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ABSTRACT 

This manuscript presents a conceptual and methodological framework rather than empirical results, outlining a pathway for applying 
hyperspectral retinal imaging (HSRI) to detect micro- and nanoplastics (MNPs). The retina, with its transparent optical media, layered 
architecture, and vascularization, offers an ideal biomedical model for adapting spectroscopic techniques that have been widely used in 
environmental and materials sciences. The framework consists of four staged phases: i) construction of a spectral library of common 
synthetic polymers; ii) phantom experiments replicating retinal optical properties spiked with defined MNPs; iii) ex vivo validation in 
ocular tissues with Raman and Fourier-transform infrared spectroscopy as chemical ground truth; and iv) pilot in vivo studies in small-
animal models to assess HSRI sensitivity, specificity, and safety. Machine-learning classifiers and spectral unmixing algorithms are in-
corporated to separate polymer-specific signals from endogenous chromophores such as hemoglobin, melanin, and lipofuscin. While 
no experimental data are presented, the framework anticipates the establishment of polymer spectral libraries, demonstration of separable 
spectral signatures, and translational feasibility for detecting polymer deposits under safe irradiance conditions. If validated, HSRI 
could enable the retina to serve as a sentinel organ for systemic pollutant exposure, bridging ophthalmology, toxicology, and environ-
mental health through spectroscopy.
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Introduction 
Microplastics and nanoplastics (MNPs) have emerged as per-

vasive contaminants in air, water, food, and even human tissues. 
Growing evidence links these synthetic particles to oxidative 
stress, inflammation, and cellular toxicity across multiple organ 
systems, raising concerns about their potential contribution to 
chronic disease.1-3 Recent studies have confirmed the presence of 
MNPs in human blood, placenta, lung, ocular fluids (vitreous and 
aqueous humor), and the retina, suggesting the eye may serve as 
both a target and sentinel of systemic plastic exposure.4-7 A key 
rationale for selecting the eye -particularly the retina- as a bio-
marker of systemic exposure lies in its unique anatomical, phys-
iological, and optical properties. The retina is the only neural and 

vascular tissue that can be imaged non-invasively at micron-scale 
resolution in vivo. Its dual circulation (retinal and choroidal) is di-
rectly influenced by systemic blood flow, making it sensitive to 
circulating xenobiotics, inflammatory mediators, and microvas-
cular stress. Moreover, because the retina shares embryologic ori-
gins and barrier properties with the central nervous system (CNS), 
alterations in its optical or biochemical signatures may mirror neu-
rovascular responses elsewhere in the body. This positions the 
retina as an accessible, translational proxy for systemic microvas-
cular and toxicological processes. From a practical standpoint, oc-
ular imaging is non-invasive, repeatable, and already widely used 
in clinical settings for systemic disease surveillance - offering a 
scalable platform for pollutant bio-monitoring. In this context, the 
retina represents an ideal site for an ‘optical biopsy’.   

Hyperspectral imaging integrates imaging and spectroscopy, 
capturing spatially resolved reflectance or absorbance spectra 
across hundreds of contiguous wavelength bands. By exploiting 
subtle differences in spectral fingerprints, hyperspectral imaging 
has become a powerful, non-destructive tool for polymer identi-
fication in environmental monitoring and for cellular imaging of 
nanomaterials.8-9 Its ability to distinguish materials based on their 
intrinsic optical properties offers a unique opportunity to detect 
synthetic particles in biological tissues without exogenous labels. 
The retina offers a uniquely accessible neural and vascular tissue 
that reflects both local and systemic processes. Unlike most in-
ternal organs, it can be imaged directly and repeatedly at high res-
olution through the transparent ocular media. If MNPs accumulate 
within the neurosensory retina or retinal pigmented epithelium, 
hyperspectral imaging could serve as a noninvasive diagnostic 
window for systemic plastic exposure, analogous to how retinal 
imaging has been used as a biomarker for cardiovascular, neu-
rodegenerative, and metabolic diseases.10-11 

Hyperspectral imaging excels at identifying materials based 
on their unique spectral signatures.12 Synthetic polymers such 
as polyethylene (PE), polypropylene (PP), polyethylene tereph-
thalate (PET), polystyrene (PS), and polyvinyl chloride (PVC) 
exhibit distinct reflectance and absorption features, particularly 
in the visible–near infrared–short-wave infrared (VIS–NIR–
SWIR) ranges, which differ markedly from those of endogenous 
retinal chromophores. This provides a basis for spectral differ-
entiation between foreign particles and native tissue. The retina, 
being highly vascularized, metabolically active, and directly ex-
posed to circulating and environmental influences, is also sus-
ceptible to foreign particle accumulation, as evidenced by 
reports of microplastics in ocular fluids and the retina.4-7 Impor-
tantly, hyperspectral imaging has already been applied to detect 
exogenous materials -including nanoparticles, and amyloid ag-
gregates- in other tissues, demonstrating its sensitivity to subtle 
compositional differences.8,11 This study advances the hypothesis 
that MNPs in the human retina, exhibit distinct spectral signa-
tures that can be differentiated from endogenous retinal chro-
mophores (hemoglobin, melanin, lipofuscin) using hyperspectral 
retinal imaging (HSRI). 

 
 

Methods 
Feasibility and experimental pathway  

To test this hypothesis, a stepwise validation strategy is pro-
posed: i) compile a spectral library of common polymers (PE, PP, 
PET, PS, PVC) across the VIS-NIR-SWIR ranges to establish 
baseline fingerprints; ii) perform phantom experiments with tis-
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sue-mimicking scattering media spiked with MNPs of defined 
sizes to simulate retinal optics; iii) conduct ex vivo validation in 
ocular tissues or cadaveric eyes, using Raman or Fourier-trans-
form infrared (FTIR) spectroscopy as ground truth; and iv) pilot 
in vivo studies in small animals to assess sensitivity, penetration 
depth, and specificity. This translational pipeline would define the 
technical limits of HSRI for detecting foreign particles and lay the 
foundation for non-invasive retinal monitoring as a biomarker of 
systemic plastic exposure (Figure 1). 

 
Spectral library of common polymers 

To establish baseline optical fingerprints, a spectral library of 
common synthetic polymers is proposed to be constructed. Five 
representative polymers (PE, PP, PET, PS, and PVC) will be ob-
tained as commercial pellets, films, and size-fractionated particles 
(100 nm to 100 µm). Samples will be prepared by cryo-milling, 
sieving, or purchased as monodisperse beads. Reflectance spectra 
will be acquired across the VIS-NIR-SWIR ranges (400-1700 nm) 
using a benchtop integrating-sphere spectrometer (spectral reso-
lution ≤10 nm in VIS-NIR, ≤20 nm in SWIR).13 Imaging-based 
acquisitions will be performed with both snapshot and tunable hy-
perspectral cameras under calibrated broadband illumination. 
Dark current and white reference corrections (Spectralon) will be 
applied. Principal component analysis and cluster mapping will 
be used to visualize spectral separability between polymer types. 

Importantly, the spectral library will account for environmen-
tal and biological aging effects. Alongside virgin polymer sam-
ples, artificially aged particles (ultraviolet exposure, mechanical 
weathering) and protein-corona coated samples incubated with 
vitreous humor or serum proteins should be characterized. This 
comprehensive approach acknowledges that in vivo MNPs un-

dergo surface modifications that alter their optical properties. 
While protein coronas may dampen or shift certain spectral fea-
tures in the visible range, the fundamental polymer backbone vi-
brations -particularly C-H overtones in the SWIR region- are 
expected to remain detectable beneath surface protein layers.14-15 

 

Phantom experiments  
To simulate retinal optics, multilayer tissue phantoms will be 

fabricated using agarose or silicone matrices incorporating scat-
tering (1% intralipid) and absorption components (0.1 g/L hemo-
globin analogs, synthetic melanin).16-17 These materials will be 
selected for their well-characterized optical equivalence to bio-
logical tissues: agarose and silicone will provide controllable re-
fractive indices and mechanical stability comparable to retinal and 
scleral layers, while diluted Intralipid (e.g., 0.2–1%) will approx-
imate the reduced scattering coefficient of gray matter in neural 
tissue (μ’s ≈ 5-15 cm-¹ in the 500-900 nm range).18-19 Hemoglobin 
analogs will reproduce hemoglobin’s broad visible absorption 
peaks at 540-575 nm,20 and synthetic melanin will mimic the near-
infrared absorption tail of retinal pigmented epithelium and 
choroidal melanin. Together, these components will yield realistic 
optical scattering and absorption conditions for retinal-mimetic 
validation. 

Phantoms will be spiked with known concentrations of poly-
mer particles (102-106 particles/cm2) at multiple depths: surface 
(vitreous-equivalent), mid-layer (retina-equivalent), and deep 
(retinal pigmented epithelium-equivalent). Detailed phantom 
recipe available in Appendix A. Hyperspectral image cubes will 
be acquired under standardized illumination with spectral sam-
pling of 5-10 nm in VIS-NIR and 10-20 nm in SWIR. Ground-
truth particle localization will be confirmed by confocal 
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Figure 1. Proposed experimental pathway.



microscopy or enhanced dark-field microscopy. Detection 
thresholds will be defined as the smallest particle size and lowest 
surface density consistently identified across replicates (n ≥5 per 
condition). 

While a variety of ocular phantoms exist for structural 
modalities such as OCT and fundus imaging, HSRI–specific 
phantoms remain limited. Previous HSRI efforts have empha-
sized either anatomical realism or oxygenation mapping using 
3D-printed or blood-based constructs.21,22 The present phantom 
is designed to complement these by providing a layered, com-
positionally tunable model that reproduces the spectral, scatter-
ing, and absorbing features of retinal tissue without the need for 
biological material. Through controlled incorporation of hemo-
globin, melanin (or India ink), and Intralipid, the design will en-
able reproducible spectral calibration and validation of HSRI 
systems, as well as quantitative embedding of particulate inclu-
sions at defined densities - capabilities not addressed in prior 
phantoms (Table 1). This modular, reproducible structure is ex-
pected to bridge the gap between computational modeling and 
biological experiments in HSRI validation. 

In addition to static phantoms for establishing fundamental 
detection thresholds, dynamic phantom experiments will be per-
formed to validate motion compensation algorithms essential for 
clinical application. A motorized translation stage (e.g., Physik In-
strumente M-126.DG1 or equivalent) will be integrated to simu-
late physiological eye movements including microsaccades 
(0.1-0.3° amplitude, 30-100 Hz frequency), physiological tremor 
(30–100 Hz, <0.1° amplitude), and slow drift (0.1-0.5°/s velocity). 
Motion parameters will be based on established ocular physiology 
literature, including microsaccade dynamics,23 physiological 
tremor characteristics,24 and ocular drift velocity studies.25 Hyper-
spectral image cubes will be acquired during simulated motion to 
test the robustness of motion compensation algorithms described 
in the section Data analysis, spectral unmixing accuracy under 
realistic motion conditions, and polymer detection sensitivity with 
pixel misregistration. Performance metrics will include motion-
induced spectral distortion, unmixing error rates, and detection 
threshold degradation compared to static conditions. 

 
Imaging hardware and protocol  

Two HSRI configurations will be evaluated: i) a snapshot 
system employing Bayer filter mosaic or Fabry–Pérot array sen-
sors, and ii) a tunable liquid-crystal filter system.26-27 For the tun-
able liquid-crystal filter system, motion robustness will be 
explicitly evaluated using the dynamic phantom platform. Given 
that tunable systems acquire spectral bands sequentially over 
time (typically 1-5 s for full spectral cubes), motion compensa-

tion is critical for maintaining pixel-to-pixel spectral alignment, 
a prerequisite for reliable micron-scale particle detection. The 
snapshot HSRI system will serve as a motion-resistant bench-
mark for comparison. 

Imaging parameters will include a spatial resolution equiva-
lent to ~100-200 µm per retinal pixel and a field of view of 30-
50°.28 All systems will be radiometrically calibrated, with 
dark/white corrections and flat-field normalization applied. Sig-
nal-to-noise ratio (SNR) targets will be set at >40 dB per spectral 
band. Retinal irradiance levels will be maintained within Ameri-
can National Standards Institute and International Organization 
for Standardization safety standards.29 

Based on established biomedical hyperspectral imaging per-
formance and the SNR calculations above, the expected detection 
threshold for MNPs in the retina is anticipated to fall within the 
micron-to-submicron range for particle size and at or above 
10-4-10-3 volume fraction for concentration.7,30 While the in vivo 
spatial resolution (~100 µm per pixel) will preclude visualization 
of individual particles, my quantitative modeling indicates that 
localized aggregates of approximately 80-100 microplastic parti-
cles or several thousand nanoplastics per pixel volume can pro-
duce detectable spectral anomalies (ΔR ≥1%) through their 
collective scattering and absorption effects (Appendix E).30 These 
particle densities are biologically plausible given reported MNP 
accumulation in other tissues and represent concentrations that 
could occur in retinal structures acting as accumulation sites.31-33 

Although individual nanoplastics will be well below the op-
tical resolution limit, their detection may still be feasible through 
indirect spectral manifestations. Nanoplastics can alter local re-
fractive indices, induce subtle changes in scattering coefficients, 
or form aggregates that shift overall spectral reflectance or ab-
sorption profiles within a pixel cluster. Moreover, secondary bi-
ological responses, such as microglial activation or pigment 
granule redistribution, could amplify these spectral perturba-
tions, allowing indirect inference of nanoplastic presence 
through pattern recognition and spectral unmixing analysis. 
These mechanisms will be explored conceptually in the subse-
quent feasibility and validation phases. 

 
Ground-truth chemical validation 

Polymer identification will be confirmed by chemical and 
morphological analyses. Raman spectroscopy and Fourier-trans-
form infrared (FTIR) microscopy will be employed for spatially 
resolved polymer typing.34 Pyrolysis-gas chromatography-mass 
spectrometry (Py-GC-MS) will be used for bulk confirmation of 
polymer type and quantity.35 For phantom and ex vivo tissues, re-
gions of interest identified by HSRI will be microdissected and 
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Table 1. Comparison of existing ocular phantoms relevant to hyperspectral retinal imaging (HSRI). 

Study/phantom                           Key features                                         Main limitation                                    How present work  
                                                                                                                                                                                improves/complements 
Ghassemi et al.21                     3D-printed vascular channels                           Limited spectral tunability;                               Provides non-biological,  
                                           with blood; emphasis on anatomical                        requires biological blood                            compositionally tunable layers;  
                                                       realism and perfusion                                                                                                        spectral properties reproducible 
Bryarly et al.22                     3D-printed mouse retina phantom                   Focused on oxygenation studies;                     Enables quantitative embedding  
                                                    with deoxygenated blood                                         not modular or                                          of particles and spectral  
                                                    for oxygenation mapping                                   particulate-compatible                                   calibration without blood 
Current work                        Layered agarose/gelatin phantom                       Limited anatomical realism;                              Bridges spectral realism,  
                                                 with controlled hemoglobin,                                   short-term stability                                   reproducibility, and modular  
                                               melanin (or ink), and Intralipid                                 (1-2 weeks at 4°C)                                    validation of HSRI systems



analyzed with Raman/FTIR mapping. Scanning and transmission 
electron microscopy will be applied for morphological confirma-
tion and size distribution.36 

 

Ex vivo and in vivo pilot studies 
All human tissue use will adhere to the Declaration of 

Helsinki and institutional guidelines, and animal protocols will be 
approved by Institutional Animal Care and Use Committee-ap-
proved. Ex vivo studies will be conducted using cadaveric human 
eyes (with institutional approval) and freshly enucleated animal 
eyes (pig and rabbit). Tissues will be spiked with polymer sus-
pensions either within the vitreous or directly onto the retinal sur-
face prior to HSRI. Ground-truth chemical analyses will be 
performed as described above. 

For in vivo studies, small animals (rodents and rabbits) will 
be used. Polymer suspensions will be administered via intravitreal 
or systemic routes at ethically approved doses. Longitudinal HSRI 
imaging will be performed at baseline, acute (24 h), and subacute 
(72 h) timepoints, followed by ex vivo tissue harvesting and chem-
ical validation.  

Sample size selection will be informed by prospective statis-
tical power calculations (Appendix B). These analyses are ex-
pected to indicate that large detection effects (e.g., 50–60% 
spectral anomaly rate vs ≤5% false positives) can be detected with 
10-15 samples per group, while medium continuous effect sizes 
(Cohen’s d ≈0.5) will require ~60 per group. Accordingly, pilot 
designs (5-10 phantom replicates, 20-30 ex vivo tissues, 8-15 an-
imals) will be chosen to balance feasibility and statistical power 
(1-β=0.8, α=0.05). Classifier performance will be evaluated using 
k-fold cross-validation, and group comparisons will employ two-
sided tests, with p<0.05 considered significant. 

 
 

Data analysis and classification 
Preprocessing will include dark/white correction, motion 

compensation (for tunable systems), spectral smoothing (Sav-
itzky-Golay), and registration to high-resolution fundus images. 
Motion compensation will employ a multi-stage approach: i) fea-
ture-based registration using retinal vasculature patterns or phan-
tom fiducials; ii) optical flow estimation for inter-frame motion 
correction; and iii) robust spectral unmixing algorithms (e.g., par-
tially constrained non-negative matrix factorization) that are less 
sensitive to residual misregistration. Performance will be quanti-
fied using motion-corrupted data from dynamic phantom experi-
ments. Spectral unmixing will be performed using linear and 
non-linear algorithms, including non-negative matrix factorization 
and spectral angle mapping. Machine learning classifiers (support 
vector machines, random forests) will be trained on spectral li-
brary and phantom data. Deep learning methods (2D/3D convo-
lutional neural networks) will be explored for spectral-spatial 
feature learning. Performance metrics will include sensitivity, 
specificity, precision, recall, F1-score, and area under the receiver 
operating curve. Detection limits will be reported as minimum 
particle density (particles/mm2) with acceptable sensitivity and 
specificity. Polymer classification performance will be summa-
rized using confusion matrices. 

 
Controls and statistical analysis 

Negative controls will include unspiked phantoms and tissues, 
while positive controls will include spiked samples with known 

polymer types. Biological confounders (hemoglobin, melanin, 
lipofuscin) will be incorporated into phantom experiments to test 
specificity. All conditions will be performed in replicates (n ≥5 
for phantom studies, ≥10 ex vivo samples per polymer). For ani-
mal pilots, 6-10 animals per group will be used to estimate vari-
ance. Data will be analyzed using k-fold cross-validation for 
classifier performance, and statistical comparisons will be made 
using two-sided tests with p<0.05 considered significant. 

 
Computational proof-of-concept validation 

To address the fundamental question of spectral separability 
between synthetic polymers and biological chromophores, I per-
formed a computational simulation using mathematically gener-
ated spectral profiles (Appendices C and D). Synthetic reflectance 
spectra were created for hemoglobin (characteristic dual absorp-
tion peaks at 540 nm and 575 nm),37 melanin (broadband wave-
length-dependent absorption),38 polyethylene (distinct C-H 
overtone features at 930 nm, 970 nm, 1210 nm, and 1730 nm),39 
and polystyrene (characteristic absorptions at 1180 nm and 1600-
1660 nm double-feature).40 These profiles were designed to cap-
ture the key optical properties of each material based on 
established spectroscopic literature (Figure 2). 

Two simplified synthetic mixtures were generated to model 
trace polymer presence within a biological background (Bio). 
First, a composite retinal tissue spectrum was created by combin-
ing hemoglobin (70%) and melanin (30%). Polyethylene (2%) 
and polystyrene (3%) were then separately introduced into this 
background to produce Bio + PE and Bio + PS mixtures, respec-
tively. These low polymer fractions (2-3%) were selected to illus-
trate conceptual spectral mixing rather than to represent 
physiological concentrations. Ratio-based normalization was ap-
plied to evaluate whether small polymer-associated spectral per-
turbations could, in principle, be distinguished from the dominant 
biological signal under idealized, noise-limited conditions.41-42 

Correlation analysis of the normalized spectra provided a pre-
liminary indication of theoretical separability under idealized con-
ditions. The polyethylene ratio signal showed a moderate 
correlation with the pure polyethylene spectrum (r=0.63), while 
the polystyrene ratio signal demonstrated a similar correlation 
with the pure polystyrene spectrum (r=0.65). These values suggest 
that small polymer-associated spectral perturbations may, in prin-
ciple, be recoverable from a dominant biological background 
when evaluated mathematically. 

Specificity remained acceptable, with low cross-correlations 
between the polyethylene ratio signal and the polystyrene spec-
trum (r=0.11), and between the polystyrene ratio signal and the 
polyethylene spectrum (r=0.21), indicating limited risk of spectral 
misattribution in this simplified setting. However, when simulated 
measurement noise was introduced, the polyethylene detection 
correlation decreased to r=0.29, reflecting the substantial chal-
lenge of extracting weak polymer signals under realistic imaging 
conditions (Table 2). 

These results demonstrate that: i) spectral separability is the-
oretically feasible; ii) biological dominance presents a measurable 
but surmountable challenge; and iii) advanced analytical methods 
are required for robust polymer detection - precisely validating 
the need for the machine learning and spectral unmixing ap-
proaches proposed in this framework. 

These simulations represent idealized spectral profiles. In bi-
ological environments, protein corona formation and surface mod-
ifications may attenuate or shift certain spectral features, 
particularly in the visible range.32-33 However, the fundamental 
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polymer backbone vibrations simulated here, especially in the 
SWIR region (>1000 nm), are expected to be more resilient to 
such surface alterations.39-40 

 

Signal-to-noise ratio estimation for MNPs              
detection 

To quantitatively assess the feasibility of detecting sub-reso-
lution MNPs, I performed SNR calculations based on established 
light scattering theory. For a 100 µm pixel, the minimum de-
tectable signal change (ΔR) can be estimated as: 

                                                                   
(Eq. 1) 

Assuming a conservative SNR of 40 dB (100:1) as previously 
specified,  ≈ 0.01 (1% reflectance change). 

The spectral perturbation caused by MNP aggregates can be 
modeled using Mie scattering theory. For polystyrene spheres 
(n=1.59) in aqueous medium (n=1.33) at 500 nm wavelength, the 

scattering cross-section  for a 1 µm particle is approximately 1.2 
µm2. Within a 100 µm × 100 µm × 100 µm retinal volume (10-6 
cm³), the number of particles required to produce 1% reflectance 
change is: 

  
(Eq. 2)

 
This corresponds to a volume fraction of ~4.3 × 10-5, or ap-

proximately 0.0043%, which falls within the 10-4–10-3 range pro-
posed in the previous paragraph. For nanoplastics (100 nm), the 
required particle count increases to ~8,300 due to reduced scatter-
ing efficiency, but remains physiologically plausible given reported 
MNP accumulation densities in human tissues, including recent 
evidence of microplastic deposition in the retina and nanoplastic 
accumulation in the brain and systemic circulation.7,31-33   

These calculations demonstrate that MNP detection at HSRI 
resolution limits is mathematically feasible through collective 
scattering effects, provided sufficient local accumulation occurs 
(Appendix E). 
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Figure 2. Computational spectral profiles for retinal chromophores and synthetic polymers. Synthetic reflectance spectra were generated 
to model the characteristic optical properties of hemoglobin (dual absorption peaks at 540 nm and 575 nm), melanin (broadband wave-
length-dependent absorption), polyethylene (C-H overtone features at 930 nm, 970 nm, 1210 nm, and 1730 nm), and  polystyrene (char-
acteristic absorptions at 1180 nm and 1600-1660 nm double-feature). These profiles provide the theoretical basis for spectral separability 
in hyperspectral retinal imaging.

Table 2. Results of computational analysis. 

Analysis                                            Correlation coefficient                                               Interpretation 
PE ratio correlation                                                    0.63                                                                     Moderate detection 
PS ratio correlation                                                     0.65                                                                     Moderate detection 
Specificity  
  (PE ratio vs PS)                                                         0.11                                                           Low, indicating good specificity 
  (PS ratio vs PE)                                                        0.21                                                           Low, indicating good specificity 
Noisy PE ratio detection                                            0.29                                                          Weak but detectable above noise



Proposed validation framework 
As this study proposes a methodological framework rather 

than presenting experimental measurements, I first provide pre-
liminary computational evidence to examine whether polymer-as-
sociated spectral perturbations could, in principle, be distinguished 
from biological backgrounds. The results suggest that spectral fea-
tures can potentially be mathematically separated, providing foun-
dational support for the proposed experimental framework. 
Subsequent validation pathway will empirically test this principle 
through: i) demonstration of separable polymer spectral signatures, 
particularly in regions corresponding to C-H overtone and combi-
nation bands distinct from endogenous retinal chromophores; ii) 
validation of HSRI against chemical ground-truth methods; and 
iii) feasibility testing under safe ocular irradiance conditions. 

To operationalize this workflow, the anticipated validation 
pathway is structured as a stepwise progression to establish both 
technical feasibility and translational relevance. The validation 
pathway will also incorporate dynamic testing to ensure clinical 
relevance: static phantoms establish fundamental sensitivity lim-
its, dynamic phantoms validate motion robustness, ex vivo tis-
sues test biological complexity, and in vivo studies confirm 
clinical feasibility. 

Human-scale multilayer phantoms will first be used in both 
static and dynamic configurations to systematically evaluate poly-
mer detectability across depth, spectral range, and concentration, 
establishing quantitative thresholds for sensitivity and specificity. 
Findings from these phantom studies will guide ex vivo validation 
in cadaveric or freshly enucleated eyes, enabling direct compari-
son of HSRI spectral anomalies with chemical ground-truth meth-
ods such as Raman or FTIR spectroscopy to verify polymer 
localization. Building on these results, pilot in vivo studies in small 
animals will assess non-invasive detection, temporal reproducibil-
ity, and robustness against biological confounders including he-
moglobin, melanin, and lipofuscin (see the Graphical Abstract). 
Success in each phase will be determined by reliable separation 
of polymer spectral signatures from endogenous chromophores, 
reproducible detection across replicates, and quantitative agree-
ment with chemical validation. By integrating phantom-based cal-
ibration with ex vivo and in vivo studies, this structured approach 
provides a clear roadmap for translating HSRI toward potential 
clinical monitoring of systemic pollutant exposure. 

 
 

Discussions 
In this discussion, I contextualize the proposed methodolog-

ical framework by outlining the anticipated validation pathway, 
comparing the phantom design to existing ocular models, and 
specifying expected performance targets for HSRI. This framing 
emphasizes the manuscript’s focus on reproducibility, translational 
relevance, and practical utility for preclinical and eventual clinical 
applications. 

 
Feasibility and strengths  

HSRI offers several inherent advantages for detecting MNPs 
within retinal tissue. Unlike biological chromophores, synthetic 
polymers often exhibit distinct and relatively simple spectral fin-
gerprints, particularly in the VIS-NIR and SWIR domains. These 
differences arise from their unique chemical composition, poly-
mer backbone structure, and the presence of additives such as dyes 
and stabilizers, which further enhance spectral separability.43 In 

contrast to the biochemical complexity of living tissues, plastics 
generally produce sharper and more stable optical signatures, sim-
plifying their classification once appropriate spectral libraries are 
established. 

Furthermore, HSRI leverages the exceptional optical acces-
sibility of the retina. The eye is uniquely transparent, enabling di-
rect and repeatable visualization of neural and vascular tissues 
without invasive procedures. This makes the retina an ideal ‘op-
tical biopsy’ site for systemic exposure monitoring. Retinal im-
aging has already demonstrated its sensitivity as a biomarker 
platform for diverse systemic diseases, including diabetes, neu-
rodegeneration, and cardiovascular disease, establishing a trans-
lational precedent for pollutant exposure.10,11 If MNPs accumulate 
in the vitreous, inner retina, or retinal pigmented epithelium, their 
presence should be detectable as spectral anomalies, particularly 
when aided by advanced spectral unmixing algorithms and ma-
chine-learning classifiers trained on reference datasets. 

My computational simulations suggest the theoretical possi-
bility of distinguishing plastic signals from biological noise. This 
finding strengthens the need for the sophisticated unmixing algo-
rithms proposed in this framework and provides mathematical 
proof that polymer-specific signatures are theoretically separable 
from biological chromophores when appropriate analytical tech-
niques are employed. 

 
 

Challenges and limitations  
Despite these opportunities, significant challenges must be 

overcome before HSRI can be applied as a reliable diagnostic for 
environmental pollutant exposure. The foremost limitation is par-
ticle size. Current HSRI systems, such as the one described in this 
study, achieve spatial resolutions of approximately 100–200 µm 
per pixel, enabling detection of larger microplastics but placing 
smaller micron-scale and nanoscale particles below the optical 
resolution threshold.28 Unless nanoplastics form aggregates or in-
duce secondary optical effects such as scattering or local inflam-
matory changes, they may escape in vivo detection. While my 
SNR calculations demonstrate the theoretical feasibility of detect-
ing MNP aggregates, practical detection requires sufficient local 
particle density. In scenarios where MNPs are sparsely distributed 
without forming dense aggregates, the spectral signal may fall 
below detection thresholds. This limitation particularly affects 
nanoplastics, which require higher particle counts due to their re-
duced scattering efficiency. Future technological improvements 
in SNR and spatial resolution will be necessary to detect lower 
concentration distributions. 

The tunable-filter HSRI configuration faces particular chal-
lenges from ocular motion during sequential spectral acquisition. 
Even sub-pixel displacements between spectral band acquisitions 
can degrade unmixing performance for small targets like mi-
croplastics. While the current proposed dynamic phantom valida-
tion and advanced motion compensation algorithms address this 
limitation, residual motion artifacts may ultimately favor snapshot 
HSRI approaches for in vivo applications requiring high spatial 
precision. 

A second limitation is spectral overlap.44 While synthetic 
polymers exhibit characteristic absorption features, these often 
coincide with endogenous retinal chromophores, including hemo-
globin, melanin, lipids, and lipofuscin. The retina’s layered, vas-
cularized, and pigment-rich architecture further complicates 
analysis, increasing the likelihood of false positives. Resolving 
such ambiguities will require high spectral resolution systems, ro-
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bust spectral libraries, and advanced computational approaches 
for spectral unmixing.  

A critical consideration for clinical translation is the modifi-
cation of MNP spectral properties in biological environments. 
Upon entering ocular fluids, plastics rapidly acquire protein co-
ronas that can alter surface reflectance characteristics, particularly 
in the visible range. Additionally, environmental aging prior to bi-
ological exposure further modifies spectral signatures through 
photo-oxidation and surface weathering. However, the fundamen-
tal vibrational modes of polymer backbones -especially C-H 
stretching overtones in the 1600–1800 nm SWIR range- are less 
susceptible to surface modifications and may provide more robust 
detection targets.39-40 The spectral library approach explicitly ad-
dresses this by including both virgin and biologically exposed par-
ticles to establish detection boundaries and identify the most stable 
spectral features for reliable in vivo identification. 

In addition to spectral overlap, several biological and optical 
factors can confound HSRI interpretation. Inter-individual vari-
ability in ocular pigmentation, particularly melanin concentration 
within the retinal pigmented epithelium and choroid, alters base-
line reflectance profiles and can mimic or obscure polymer-asso-
ciated spectral features. Media opacities such as cataract or 
vitreous haze reduce signal intensity and spectral fidelity, while 
retinal diseases (especially those causing hemorrhage, exudation, 
or fibrosis) introduce secondary reflectance changes unrelated to 
environmental particles. Future studies should incorporate stan-
dardized correction factors or reference normalization methods to 
mitigate these physiological confounders. 

Finally, issues of sensitivity, depth penetration, and validation 
remain unresolved. HSRI reflectance signals primarily originate 
from superficial retinal layers, making particles in the vitreous or 
inner retina more accessible than those within the retinal pig-
mented epithelium or deeper layers. Establishing reliable ex vivo 
and in vivo validation models will therefore be essential. At pres-
ent, direct correlations between retinal spectral anomalies and sys-
temic plastic exposure remain sparse. Clinical translation will 
require rigorous cross-validation against histopathological and 
biochemical evidence of polymer accumulation, complemented 
by chemical ground-truth methods such as Raman or FTIR spec-
troscopy, to define detection thresholds, estimate false positive 
rates, and establish biological specificity. 

 
Standardization and reproducibility 

Beyond optical and biological limitations, a critical barrier 
to clinical translation lies in the lack of standardization across 
hyperspectral imaging platforms. Differences in illumination 
geometry, spectral calibration, detector sensitivity, and prepro-
cessing pipelines can yield substantial variability in reflectance 
spectra, even for identical biological samples. Currently, no uni-
versally accepted reference phantoms or calibration standards 
exist for retinal HSRI, complicating cross-device comparability 
and meta-analysis. 

Reproducibility is further challenged by the diversity of spec-
tral unmixing algorithms and machine learning pipelines, many 
of which are non-transparent or dataset-specific. Small variations 
in preprocessing, such as baseline correction, smoothing, or nor-
malization, can alter classification outcomes. To ensure repro-
ducibility and regulatory readiness, future studies should adopt 
open, benchmarked workflows and publish raw hyperspectral 
datasets whenever possible. Inter-laboratory validation using stan-
dardized calibration targets and reporting guidelines, analogous 
to the Minimum information about a microarray experiment 

(MIAME) standard in genomics or the QUAREP-LiMi initiative 
in microscopy, would substantially strengthen methodological 
rigor in environmental ophthalmic imaging.45-46 

 

Comparison with existing MNP detection               
techniques 

Existing analytical methods for detecting MNPs, including 
Raman and FTIR microscopy, and Py–GC–MS, provide well-es-
tablished chemical identification standards. However, their 
methodological characteristics differ markedly from those of 
HSRI, particularly regarding applicability to in vivo, noninvasive, 
and clinical contexts. 

Raman and FTIR microscopy achieve exceptional chemical 
specificity (submicron resolution, unique vibrational fingerprints) 
and sensitivity to particle composition, but they require physical 
sampling of tissues, often involving fixation, sectioning, and la-
beling.34 Their scanning-based nature limits throughput, as map-
ping even a few square millimeters may require hours. These 
constraints restrict their clinical scalability to ex vivo or biopsy-
based analyses. 

Py-GC-MS, in turn, provides high analytical sensitivity and 
quantitative polymer identification, detecting nanogram-scale 
plastic loads with high precision. Yet it is fully destructive and 
lacks spatial or morphological information.35 Consequently, it is 
suitable only for bulk chemical analysis of extracted samples. 

By contrast, HSRI is non-invasive, label-free, and real-time, 
enabling wide-field spectral mapping of the intact retina without 
sample removal. Although its spectral specificity is lower due to 
broader bandwidths and mixed optical scattering effects, HSRI 
offers substantial advantages in throughput and clinical scalabil-
ity. It can image millions of retinal pixels in seconds under safe 
irradiance, allowing longitudinal, in vivo monitoring of MNP ac-
cumulation or clearance, capabilities unattainable by conventional 
analytical techniques. HSRI is thus best viewed as a screening 
and surveillance platform complementary to Raman/FTIR and 
Py–GC–MS. Together, they form a translational pipeline: HSRI 
for non-invasive detection and localization, Raman/FTIR for 
chemical ground truth validation, and Py–GC–MS for quantita-
tive compositional profiling (Table 3). 

In summary, HSRI does not compete directly with Raman, 
FTIR, or Py–GC–MS in analytical resolution, but complements 
them as a translational, in vivo imaging modality. Its value lies in 
enabling population-scale, repeatable screening for environmen-
tal pollutant exposure using the eye as an accessible optical win-
dow, thereby bridging clinical ophthalmology and environmental 
toxicology. 

 
Implications and future directions  

Despite these hurdles, the scientific rationale remains com-
pelling. Precedents exist for hyperspectral imaging in other or-
gans.47-50 Together, these lines of evidence suggest that HSRI 
could feasibly serve as a sensitive probe for pollutant burden in 
vivo, provided technical refinements are achieved.  

The ability to detect MNPs in the retina carries profound im-
plications for environmental health surveillance. Unlike blood or 
urine assays, retinal imaging offers a non-invasive, repeatable, 
and longitudinally tractable method to assess pollutant exposure 
in living individuals. Such a tool could enable population-scale 
monitoring of environmental toxicants, serving as a biomarker 
platform that is dynamic, cost-effective, and compatible with rou-
tine ophthalmic examination. 
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Beyond exposure detection, HSRI may facilitate the early 
identification of pollutant-related retinal and systemic diseases. 
MNPs have been implicated in oxidative stress, vascular dys-
function, and neuroinflammation, all of which intersect with 
the pathophysiology of diabetic retinopathy, glaucoma, and age-
related macular degeneration.1 Detecting pollutant-induced 
changes at a subclinical stage could open new avenues for pre-
ventive intervention, ultimately reducing disease burden 
through early risk stratification. This aligns with the global push 
toward predictive and preventive healthcare paradigms. 

Finally, the extension of HSRI into toxicology and public 
health represents a paradigm shift. While traditional methods 
of assessing plastic exposure rely on ex vivo spectroscopy or 
destructive chemical assays, retinal HSRI provides an oppor-
tunity to capture pollutant accumulation non-invasively and in 
real time. This could catalyze trans-disciplinary research bridg-
ing ophthalmology, toxicology, environmental health, and pol-
icy, thereby positioning the retina as a sentinel tissue for 
systemic pollutant burden.6 By merging environmental medi-
cine with advanced optical imaging, this approach holds prom-
ise not only for expanding HSRI’s clinical utility but also for 
informing global strategies to mitigate the health impacts of 
plastic pollution. 

These implications set the stage for future directions. Inte-
gration of HSRI with artificial intelligence–driven spectral 
analysis could enable automated identification of polymer-spe-
cific signatures in complex retinal datasets. Supervised and un-
supervised machine learning classifiers, trained on 
comprehensive spectral libraries of common plastics, have the 
potential to markedly improve specificity and sensitivity by 
separating subtle plastic signals from the spectral background 
of native tissue. 

In defining its translational trajectory, HSRI could serve three 
complementary purposes: i) a population-level screening tool for 
systemic pollutant exposure, where moderate sensitivity but high 
throughput is prioritized; ii) a diagnostic adjunct for confirming 
exposure in individuals with suspected pollutant-related disease, 
requiring higher specificity and standardized calibration; and iii) 
a quantitative research instrument for estimating relative exposure 
burden in epidemiological or toxicological studies. Each applica-

tion imposes distinct performance thresholds and validation re-
quirements, which will guide future optimization and regulatory 
evaluation. 

In parallel, advances in pansharpening and super-resolution 
algorithms may address the current spatial resolution limitations 
of HSRI, enabling the detection of smaller microplastics and pos-
sibly nanoscale aggregates.51 Furthermore, multimodal imaging 
platforms- for example, combining HSRI with optical coherence 
tomography, fluorescence imaging, or adaptive optics- could add 
structural, functional, and molecular context, thereby strengthen-
ing the reliability of pollutant detection and localization within 
the retina. 

To ensure reproducibility and facilitate cross-platform com-
parability, future work should prioritize the development of an 
open-access spectral database of common polymers measured 
within biological matrices, including ocular tissues. Such a repos-
itory would allow calibration of hyperspectral systems across lab-
oratories, support algorithm benchmarking, and enable transparent 
validation of polymer-specific signatures under controlled biolog-
ical conditions. By providing standardized reference spectra, this 
initiative would accelerate methodological convergence and 
strengthen the translational pathway from research prototypes to 
clinical and regulatory applications. Framed in public health 
terms, HSRI could serve as a regulatory-relevant, population sur-
veillance tool analogous to bio-monitoring frameworks used for 
heavy metals or air pollutants, providing real-time, noninvasive 
exposure assessment that informs policy and preventive interven-
tions. 

 
 

Conclusions 
Together, these advances point toward a future in which 

HSRI could become a clinically viable tool for environmental 
toxicology and public health. The convergence of optical im-
aging, computational analytics, and systems-level biology may 
ultimately allow pollutant exposure to be monitored at the level 
of the individual patient, offering unprecedented opportunities 
for early detection, preventive intervention, and population-
scale risk assessment. 
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Table 3. Comparison of HSRI and existing MNP detection techniques. 

Feature                                              HSRI                                  Raman / FTIR microscopy                             Py-GC-MS 
Detection principle                 Optical reflectance/absorbance                Molecular vibrational spectroscopy                    Thermal decomposition +  
                                                    spectra (VIS-NIR-SWIR)                                                                                       chromatographic/mass spectral analysis 
Sensitivity                                       Moderate (≥few µm                                 High (≤1 µm for Raman;                                         Very high  
(detection limit)                            particles or aggregates)                                     ~10 µm for FTIR)                                 (ng-µg polymer quantities) 
Specificity                                     Moderate (distinct but                                            Very high                                                     Very high  
(chemical discrimination)         overlapping spectral bands)                         (molecular-level fingerprint)                           (polymer-type resolved) 
Spatial resolution                 ~100-200 µm/pixel (optical limit)                 ~0.5-10 µm (depends on setup)                   None (bulk measurement only) 
Sample type                                     In vivo, intact tissue                             Ex vivo, thin sections or filters                     Extracted/destructive samples 
Throughput                         High (seconds per full image cube)                 Low (minutes-hours per mm2)                    Moderate (minutes per sample) 
Quantitative capability                      Semi-quantitative                                         Semi-quantitative                                         Fully quantitative  
                                                    (relative signal intensity)                                   (particle count, ID)                                   (polymer mass fraction) 
Clinical scalability                       Excellent (noninvasive,                                 Poor (requires biopsy                                                None 
                                                       repeatable, real-time)                                     or tissue extraction)                                   (destructive, lab-based) 
Operational environment           Ophthalmic imaging suite                           Analytical spectroscopy lab                           Analytical chemistry lab 
Ideal application                           Noninvasive screening                                   Chemical validation                              Bulk compositional analysis  
                                            and monitoring of pollutant burden                                and mapping                                             and confirmation
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