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ARTICLE INFO ABSTRACT

Keywords: Raman spectroscopy has gained prominence in biological and medical applications due to its ability to detect
Biomarkers biomolecules in a non-destructive and real-time manner. This is particularly valuable for space missions, where
SPaceﬂig}‘“ in situ biomarker analysis is crucial for monitoring astronaut health on missions where timely sample return is
Ejigg?:ndes not possible. The challenges associated with detecting low-abundance biomarkers in a complex biological matrix,

such as blood, can be addressed through surface-enhanced Raman scattering (SERS) using gold nanoparticles
(AuNPs). This study represents a ground-based preliminary investigation into the use of SERS in combination
with portable Raman spectroscopy for in situ blood biomarker detection. We aimed to assess whether signal
enhancement could be achieved using the Agilent Vaya™ Raman spectrometer with AuNPs, under minimal
sample processing conditions. The handheld portable device reliably captured albumin-dominated Raman
spectra from both serum and plasma. When combined with AuNPs, SERS amplification revealed additional weak
spectral bands, presumably from low-abundance biomolecules otherwise masked by dominant protein signals,
resulting in an average signal increase of 67 %. These findings demonstrate that portable SERS-based Raman
spectroscopy can uncover subtle biochemical information from complex, unfiltered samples, supporting its utility
for future real-time biomarker monitoring in resource-limited environments such as spaceflight.

Raman spectroscopy

1. Introduction

In situ health monitoring is a critical need for future exploration-
class space missions. Astronauts on these missions will be increasingly
isolated from terrestrial medical infrastructure and subjected to unique
stressors, including ionizing radiation, altered gravity, and confinement
(Patel et al., 2020). The ability to perform onboard biological assess-
ments would support detection of health issues and inform medical
decisions without the need to return samples to Earth. Currently, blood
samples collected on the International Space Station (ISS) are frozen and
returned for post-mission analysis, highlighting a significant gap in the
capacity for real-time physiological monitoring.

Among candidate technologies, Raman spectroscopy is attractive due
to its ability to provide non-destructive, label-free chemical analysis

with minimal sample preparation. Raman spectroscopy detects inelastic
scattering of monochromatic light, which generates a molecular
fingerprint based on vibrational energy transitions (Smith et al., 2004).
In biological systems, it has been used to characterize cells, tissues, and
biofluids, including blood (Volkov et al., 2022; Atkins et al., 2017).
However, conventional Raman spectroscopy suffers from low sensitivity
due to the inherently weak scattering process. This limitation can be
overcome by surface-enhanced Raman scattering (SERS), a technique
that uses metal nanoparticles, commonly gold (AuNPs) or silver, to
amplify Raman signals by orders of magnitude (Sharma et al., 2012).
Numerous studies have already demonstrated the utility of both Raman
and SERS for blood biomarker detection (Milan et al., 2022; Aldosari,
2022). For instance, prior work has used these techniques to identify
molecular changes in blood associated with cancer (Neugebauer et al.,

Abbreviations: SERS, Surface-enhanced Raman spectroscopy; SORS, Spatially offset Raman spectroscopy; NP, Nanoparticle; AuNP, Gold nanoparticle.

* Corresponding author.
E-mail address: hayley.n.brawley.ctr@health.mil (H.N. Brawley).

! Present address: Clinical and Operational Space Medicine Innovation Consortium, 59th Medical Wing Science & Technology, Lackland Air Force Base, Texas.

https://doi.org/10.1016/j.1ssr.2025.11.013

Received 8 July 2025; Received in revised form 23 November 2025; Accepted 26 November 2025

Available online 27 November 2025

2214-5524/© 2025 Committee on Space Research (COSPAR). Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training,

and similar technologies.

Please cite this article as: Hayley N. Brawley et al., Life Sciences in Space Research, https://doi.org/10.1016/j.1ssr.2025.11.013



https://orcid.org/0000-0001-8466-408X
https://orcid.org/0000-0001-8466-408X
https://orcid.org/0000-0001-8694-0180
https://orcid.org/0000-0001-8694-0180
https://orcid.org/0000-0001-9313-7900
https://orcid.org/0000-0001-9313-7900
mailto:hayley.n.brawley.ctr@health.mil
www.sciencedirect.com/science/journal/22145524
https://www.elsevier.com/locate/lssr
https://doi.org/10.1016/j.lssr.2025.11.013
https://doi.org/10.1016/j.lssr.2025.11.013

H.N. Brawley et al.

2010), anemia (da Silva et al., 2019), diabetes (Birech et al., 2017), and
other physiological states. Thus, neither SERS nor portable Raman
instrumentation is novel in the context of blood analysis.

Nonetheless, spaceflight-relevant adaptations of these techniques
remain limited. Most prior work has relied on benchtop Raman systems
and controlled laboratory conditions, often requiring filtered samples,
extended incubation, or complex substrates. Furthermore, no current
Raman or SERS instrumentation is deployed on the ISS for biomedical
use. Given this gap, there is growing interest in evaluating whether
portable Raman devices — especially those with integrated SERS capa-
bility — can be adapted for low-volume, real-time analysis in austere
environments such as spacecraft.

Portable Raman systems face several practical challenges: limited
spectral resolution and power compared to benchtop systems, incon-
sistent sample-laser alignment, and poor reproducibility of signal
enhancement in complex matrices like blood (Wang et al., 2022). Hor-
izontal sampling geometries typical of handheld systems can introduce
additional variability, especially when analyzing liquids, as surface
fluctuations affect focal alignment (Sun et al., 2020). Moreover,
protein-rich fluids like plasma and serum often mask low-abundance
signals and suppress enhancement effects unless samples are pre-
treated or filtered (Bonifacio et al., 2014).

This study was designed as a preliminary investigation into these
challenges. We evaluated a commercially available handheld Raman
spectrometer (Agilent Vaya™) that employs spatially offset Raman
spectroscopy (SORS), a modality that improves signal acquisition by
probing deeper into the sample and minimizing surface interference
(Esparza et al., 2019). Our objective was twofold: (Patel et al., 2020) to
assess whether SERS signal enhancement could be achieved in unpro-
cessed human serum and plasma using gold nanoparticles under
simplified, spaceflight-relevant conditions including no filtration, min-
imal sample volume, limited mixing, and no extended incubation, and
(Smith et al., 2004) to evaluate whether a portable Raman system could
reliably capture biomolecular signatures in blood components using a
simplified workflow. While this study was conducted terrestrially, it
parallels the operational constraints encountered during spaceflight and
serves as an early-stage evaluation of the potential for in situ blood
analysis aboard spacecraft. By characterizing spectra with and without
SERS, we aimed to determine whether this combined approach could
provide meaningful, real-time physiological readouts suitable for future
space medicine applications.

2. Materials and methods
2.1. Subjects and blood collection

This protocol was reviewed and approved by the NASA Institutional
Review Board and all subjects provided written informed consent prior
to participation. Eight healthy, non-smoking adult participants (3 fe-
males, 5 males) provided a non-fasting blood sample twice, approxi-
mately two weeks apart. During phlebotomy, blood samples (8 mL at
each session) were collected into appropriate tubes (1x 3 mL K2-EDTA
(BD Vacutainer) and 1x 5 mL serum separator (BD Vacutainer)) and
processed to yield whole blood, plasma, or serum. Specimens were ali-
quoted into sterile cryovials (Fisher Scientific) and frozen at —80 °C until
tested.

2.2. Nanoparticle synthesis

Gold (II) chloride trihydrate (HAuClyx3H20), trisodium citrate
(NagCgHs07x2H50), and phosphate buffered saline (PBS) were pur-
chased from Sigma-Aldrich (St. Louis, MO). A 0.5 % gold (III) chloride
solution was prepared with deionized water (DiH50), and a 1 % triso-
dium citrate was prepared fresh with DiH,0. AuNPs were synthesized
similarly to a previously published method (Esparza et al., 2019).
Briefly, 100 pL of 0.5 % gold (III) chloride solution to 4.9 mL of DiH0;
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this solution was brought to a boil while stirring on a magnetic hot plate.
Once boiling, ~40 pL of 1 % trisodium citrate solution was added to the
mixture while still stirring. The reaction was allowed to go to completion
(i.e., no further color change), and boiling continued for an additional
10 min. The colloidal gold was cooled to room temperature (RT) and
then centrifuged at 3000xg for 30 min. The pellet was resuspended in 5
mL of 10 mM PBS pH 7.4 (Esparza et al., 2019). Absorbance of the
AuNPs was confirmed by UV-Visible spectroscopy (SpectraMax Plus
384, Molecular Devices, San Jose, CA). Peak absorbance near 540 nm
(Figure S1) indicates presence of monomeric nanoparticles with an
approximate size of 55 nm.

2.3. Sample preparation

To validate the handheld Raman spectrometer’s ability to accurately
measure the Raman spectra of biomolecules, citric acid was chosen due
to its key role in the Krebs cycle (Nelson et al., 2017), its high concen-
tration in cells and blood (lacobazzi et al., 2014; Parkinson et al., 2021),
and its well-documented Raman signature (Huang et al., 2013). Citric
acid monohydrate (Sigma-Aldrich, St. Louis, MO) was used to prepare
several concentrations of citrate solutions diluted with 18 mQmcm ul-
trapure water (Milli-Q, Millipore, Billerica, MA). A 100 mg/mL solution
of bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) was pre-
pared in ultrapure H,O.

Citrate standard-nanoparticle solutions were prepared in glass vials
(Agilent Technologies, Santa Clara, CA) by diluting the citrate standard
to the desired final concentration with 4x volume of nanoparticle solu-
tion to a total volume of 1 mL. Solutions were rapidly vortexed to pre-
vent nanoparticle aggregation and a Raman spectrum obtained shortly
thereafter.

Sample-nanoparticle solutions were prepared in glass vials (Agilent
Technologies, Santa Clara, CA) by diluting serum or plasma samples
with 2x volume of nanoparticle solution to a total volume of 1 mL.
Control blood solutions were prepared by diluting serum or plasma
samples with 2x volume of ultrapure H,O to a final volume of 1 mL.

For this study, minimal sample processing refers to the absence of
pre-filtration, centrifugation beyond routine serum/plasma separation,
or incubation steps commonly used in SERS workflows to enhance
nanoparticle-analyte interaction. Samples were mixed by vortexing for
~10 s and analyzed immediately.

2.4. Raman instrumentation

All measurements were performed using the Agilent Vaya™ hand-
held Raman spectrometer (Agilent Technologies, Santa Clara, CA)
equipped with an 830 nm excitation laser (450 mW power with an
approximate 2.5-3.0 mm beam spot size). A vendor-specific vial adapter
and glass vials (4 mL capacity) were utilized to perform all measure-
ments and provided a contained laser setup. Based on limited blood
sample and AuNPs volume, we tested the lowest volume required to
achieve a detectable, high-fidelity signal with the glass vial and adapter
setup (i.e., where the vertical positioning of the incident laser would still
reach the sample to produce reproducible scattering. Differing volumes
(0.5, 1, 2, and 4 mL) of 50 mM citrate were measured.

Spectra were collected using the glass vial adapter in offset mode
(0.6 mm offset) with fixed exposure and scan times. By default, the glass
vial adapter collects offset spectra only; zero (conventional Raman)
spectra are not acquired unless separately programmed. Both a zero
spectrum and an offset spectrum are necessary to leverage the SORS
modality. This offset-only method was employed for all subsequent
scans, so the SORS functionality was not used in this experiment. The
device’s spectral range was 350-2000 cm™, with each scan lasting
approximately 50 s. A system check was performed before and after each
batch of scans to ensure instrument performance.
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2.5. Spectral processing

All spectral processing was performed in MATLAB R2024b (Math-
works, Natick, MA) by importing csv files from the handheld Raman
spectrometer. When replicate offset spectra were collected for a sample,
spectra were averaged to prepare one representative spectra. All spectra
are presented as wavenumber (cm’l) vs. intensity in arbitrary units (a.
w.).

A baseline adjustment was performed on applicable datasets such
that the minimum value was subtracted from all data points of the in-
dividual, raw offset spectra, thereby providing a baseline of zero for
comparison. These baseline-adjusted spectra are referred to as “offset
spectra” within the text.

To assess for enhancement effects due to SERS, we used a two-step
process that involved linear regression and then subsequent baseline
adjustment. Initially, we selected a specific range of the data where the
baseline was assumed to be approximately linear (typically 750-1000
em™). Within this selected range, a linear regression model was fit to
estimate the baseline using MATLAB’s “polyfit” function. The estimated
linear baseline was then subtracted from the entire dataset to remove
baseline drift. Then, to normalize the data, we calculated the minimum
value of the baseline-corrected dataset and subtracted this value from all
data points. This final step ensured that the minimum value of the cor-
rected data was set to zero. The resulting baseline-corrected data is
referred to herein as “offset, baseline corrected” spectra.

Integrated spectral counts were calculated using numerical integra-
tion with the “trapz” function in MATLAB. Offset, baseline-corrected
spectra were integrated over specific Raman shift ranges (as detailed
in figure captions), and comparisons were visualized in GraphPad Prism
10.3.1 (GraphPad Software, Boston, MA). Signal enhancement due to
the presence of nanoparticles was expressed as percent differences in
integrated counts since the precise number of molecules contributing to
each signal could not be determined and all acquisition parameters held
constant between measurements.

3. Results
3.1. Validating the handheld Raman spectrometer

Raman spectra were collected for an empty 4 mL glass vial, 3.6 g
crystalline citric acid, and 4 mL of a 500 mM aqueous citrate standard

(Fig. 1). The spectra of crystalline citric acid displayed sharp, intense
peaks, notably different from the glass background. In contrast, the
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aqueous citrate solution exhibited broader spectra due to strong
hydrogen bonding in water, which disperses vibrational frequencies
(Ojha et al., 2018). The prominent citrate peaks, in both solid and
aqueous forms, were those observed at 800 em’! (795 ecm™ in solid) and
942 cm’l. The mode near 800 cm™ is typically attributed to the C—C
stretching vibration, and the mode around 942 em™ is associated with
the C—O stretching vibration, particularly involving the carboxylate
groups (-COO) in the citrate ion (Tarakeshwar et al., 1994).

Raman signal generally correlates with concentration (Huang et al.,
2013), and thus to assess fidelity of the handheld Raman spectrometer,
we determined the linearity of citrate standards. Intensity of the Raman
signals associated with citrate increased with the number of molecules
in solution (Fig. 2A). Correlation of the two identified Raman peaks’
signals and concentration was > 0.98 between 3.125 and 100 mM
(Fig. 2B). This linear relationship can be affected by factors such as
signal saturation, fluorescence, and molecule aggregation (Smith et al.,
2004).

Volumes of >1 mL produced consistent spectra with <6 % coefficient
of variation (CV) after offset and baseline correction in the 760-1000
cm range (Figure S2). The 0.5 mL sample’s spectrum resembled that of
the glass vial alone (Figure S2 vs. Fig. 1). Consequently, a minimum
working volume of 1 mL was selected for further AuNP experiments.
Additionally, replicate spectra of citrate standards demonstrated a %CV
of <1 %.

3.2. Detecting SERS enhancement with the handheld Raman spectrometer

AuNPs were vortexed with 50 mM citrate at a 4:1 ratio with AuNPs in
excess, and the Raman spectra captured quickly thereafter. This mixture
ratio was selected to maximize interaction sites, attempt uniform
coverage, and prevent aggregation. While SERS enhancement is not
uniform across the entire Raman spectrum due to the nature of the
electromagnetic and chemical enhancement mechanisms involved,
enhancement due to SERS was observed for both dominant citrate peaks
(Fig. 3A). Although citrate was used as the reducing agent in the AuNP
synthesis, we observed negligible Raman signal in AuNPs alone
(Fig. 3A), indicating minimal interference from residual surface-bound
citrate in the absence of free citrate in solution. Therefore, signal
enhancement observed in citrate-AuNP mixtures is attributable to added
citrate standards, not residual citrate from nanoparticle preparation.
Enhancement was subsequently quantified for each peak (Fig. 3B), with
a resulting increase in signal of 26-30 %. When this experiment was
repeated with 16.7 and 20 mM citrate, enhancement was again

3000

2500

2000

1500

Intensity (a.u.)

-

i \ |

fi Moo i

1000 -} i A | Vool i

A al Pl |

I\ T L2 T A I

Y, Voo Vi AN i

500~ ~ W ‘\w-" \ ;’ ‘.\,,' v \‘ \

0 Lot | I | ! A

400 600 800 1000 1200 1400 1600 1800 2000

Wavenumber (cm'1)

Fig. 1. Raman signal from citrate and vial materials. offset Raman spectra of an empty glass vial (orange, dotted), 500 mM citrate in a glass vial (black, solid), and
3.6 g citric acid monohydrate crystalline solid in a glass vial (blue, dashed). Spectra of the crystalline solid citric acid has been reduced by a factor of 10.
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linear regression of integrated counts for the 800 cm™? (black, dashed) and 942 cm™ peaks of citrate (grey, solid).

achieved, albeit to different levels (Table S1). Across all three experi-
ments, the C—C stretching mode at 800 cm™! demonstrated greater
enhancement than did the C—O stretching mode at 942 cm™, suggesting
selective enhancement of specific vibrational modes (Moskovits, 1985).

Additionally, citrate standards were incubated for 1 and 2 hr at room
temperature without agitation following initial mixing. After rapidly
vortexing prior to re-measurement, the average signal enhancement
amongst the two citrate peaks (across two standards) was 22 % and 77 %
for 1- and 2-hr incubations, respectively (data not shown). However,
there were no discernible trends correlating incubation time with signal
enhancement as enhancement of 26-83 % was observed without
incubation.

3.3. Blood profiling using the handheld Raman spectrometer

Limited differences in spectral features were observed in serum
spectra, whereas spectral features varied, both in observation and in-
tensity, amongst the individual plasma spectra (Fig. 4A and B). Due to
blood volume constraints, whole blood was pooled from the eight in-
dividuals in order to obtain a large enough volume to sample. The in-
dividual sera and plasma spectra were averaged to give representative
serum and plasma spectra and are compared to whole blood (Fig. 4C).
Isolated hemoglobin has been well characterized using Raman spec-
troscopy (Hu et al., 1996), and even oxygenated vs. deoxygenated he-
moglobin has been distinguished using this technique (Brunner et al.,
1972). The Raman signal from the pooled whole blood was weak, but
spectral features reminiscent of hemoglobin (at 567, 754, 1582, and
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Fig. 3. SERS enhancement of citrate with AuNPs. (A) Offset, baseline corrected Raman spectra of 50 mM citrate with (blue, dashed) or without AuNPs (black, solid)
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mM citrate standard with and without AuNPs measured rapidly after mixing. Percent enhancement expressed as percent difference compared to standard is overlaid.

1639 cm™!) were observable.

The averaged blood component spectra were compared to that of
bovine serum albumin (BSA) (Fig. 4C). Albumin is a hepatic protein that
is important in maintaining vascular oncotic pressure while transporting
hormones, vitamins, and other substances throughout the bloodstream.
It is the most abundant protein in human blood plasma and has been
well characterized via Raman spectroscopy (Artemyev et al., 2016). The
BSA Raman spectrum mirrored that of literature with distinct peaks at
the amide I band (~1655 crn'l), the CH, deformation band (~1447
cm’l), the phenylalanine band (~1002 cm'l), and the tyrosine doublet
(~828 and 850 cm ™) (Spedalieri et al., 2023). Both the averaged serum
and plasma spectra showed similarity to this standard, suggesting that
these spectra are likely dominated by albumin.

3.4. Detecting SERS enhancement within blood components

Lastly, AuNPs were mixed with serum and plasma samples from one
individual, and the resulting spectra were compared to those of the same
samples diluted with ultrapure H,O (Fig. 5). After applying offset and
baseline correction, the SERS enhancement was quantified in the

approximate carotenoid/amino acid (830-1300 ecm™) and amide band
(1400-1800 cm™) regions. For serum, Raman signal intensity increased
by 50 % in the carotenoid/amino acid region and 41 % in the amide
region relative to the control without AuNPs. For plasma, enhancement
was 68 % in the amino acid region and 107 % in the amide region. The
strong enhancement observed in the amide region of plasma corre-
sponds to the appearance of previously undetectable low-abundance
molecular features, suggesting that AuNPs facilitated selective amplifi-
cation of protein- and peptide-associated vibrations. Across the four
measurements, signal increases ranged from 41 to 107 %, corresponding
to an average enhancement of ~67 %.

5. Discussion

This project served as a preliminary investigation into the feasibility
of using a handheld Raman spectrometer with and without surface-
enhanced Raman spectroscopy (SERS) to detect blood biomolecular
signatures, under simplified conditions that mirror constraints encoun-
tered in spaceflight. A key goal was to determine whether signal
enhancement could be achieved with minimal sample preparation, no
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filtration, limited incubation, and using a contained laser setup, specif-
ically the vial and adapter system unique to the Agilent Vaya™ hand-
held Raman spectrometer. This configuration mitigated horizontal
sampling challenges by ensuring consistent sample positioning and laser
focus (Sun et al., 2020).

The study began by validating the handheld device’s performance
with well-characterized standards, including citric acid in solid and
aqueous forms. Raman spectra obtained using the device’s 830 nm
excitation laser were comparable to those obtained using traditional
confocal Raman spectroscopy with a 785 nm laser (Huang et al., 2013).
Slight spectral differences are attributed to variations in chemical

formulation of the standards, differences in instrumentation parameters,
and/or distinct substrates affecting optical interference. A linear con-
centration dependence of the citrate peaks confirmed the instrument’s
reliability for quantitative measurements. Furthermore, repeatability of
spectra collected from the same solution was high, with peak intensity
variations typically <1 % CV, consistent with findings in similar hand-
held Raman systems (Thayer et al., 2019).

We next evaluated whether SERS enhancement could be reliably
detected with this device using AuNPs. Gold nanoparticles were selected
over silver due to their greater stability, oxidative resistance, ease of
surface functionalization, and favorable control over morphology
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difference is overlaid.

during synthesis (Daniel et al., 2004). When mixed with citrate stan-
dards of three different concentrations, the AuNPs consistently
enhanced Raman signals, with magnitudes ranging from 26 % to 83 %,
depending on concentration. These percent differences, while modest
relative to typical SERS enhancement factors (which often range from
10° to 10 in optimized systems), are consistent with ensemble-averaged
measurements in biological fluids where only a small subset of mole-
cules interacts directly with nanoparticle "hot spots”. The variability in
enhancement is likely attributable to factors such as nanoparticle ag-
gregation, heterogeneity in size and shape, and dynamic interactions
with the local chemical environment (e.g., pH, ionic strength, competing

solutes) (Wustholz et al., 2010; Kurouski et al., 2016; Pellegrino et al.,
2005), all of which influence plasmonic resonance and hotspot forma-
tion. Importantly, control experiments confirmed that the AuNPs
themselves did not contribute to the background signal, supporting the
conclusion that observed signal increases were due to SERS amplifica-
tion rather than additive spectral contributions.

We tested two nanoparticle-to-analyte mixing ratios (4:1 for citrate,
2:1 for blood samples) based on a review of existing literature (Chen
et al., 2019) and the practical constraints of limiting AuNP volume.
Enhancement was observed in both scenarios, demonstrating that even
rapid vortexing immediately before acquisition, without incubation,
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could produce detectable and reproducible enhancement. This finding
has significant implications for spaceflight applications, where time and
resource constraints demand minimal sample handling. Further studies
are required to identify the minimal excess ratio of nanoparticles to
sample that maximizes efficiency, ensuring the least possible sample
usage, while still achieving optimal enhancement.

When applied to unfiltered serum and plasma samples, the handheld
spectrometer captured dominant protein features, primarily from albu-
min. This success is attributed to the use of the 830 nm near-infrared
excitation, which reduces fluorescence from biological matrices and
minimizes photodamage. While the degree of enhancement varied be-
tween individuals and sample types, we observed consistent amplifica-
tion of spectral features, particularly within the amide band region
(1500-1800 cm™). These findings are noteworthy in light of Bonifacio’s
study (Bonifacio et al., 2014), which concluded that negligible
enhancement could be observed in unfiltered plasma or serum using Ag
or Au colloids, even after extended incubation. In contrast, we observed
clear enhancement without filtration or incubation, likely due to the
higher AuNP-to-sample ratio, rapid mixing, and the use of an 830 nm
excitation laser with an offset collection geometry. Both studies found
spectra dominated by proteins, reinforcing that Raman profiles of blood
components are highly influenced by their most abundant molecular
species.

Unlike classical SERS workflows that emphasize filtration, incuba-
tion, or immobilization of analytes on engineered substrates to maxi-
mize enhancement, our approach intentionally omits these steps to
reflect operational constraints. Traditional methods optimize repro-
ducibility and achieve higher enhancement factors, but they rely on
controlled bench conditions and are impractical for rapid, in situ mea-
surements. The observation of measurable enhancement in unfiltered
serum and plasma under immediate-mixing conditions therefore dem-
onstrates that meaningful biochemical information can still be recov-
ered without the complex preprocessing typically required for SERS.
This distinction reframes our workflow not as a simplified substitute, but
as an adaptation of Raman methodology designed for resource-limited
biomedical monitoring environments such as spaceflight.

In pooled whole blood, signal intensity was weak and primarily
attributable to hemoglobin. This likely resulted from the high laser
power (450 mW), which may have induced sample degradation, as he-
moglobin is known to be sensitive to thermal denaturation above 2 mW
excitation (Lemler et al., 2014). Nevertheless, detectable features
consistent with hemoglobin’s Raman profile were present. In future
studies, using lower-power excitation or cooling stages may preserve the
native structure of thermally sensitive proteins.

Importantly, mixing AuNPs with plasma or serum revealed spectral
features that were previously undetectable without enhancement. The
enhancement was more pronounced in the amide region than the
carotenoid/amino acid band, suggesting selective amplification of
certain vibrational modes. This is consistent with the known mecha-
nisms of SERS: localized surface plasmon resonance generates highly
concentrated electromagnetic fields at the nanoparticle surface, ampli-
fying Raman scattering from nearby molecules (Sharma et al., 2012).
Additionally, charge transfer interactions and adsorption to the nano-
particle surface further increase analyte signal (Hermanson, 2013; Nie
et al., 1997).

Although SERS and portable Raman devices have been extensively
studied for blood analysis in terrestrial settings, no such systems have
been used aboard the ISS. Nevertheless, in situ biomarker detection is
critical for long-duration missions. Emerging biosensors and lab-on-chip
systems (Reinsch et al., 2022; Rabbow et al., 2006) offer promising
platforms for onboard health monitoring, but are not currently standard
for medical diagnostics in space. Likewise, innovations in plasmonic (Li
et al., 2025) and fiber-optic (Liu et al., 2023) biosensors highlight the
rapid convergence of miniaturization, plasmonic enhancement, and
high-sensitivity molecular recognition. Such technologies exemplify the
direction of next-generation onboard biosensing, where fiber-integrated
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or SERS-enabled optics could permit real-time physiological monitoring
in resource-limited environments. Portable, SERS-enabled Raman sys-
tems could play a complementary role in this emerging landscape. By
demonstrating quantifiable signal enhancement in unfiltered serum or
plasma samples with minimal processing, we provide evidence that
compact, non-destructive devices may capture biologically meaningful
signatures under operational constraints. Future work will need to
explore the use of functionalized nanoparticles to target specific bio-
markers, such as those associated with oxidative stress, immune
response, or nutrient metabolism, while adapting the vial system for
smaller volumes or blood-spot analysis (< 1 mL) to enhance practicality
for space missions where blood draws are limited.

SORS, or spatially offset Raman spectroscopy, refers to a collection
geometry in which the excitation and collection points are laterally
displaced to enable deeper subsurface sampling. Although the Agilent
Vaya™ device is capable of performing SORS, the adapter used in this
study employs a fixed offset configuration and not true SORS. This may
have limited the depth of signal collection and contributed to the loss of
weaker Raman features. Future work will be required to validate full
SORS functionality with this adapter to determine whether deeper signal
acquisition improves sensitivity in complex biological fluids. Together
with the small sample size and high excitation power required for
handheld operation, these constraints represent typical limitations of an
initial feasibility study rather than intrinsic shortcomings of the
technique.

5. Conclusion

This study serves as a foundational investigation into the feasibility
of using portable, SERS-enabled Raman spectroscopy for blood profiling
under conditions relevant to spaceflight. By validating a portable,
handheld Raman spectrometer for the analysis of human serum and
plasma, we demonstrated that quantifiable signal enhancement is
achievable using AuNPs, even in unfiltered samples and with minimal
mixing or incubation. The ability to detect key spectral features,
particularly in the amide region, highlights the potential of this
simplified workflow to capture biologically meaningful signatures.
These results not only support the use of AuNPs to amplify Raman sig-
nals in complex fluids but also show that enhancement can be achieved
under conditions suitable for real-time, in situ biomarker monitoring. As
current spaceflight operations lack onboard blood analytics, this
approach represents a step toward enabling autonomous health di-
agnostics in space and other resource-limited environments. Future
studies should focus on targeting specific biomarkers of physiological
relevance and adapting this system for smaller volumes to further
enhance its applicability in space medicine.
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