single-stranded, 
Acridine Orange binds electrostatically instead, 
altering its environment and shifting fluorescence 

toward red or orange [51].

Fluorescence resonance energy transfer between 
acridine orange and rhodamine B

Fig. 12 shows the fluorescence induced energy 
transfer; intensity of Rhodamine is higher and more 
efficient. It is more resistant to photobleaching, 
more stable in long-term applications, and less 
affected by environmental conditions. Moreover, 
the emission intensity of Rhodamine extends 
into the pink/red region as it receives energy 
transferred from Acridine Orange. By applying 
three concentrations of RhG.

From the figure above we can note:
DNA+AOonly

When AO intercalates between the base pairs of 
double-stranded DNA (dsDNA), its quantum yield 
and excited-state lifetime rise, producing a strong 
green emission around ~520 nm. The smaller red 
shoulder near 590 nm reflects “metachromasy”: 
AO bound to single-stranded or disordered DNA 
regions, or aggregated AO molecules. This shift 
toward red is a classic AO signature—green for 
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dsDNA, red for ssDNA or aggregated AO.

DNA+AO:RhB mixtures
Adding RhB reduces the green AO band 

because AO emission overlaps strongly with the 
absorption of Rh6G (440–570 nm, max ≈ 530 
nm). This overlap enables Förster resonance 
energy transfer (FRET): AO acts as donor, RhB as 
acceptor. The result AO’s green light is quenched. 
However, your dominant peak lies near 650 nm, 
not 560 nm (the usual Rh6G emission). This 
implies that red emission mainly comes from AO’s 
aggregated “metachromatic” state, which RhB 
amplifies by altering the microenvironment or 
stacking around DNA. In short: FRET drains AO’s 
green output, while stacking and environmental 
changes push AO into red.

Variation with AO:RhB ratio
1: 0.5 → Limited RhB → partial energy transfer, 

mild red enhancement.
1: 1 and 1: 1.5 → Balanced donor–acceptor 

levels; FRET + AO metachromasy reinforce each 
other, giving the strongest ~650 nm emission.

1: 2 → Excess RhG quenches total fluorescence 
through inner-filter effects and self-absorption; 
common in concentrated rhodamines.

Quantify energy-transfer efficiency
To quantify energy-transfer efficiency, the 

following equation was used:

E = 1 − FDAFD
 

Where FD= AO–DNA fluorescence without RhG 
and FDA=fluorescence with RhB. At 530nm.

The efficiency level can be used as a diagnostic 
indicator. For example, if the efficiency is high 
and stable (greater than 60%), it means that the 
genetic material has maintained its structural 
integrity, and the donor and acceptor remain 

at an optimal distance (within 10 nanometers). 
However, if there is a sharp decrease in efficiency 
(less than 40%), this indicates a collapse of the 
double-helix structure and a disordered binding 
state of acridine orange, reflecting the extent of 
molecular degradation or genetic damage.

CONCLUSION
The study presents a novel microchip-based 

optofluidic biosensor designed to detect early 
genetic damage related to cancer, using laser-
induced fluorescence (LIF) and plasmonic 
enhancement on a gold-coated microfluidic 
platform. The chip integrates three inlets for 
controlled mixing of isolated DNA, acridine orange 
(AO), and rhodamine B (RhB) dyes at various ratios 
to optimize fluorescence resonance energy transfer 
(FRET), The goal is to enable early cancer detection 
through precise analysis of DNA fragmentation in 
lymphocytes, which often precedes malignant 
transformation. Traditional diagnostic techniques 
are often invasive, time-consuming, and physically 
stressful for patients. This system provides a fast, 
reagent-efficient, and highly sensitive alternative 
for detecting structural changes in DNA.
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