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Titaniumnitride (TiN) is presented as an alternative plasmonic nanomaterial to the

commonly usedgold (Au) for its potential use in laser rewarming of cryopreserved

biomaterials. The rewarming of vitrified, glass like state, cryopreserved

biomaterials is a delicate process as potential ice formation leads to

mechanical stress and cracking on a macroscale, and damage to cell walls

and DNA on a microscale, ultimately leading to the destruction of the

biomaterial. The use of plasmonic nanomaterials dispersed in cryoprotective

agent solutions to rapidly convert optical radiation into heat, generally supplied by

a focused laser beam, proposes a novel approach to overcome this difficulty. This

study focuses on the performance of TiN nanoparticles (NPs), since they present

high thermal stability and are inexpensive compared to Au. To uniformly warm up

the nanomaterial solutions, a beam splitting laser system was developed to heat

samples from multiple sides with equal beam energy distribution. In addition,

uniform laser warming requires equal distribution of absorption and scattering

properties in the nanomaterials. Preliminary results demonstrated higher

absorption but less scattering in TiN NPs than Au nanorods (GNRs). This led to

the development of TiN clusters, synthetized by nanoparticle agglomeration, to

increase the scattering cross-section of the material. Overall, this study analyzed

the heating rate, thermal efficiency, and heating uniformity of TiN NPs and

clusters in comparison to GNRs at different solution concentrations. TiN NPs

and clusters demonstrated higher heating rates and solution temperatures, while

only clusters led to a significantly improved uniformity in heating. These results

highlight a promising alternative plasmonic nanomaterial to rewarm

cryopreserved biological systems in the future.
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1 Introduction

Cryopreservation is an important method to preserve a range

of biological systems for various applications, including for

biodiversity preservation (Jang et al., 2017). This thermal

process preserves living cells (Meryman, 2007), plants (Benson,

1999), germplasm of animals (Mazur, Leibo and Seidel, 2008), and

transplantable organs (Finger and Bischof, 2018) tomention some.

Cooling down biological samples to a cryogenic temperature range

(sub—140°C), cryopreserves them without damaging ice

formation to the glass like vitrified state. Ice formation occurs

in a two-stage nucleation, then grows during cooling, known as

freezing, or upon warming, known as devitrification. Ice is

mitigated by cryoprotective agents (CPAs), aqueous solutions of

organic solvents (methanol, propylene glycol, dimethyl sulfoxide),

salts (osmotic balance), and sugars (nutrients). CPAs protect vital

structures by decreasing the rate of cooling or warming to prevent

the formation of ice (Rajan and Matsumura, 2018; Chang and

Zhao, 2021). Preserving samples at low temperatures allows for

storage over prolonged periods of time, due to negligible metabolic

processes functioning at these temperature ranges. Also, it allows

to store multiple samples of one biological system creating a stock

with ease of access, as seen in the fields of cell research (Yokoyama,

Thompson and Ehrhardt, 2012).

Biological samples, ranging from droplets to organs, have

successfully cryopreserved in a vitrified state maintaining their

functional properties intact (Fahy et al., 1984; Daly et al., 2018;

Khosla et al., 2020). This process needs CPAs at different

concentrations, 0%–50% w/w, depending on the size of the

sample, to assist with the cooling process which ranges from

few thousands to few hundreds °C/min, respectively (Han and

Bischof, 2020). The concentration of CPAs correlates to the

critical cooling rate (CCR), needed to avoid ice formation,

and the critical warming rate (CWR). The CWR ranges from

101 to 1012°C/min, which roughly correlates to a 101–104°C/min

CCR, for biological samples ranging in size from organs (L) to

droplets (μL), respectively (Han and Bischof, 2020). This study

extrapolated data from higher CPA measurements. Recently

Kangas et al. (2022), measured the CWR via laser calorimetry

in microliter (μL) droplets of low CPA concentrations, 20 to

40 wt%. This study found that the CWR and CCR range from

0.4 × 105–107°C/min and ~104–105°C/min, respectively. With

higher CPA concentrations this process needs lower cooling

rates, but the toxicity increases to different degrees (Fahy

et al., 1984; Rall and Fahy, 1985; Martino, Songsasen and

Leibo, 1996; Hagedorn et al., 1998; Khosla et al., 2017, 2018;

Han and Bischof, 2020), depending on the biological samples

(Clark, Fahy and Karow, 1984; de Vries et al., 2019). For

convective cooling, such as submerging in liquid nitrogen

(LN2), decreasing the total volume and thickness increases the

CCR, requiring less CPA and resulting in less toxicity.

Rewarming of small volumes remains a challenge as

vitrification at low CPA concentrations is possible (Khosla

et al., 2018). The rate and uniformity of rewarming from the

cryogenic state results in viability, physical and functional, of the

biological system.

Successfully rewarming a cryopreserved biological system

requires warming rates orders of magnitude above the cooling

rate, without temperature gradients. For example, mouse oocytes

have vitrified and successfully rewarmed at rates ranging from

95 to 70,000°C/min and 610 to 118,000°C/min, respectively

(Mazur and Seki, 2011). However, rewarming at high rates in

the μL scale with low CPA concentrations benefit from the use of

plasmonic nanomaterials, which absorb energy from a laser

source and distribute it uniformly to avoid crystallization

(Khosla et al., 2018; Han and Bischof, 2020). For example,

Gold (Au) plasmonic nanoparticles (NPs) rewarmed vitrified

biomaterial droplets and achieved warming rates up to

10,000,000°C/min, using a 1,064 nm pulsed laser in the

millisecond (ms) range, with an average energy of 3 J (Khosla

et al., 2018, 2020; Liu, 2020).

The absorption and scattering properties of a plasmonic

nanomaterial serve as a crucial factor in achieving high and

uniform heating rates. Tunable fabrication of Au nanomaterials

facilitates the manipulation of scattering to absorption ratio,

which makes them leading materials and widely used in this

field of laser nanowarming (Qin and Bischof, 2012; Qin et al.,

2016; Liu, 2020). For example, gold nanorods (GNRs) offer

superior absorption and scattering properties at small sizes,

and more specifically, in the near infrared (NIR) window (Jain

et al., 2006). However, the use of Au nanomaterials requires

fabrication of complex shapes like rods or shells (Oldenburg

et al., 1999; Tsai et al., 2013), in order to achieve absorption in the

NIR light for biological applications. Furthermore, Au NPs

present poor thermal stability compared to other plasmonic

materials and the complex shapes needed to absorb NIR light

sometimes experience overheating and reshaping (Puértolas

et al., 2015; Wei et al., 2015; Cavigli et al., 2021). This

disadvantage correlates to the relatively low melting point of

Au (1,000°C), which significantly reduces when nanostructured

into complex shapes as a consequence of melting point

depression (Jiang, Zhang and Zhao, 2003). Additionally,

GNRs often require enhancement of their absorption

coefficient in order to improve their photothermal efficiency

(Sivapalan et al., 2012, 2013). This is due to their high scattering

cross-section, compared to other materials (Ni et al., 2008; He

et al., 2010), having an impact on the absorption capacity of

GNRs solutions, such as in CPA solutions.

In the recent years, titanium nitride (TiN) emerged as a

plasmonic material with good refractory and metallic properties.

Several investigations, focused on the optical properties of

sputtered TiN thin films, confirmed that this material

supports localized surface plasmon resonance in the visible

and NIR part of the spectrum (Naik et al., 2012; Naik,

Shalaev and Boltasseva, 2013; Li et al., 2014). Most recently,

TiN successfully produced in nanoparticle form, thus extending
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its range of applicability to applications currently limited to gold

and silver (Alvarez Barragan et al., 2017; Berrospe Rodriguez

et al., 2020). In particular, Alvarez Barragan et al. (2017)

combined optical characterization and ab-initio modeling to

conclusively confirm the plasmonic nature of the NIR

absorption band in TiN NPs. Furthermore, TiN NPs present a

thermal stability up to 900°C (Alvarez Barragan et al., 2019;

Berrospe Rodriguez et al., 2020).

This study examined TiN as an alternative to Au as it is

inexpensive, more reliable, and a simpler plasmonic nanomaterial

to achieve rapid and uniform photothermal warming for

cryopreservation applications in the future. A comparative study

between TiN NPs and GNRs as photothermal agents was performed

by means of a thermometry method. A continuous wave (CW) laser

beam, divided intomultiple beamswith the same laser energy, heated

solutions at different concentrations. Amultiple thermocouple setup,

distributed equally within the plasmonic nanoparticle solutions,

obtained the heating rate and heat distribution along different

solution volumes. These results are discussed through the

comparison of the absorption and scattering properties between

GNRs and TiN NPs. Furthermore, TiN NPs were assembled into

spherical clusters by using a reverse emulsion method (Liu et al.,

2015) to increase its scattering cross-section and achieve a uniform

heat distribution on the solution to enhance the photothermal

efficiency (Liu, 2020). Finally, as a proof of concept, a 1 μL CPA-

TiN NPs droplet successfully laser nanowarmed with no evidence of

devitrification or cracking.

2 Experimental Details

2.1 Synthesis and characterization of
nanomaterials

The TiN NPs used in this study were purchased from U.S.

Research Nanomaterials Inc. with a high purity of 99.2%, a cubic

crystalline structure, and an average particle size of 50 nm (see

Figure 1A). The NPs show a clear plasmonic resonance in the

NIR region with a plasmonic peak at 800 nm.

The TiN clusters were synthetized from the commercial TiN

NPs using a reverse emulsion method (Liu et al., 2015, 2021). In a

typical assembly, 0.5 mL of TiN NPs solution (20 mg/mL) was

added into 5 mL of n-butanol solvent. The mixture was

emulsified by sonication for 30 s to achieve agglomeration of

FIGURE 1
TEMmicrographs and optical density (OD). (A) Commercial TiN NPs with cubic crystalline structure and average particle size of 50 nm. (B) TiN
clusters fromNPs agglomeration using reverse emulsionmethod, with average particle size of 300 nm. (C)OD spectrum of TiN NPs and TiN clusters
centered at λ= 800 nm. (D) OD spectrum of GNRs with a plasmonic peak at λ= 808 nm.
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particles. The obtained clusters were washed with ethanol once and

redispersed in 5 mL of ethanol. This resulted in clusters with the

particle distribution size of 300 nm, as demonstrated in the

Figure 1B SEM micrograph. Figure 1C shows the OD spectrum

for TiN NPs and TiN clusters. Both spectra are centered at λ =

800 nm and there is no shift in the plasmonic peak of the clusters

due to nanoparticle agglomeration. However, the OD is 0.5 for TiN

clusters, which decreased 50% compared to TiN NPs.

The GNRs (A12-25-808-CTAB) used in this study were

purchased from Nanopartz, with an OD of 1 at the plasmonic

peak (808 nm) for a concentration of 50 μg/mL (see

Figure 1D). The dimensions of the rods are 25 nm in

diameter and 90 nm in length. These dimensions make a

fair comparison to the TiN NPs presented in this study and to

the GNRs already investigated for laser induced warming in

Zebrafish embryos (Khosla et al., 2017, Khosla et al.,2020).

The TiN NPs and GNRs are in the same magnitude of

volume. Additionally, the extinction cross-section of these

GNRs matches the laser excitation of our laser and the

nanorod effective radius, ~ 22.7 nm, provides an increase

in the ratio of scattering to absorption, which uniform

warming requires (Jain et al., 2006; Liu et al., 2020).

2.2 Photothermal thermometry setup

The setups used to perform photothermal thermometry

measurements using one laser beam (1LB) and four laser

beams (4LB) are shown in Figures 2A,B, respectively. In both

cases, a z-micro stage displaced a mounted set of 4 K-type

thermocouples, connected to a thermometer reader (Perfect

Prime data logger), along a quartz cuvette containing the

plasmonic solutions. For both setups, a set of lenses obtained

an initial collimated beam with a spot size of approximately

2 mm. Particularly, for the 4LB system, a set of mirrors and 50%

beam splitters divided the laser beam into 4 beams, all with same

laser energy and spot size, as presented in Figure 2B. Further

details of the photothermal thermometry setup are presented in

section S.1 of the Supplementary Material.

The solutions were cooled down to room temperature before

starting any measurement. The thermocouples, placed equally

distant (2 mm) from the laser heating zone, obtained an average

temperature of the solution. Both setups used a CW laser at λ =

808 nm (single-mode CrystaLaser) to match the plasmonic

absorption peak of all the materials, located in the first NIR

biological window (see Figure 2).

FIGURE 2
Laser setups using CrystaLaser 808 nm laser. (A) Four thermocouple setup for thermal measurements with only 1LB. (B) Beam splitting laser
setup to uniformly heat solutions from four directions (4LB).
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2.3 Stability

Laser rewarming requires colloidal stability of plasmonic NPs

in CPAs. Colloidal stability describes the preservation of different

properties of the nanocomposites, such as aggregation,

composition, optical, surface chemistry, crystallinity, shape,

etc. The preservation of the optical properties was the focus

due to its direct impact on the thermal performance of the

solution. The extinction coefficient of TiN NPs, TiN clusters,

and GNRs was evaluated by suspending the nanomaterials in

15% methanol (MeOH), 7.5% propylene glycol (PG), and 20%

polyethylene glycol (PEG), a CPA solution developed by Smith

et al. (2020) to successfully vitrify a biomaterial microdroplet.

Solutions of 5 mL CPAs with concentrations as high as 100 μg/

mL of each nanomaterial were sonicated for 6 min to obtain

homogenized samples. After transferring the solutions to a

quartz cuvette, the transmission spectrum was measured. The

extinction coefficient spectrum was calculated from the

transmission measurements using the CPA solution without

any nanocomposite as a baseline. This procedure was followed

for a period of 30 days to evaluate the stability of the material

over time. Additionally, the colloidal stability was evaluated by

re-sonicating solutions up to 6 times and measuring the

extinction coefficient after each sonication.

2.4 Cell studies

A preliminary toxicity study of TiN NPs and clusters was

performed on Human Dermal Fibroblasts (HDF) cells. These

cells are widely used in tissue engineering (Syedain, Weinberg

and Tranquillo, 2008; Deng et al., 2009; Sommar et al., 2010;

Chandrasekaran et al., 2011) and in toxicity studies of

nanomaterials that come in first contact with the skin in

topically applied antiseptics (Pernodet et al., 2006; Mateo

et al., 2015; Avalos et al., 2016; Galandáková et al., 2016). In

addition, HDF cells are widely used in the cryobiology field

(Balasubramanian, Bischof and Hubel, 2006; Balasubramanian,

Wolkers and Bischof, 2009; Choi and Bischof, 2011, Choi and

Bischof, 2013). Despite the increasing research of TiN

nanomaterials for biotechnology applications, no toxicity

study of TiN NPs on HDF cells exists and current literature

regarding their toxicity is very limited (He et al., 2017; Kim et al.,

2019; Popov et al., 2019; Nirwan et al., 2021).

TheHDF cells were cultured in 96well plates prior to adding TiN

NPs and clusters. Five different concentrations ranging from 12 to

400 μg/mL of both nanomaterials were prepared in cell media. A

volume of 200 μL of each concentration was added to a well plate,

with a repetition of four to six times of each concentration. For the

control sample, only cell media was added to the cells. All well plates

were incubated for 24 h and then washed with Phosphate Buffered

Saline (PBS) to remove the NPs and clusters. A Hoechst/PI dye was

added to all cells in a duration of 15 min for fluorescence imaging

purposes (Ciancio et al., 1988). The dye was then removed and PBS

was added to image all the HDF cells using an inverted microscope

(Olympus IX51).

2.5 Microdroplet laser nanowarming

After the thermal characterization of TiN nanomaterials for

its potential use on laser nanowarming, a preliminary

FIGURE 3
Heating rate comparison between laser setups. (A) Temperature increments as a function of time in TiN NPs, TiN clusters, and GNRs at 50 μg/
mL concentrations with a volume of 500 μL. This graph shows the difference in photothermal heating for 1LB and 4LB setups. (B) The heating rate of
TiN NPs, TiN clusters, and GNRs at various concentrations showing the difference between 1LB and 4LB.
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microdroplet study using plasmonic TiN NPs and CPA solution

was performed. The microdroplet consisted of a CPA solution

with 100 μg/mL concentration of TiN NPs. The CPA solution,

proven as the most efficient for cryopreservation on microscale

volumes, consisted of a mixture of 15% MeOH, 7.5% PG, and

20% PEG (Smith et al., 2020). The solution was sonicated and

then, using a precision pipette, 1 μL was placed on a cryotop

under the pulsed laser rewarming system designed by Khosla

et al. (2018) for its use on GNRs nanowarming. In this setup, the

microdroplet is mechanically submerged into a LN2 container

and after vitrifying, it is brough up into the focus of the laser

beam. The laser spot consisted of a top hat shape with a diameter

of 2 mm and an input laser energy of 3 J.

3 Results and Discussion

3.1 Heating rate characterization

For a comparison, both setups, 1LB and 4LB (Figures 2A,B,

respectively), heated the nanomaterials dissolved in water solutions

of 500 μL with different concentrations. The temperature was

measured every minute for a duration of 30 min upon reaching

stability. Figure 3A shows the temperature increment for solutions

with a concentration of 50 μg/mL of all the studied materials. The

results demonstrate around 28% higher temperatures for TiN NPs

and clusters compared to GNRs, for both heating conditions (1LB

and 4LB). TiN NPs have an OD 20% higher than GNRs (OD = 1),

therefore, higher absorption leads to higher temperatures.

However, despite an OD of 0.5, TiN clusters reach similar

temperatures as TiN NPs. This feature attributes to the

improvement on the scattering properties of TiN clusters

compared to NPs, where the redistribution of photon

penetration from the scattered light, reabsorption, leads to a

superior photothermal conversion (Roper et al., 2007;

Richardson et al., 2009; Liu et al., 2020). Previous work

reported the over-estimation of conversion efficiency up to 30%

on larger GNRs, when reabsorption was neglected (Liu et al., 2020).

According to the results demonstrated in Figure 3A, this

reabsorption process seems more efficient on TiN clusters

compared to GNRs. However, further investigations were

performed before conclusion.

Figure 3B shows the heating rate of 500 μL solutions for TiN

NPs, TiN clusters, and GNRs, as a function of particle

concentration. This was obtained by fitting the linear

increment of temperature before reaching the plateau state

(see Figure 3A). For all the cases, the heating rate increases

significantly going from the 1LB to the 4LB system, where the

energy is equally distributed. This increased the efficiency of the

heating process. As mentioned previously, when the biological

sample decreases in size, higher cooling and heating rates are

required. In few microliter volumes, studies reported heating

rates up to 106°C/min using a single ms pulsed laser (λ =

1,064 nm) beam in GNRs solutions (Jin and Mazur, 2015;

Khosla et al., 2017, 2018, 2020; Daly et al., 2018). Similarly,

the distribution of the high energy laser in multiple beams

proposes a significant increase in the heating rate in the ms

laser regime, making the rewarming of biological samples around

1 μL possible.

Looking into the heating rate from the perspective of the

material, TiN NPs presented the highest rate up to 7.5°C/min for

50 μg/mL. Following, TiN clusters presented a heating rate of

6.5°C/min for 100 μg/mL and at the end GNRs presented a 5°C/

min rate for 50 μg/mL. The TiN NPs, with only ¼ of the

concentration (12.5 μg/mL) of GNRs, achieved a similar

heating rate. The use of lower particle concentrations to

achieve similar heating rates opens the possibility to laser

rewarm cryopreserved microorganism with lower levels of

toxicity. This potentially increases viability of the

microorganisms, which so far results reported only 22% post-

laser rewarming (3 h) for Zebrafish embryos (Khosla et al., 2020).

Overall, this result demonstrates the advantage of TiN NPs over

GNRs to obtain faster heating rates and avoid ice formation

during the rewarming of cryopreserved biomaterials (Fowler and

Toner, 2005; Khosla et al., 2017).

One of the main goals of laser nanowarming with plasmonic

NPs is to cryopreserve small biomaterials (<2 mm), which lowers

concentrations of cryoprotectants (2–3 M), using rapid cooling

and warming approaches. For example, Bovine oocytes (Martino

et al., 1996), Mouse oocytes (Mazur and Seki, 2011), and

Zebrafish embryos (Khosla et al., 2017) to mention a few.

Therefore, understanding the heating performance of

nanomaterials to balance the CCR and the CWR at these

volume ranges is crucial. This experiment was performed

using the 4LB system and a constant total laser power of

750 mW on the plasmonic solutions from 2 mL to 500 μL.

Experiments below volumes of 500 μL were not possible to

perform due to the nature of the thermometry

setup. However, this measurement provided a good platform

for comparing how different plasmonic materials performed

under laser-induced heating. Figure 4A shows the heating rate

map as a function of volume and particle concentrations for TiN

NPs, TiN clusters, and GNRs. Regardless of the material, a

significant increase in heating rate is observed as solution

volume reduces. However, this is more evident for TiN NPs

and clusters, with a maximum heating rate change of Δ = 5.7°C/

min at 50 μg/mL and Δ = 4.5°C/min at 100 μg/mL, from to 2 mL

to 500 μL, respectively. GNRs only had a rate change of Δ = 2°C/

min at 50 μg/mL for the same volume change. Importantly, TiN

NPs and clusters reached higher heating rates compared to GNRs

at all volumes at the same concentration (50 μg/mL).

Additionally, for concentrations of TiN clusters at 50 μg/mL

or above, the heating rate approached an exponential-like

behavior with volumes similar to TiN NPs, although to a

lesser degree. This possibly attributes to the increment of

scattering due to particle size increment from NPs to clusters.
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In contrast, GNRs displayed a linear behavior. The heating rate

for TiN clusters falls between the ones obtained for TiN NPs and

GNRs. This observation suggests that the clusters absorb more

energy from the laser source compared to GNRs, but scatter more

light than TiNNPs. To assess this hypothesis, the multiangle light

scattering (MALS) technique was used to measure the scattering

cross-section of all nanomaterials, as demonstrated below

(Section 3.2). The exponential like response of TiN solutions

with change in volume suggests that these plasmonic

nanomaterials can potentially achieve much higher heating

rates compared to GNRs at the microdroplet level (Han and

Bischof, 2020). However, further studies require experiments in

the microdroplet regime.

Plasmonic solutions propose to rewarm various

cryopreserved biomaterials that require different heating rates

according to their dimensions and absorption properties.

Therefore, it is important to understand the heating response

of these solutions in relation to the NIR laser power. At a constant

volume of 500 μL, the heating rate of the plasmonic solutions

with the highest concentration for each material (50 μg/mL TiN

NPs, 100 μg/mL TiN clusters, and 50 μg/mL GNRs) was

measured as a function of laser power. Figure 4B shows the

best fit to each nanomaterial heating rate with power laser

increment. GNRs presented a clear linear behavior from a

range of 100–750 mW, whereas TiN nanomaterials best fitted

with aPlaser + bPlaser
2 in the same range. There is a small but

visible nonlinear dependency of the laser power with

temperature, especially for TiN NPs. This possibly relates to

the higher nonlinear absorption of TiN NPs compared to GNRs,

previously obtained in our group by Z-scan method, at similar

particle concentrations. The study found the nonlinear

absorption coefficient of TiN NPs being one order of

magnitude higher than GNRs (Sabzeghabae et al., 2021).

Therefore, as the absorption of the material increases with the

laser power, the heating rate of the TiN NPs and TiN clusters

solutions increases as well. This outcome reiterates the potential

of TiN achieving higher heating rates compared to GNRs.

Importantly, studies have demonstrated TiN NPs being more

thermally stable under pulsed laser radiation in comparison to

GNRs (Alvarez Barragan et al., 2017, 2019; Sabzeghabae et al.,

2021).

3.2 Scattering and uniformity

TiN NPs present promising results as an alternative to Au

nanomaterials in photothermal processes. Particularly, for

its application on laser rewarming of cryopreserved

biomaterials. This study demonstrated that TiN

nanomaterials achieve higher heating rates under the same

light conditions due to their superior absorption. In addition

to fast heating, laser rewarming requires a uniform thermal

profile. Distribution of the laser energy in the solution

dictates this uniformity and it depends on the scattering

of the material to convert it into heat. For this reason, the

scattering cross-section was calculated for each material

using MALS technique (Hulst and van de Hulst, 1981;

Cox, DeWeerd and Linden, 2002; Kreibig and Vollmer,

2013; Ogendal, 2016), as described in detail in the

Supplementary Material document, section S.2. The

scattering intensity for low concentrations of TiN NPs,

TiN clusters, and GNRs at 12.5, 25, and 25 μg/mL,

FIGURE 4
Heating rate maps. (A) Heating rate as a function of volume at a maximum laser power of 750 mW using the 4LB setup for various
concentrations of TiN NPs, TiN clusters, and GNRs. (B)Heating rate as a function of power at 500 μL using the 4LB setup for TiN NPs (50 μg/mL), TiN
clusters (100 μg/mL), and GNRs (50 μg/mL).
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respectively, was measured from 0 to 90 degrees in

increments of 5 degrees (see Supplementary Figure S2).

The scattering cross-section was obtained by Eq. 1:

σ � VParticle

VSpot

f 2
f

IO, Water
∫90

0
Iθsinθ dθ (1)

This equation presents VParticle and VSpot as the volume of

the nanomaterial and the laser beam spot, respectively.

Additionally, ff is the focal length of the lens, I0 is the

intensity of the incoming light, and Iθ is the intensity of the

scattering light as a function of angle θ. The Supplementary

Material, section S.2, describes more details about the cross-

section calculations.

Table 1 shows the calculated scattering cross-section

using Eq. 1 for each nanomaterial. The calculated cross-

section of GNRs agrees with values reported previously (Jain

et al., 2006; Yang and Dogan, 2014). TiN NPs displays a

cross-section roughly one order of magnitude less than

GNRs. However, the fabrication of TiN clusters from

nanoparticle agglomeration significantly increased the

scattering up to one and two orders of magnitude

compared to GNRs and TiN NPs, respectively. The cross-

section values in Table 1 confirm our approach on the

heating rate characterization discussion, where TiN

clusters showed values below TiN NPs due to its

scattering increment. However, clusters showed

significantly higher heating rates than GNRs due to their

superior reabsorption from scattering.

The improved scattering on TiN clusters translates to the

reduction of temperature gradients inside the solution and

consequently a more uniform laser heating. The thermal

uniformity for all plasmonic solutions was obtained by

measuring the heating rate change along the entire volume of

500 μL. The set of thermocouples was displaced along the whole

sample from top to bottom in steps of 635 μm (see Figure 2B).

The heating rate along each displacement was obtained by the

same procedure described in Section 3.1. Once the temperature

reached plateau, the laser was turned off to allow the solution to

cool down before starting the next step measurements. In

addition, if the solution evaporated, more was added to keep a

constant volume of 500 μL.

Figure 5A depicts the heating rate as a function of

thermocouple displacement steps. The orange rectangle

indicates the area of the laser beam (2 mm) inside the

solution. As expected, GNRs showed a more uniform thermal

profile along the whole volume compared to TiN NPs due to its

higher scattering cross-section. Surprisingly, TiN clusters did not

seem to improve uniformity despite its superior scattering cross-

section. However, observing only on the laser beam region, the

heat uniformity remained almost constant similar to GNRs.

The heating rate change calculations along the whole solution

and only on the laser beam area quantified the level of

uniformity. For all nanomaterials, Figure 5B demonstrates a

higher change in heating rate in the whole solution compared

to the laser area, which significantly minimizes. Regardless of the

nanomaterial characteristics, the uniformity outside of the laser

area is expected to decrease. However, this is more evident for

TiN nanomaterials compared to GNRs. Moreover, throughout

the laser beam region, the TiN clusters present a similar

uniformity to GNRs, even superior at high concentrations

(100 μg/mL) with a heating rate change of only 0.1 °C/min. As

previously demonstrated, the scattering of TiN clusters is

superior to TiN NPs and GNRs (see Table 1). However, at

high concentrations, the absorption and reabsorption after

scattering of TiN clusters still plays a significant role in the

heating process and consequently the thermal uniformity mainly

improves in the laser beam spot volume. Importantly, the laser

spot and the vitrified microdroplet are the same size in this

rewarming application (Khosla et al., 2018). Therefore, this result

proposes uniform heating rates throughout rewarming with TiN

clusters.

Laser nanowarming requires an optimal ratio between

absorption and scattering of the nanomaterials to obtain

uniform warming. As this ratio increases, uniform warming is

achieved (Liu et al., 2020). This study demonstrated the tunability

of scattering for TiN nanomaterials by agglomeration. However,

the absorption decreased as the scattering cross-section enhanced

with particle size increment. The heating rate of the studied

solutions directly relates to its capacity to absorb light, while

scattering controls the temperature distribution. While this study

does not claim optimization of the absorption-to-scattering ratio,

as this likely depends on the specific characteristics of the

cryopreserved biomaterial, it shows that controlled

TABLE 1 Particle volume and scattering cross-section values for all nanomaterials compared to literature.

Nanomaterial Particle volume (nm3) Cross-section
scattering (nm2)

GNRs (Jain et al., 2006; Yang and Dogan, 2014) — ~1E4

GNRs 4.9E4 1.09633E4

TiN NPs 6.5E4 5.78302E3

TiN Clusters 1.4E7 3.9129E5
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agglomeration of TiN nanoparticles provides a pathway towards

tuning of its optical properties.

3.3 Stability

The normalized extinction coefficient at the absorption

plasmonic peak (λ = 800 nm) over 30 days for TiN NPs, TiN

clusters, and GNRs is shown in Figure 6A.Within the first 7 days,

TiN NPs and clusters presented a similar extinction coefficient

decrease to GNRs of about 10%. This result signifies the optical

properties of the CPA plasmonic solutions will remain stable

during laser rewarming experiments. The extinction coefficient

for TiN NPs and clusters diminished up to 40% after the 30 days,

while GNRs only diminished 10%. The GNRs are functionalized

with a PEG surface polymer, therefore, they displayed greater

colloidal stability. Functionalization in TiN nanomaterials, to

increase their stability, requires further exploration in a future

study.

Additionally, the colloidal stability of solutions after several

rounds of sonication was measured. Figure 6B demonstrates the

extinction coefficient of GNRs decreased up to 8%, while TiN

FIGURE 5
Testing of scattering properties. (A) The heating rate at various locations in a volume of 500 μL at a power of 350 mW. (B) The change in the
heating rate profile in the center where the laser beam passes through and the whole solution.

FIGURE 6
Nanomaterial colloidal stability determined by extinction coefficient. (A) The extinction coefficient for 30 days demonstrating the stability of TiN
NPs and clusters in comparison to GNRs. (B) The extinction coefficient after a certain amount of sonication’s.
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clusters and TiN NPs decreased up to 5% and 3% respectively,

after six repetitions. The possibility of re-sonication of samples

without compromising optical properties is important for the

future distribution of these solutions to collaborators for further

investigations.

3.4 TiN toxicity

Figure 7 shows the results of the toxicity experiments for

TiN NPs and TiN clusters carried out in HDF cells. As seen in

Figure 7A, the blue images display the Hoechst dye staining all

the cells, while the red PI dye shows the dead cells. The merged

images, using ImageJ, display the live/dead cells

simultaneously. A control and a concentration of 40 μg/mL

for both TiN NPs and clusters are depicted in Figure 7A.

Subtracting the dead cells from all of them gave the number of

viable cells. The cell viability was calculated by dividing the

viable cells by all cell count:

Cell Viability % � Viable Cells

Viable Cells +DeadCells
x100 (2)

FIGURE 7
TiN nanoparticles and clusters cell viability. (A)Hoechst and PI double staining in HDF cells. The images in the left column show the cells stained
with Hoechst, the middle column images show the cells with positive staining of PI, and the right column shows the merged images. The first row
shows a control group of cells, the second shows a concentration of 40 μg/mL of TiN NPs treatment, and the last row shows a concentration of
40 μg/mL of TiN clusters treatment. (B) Cell viability of HDF cells after 24 h of incubation while being treated with TiN NPs and TiN clusters.
(p < 0.05*).

FIGURE 8
Microdroplet laser rewarming of TiN NPs in CPA solution. The top row displays rewarming a vitrified microdroplet (1 μL) without laser.
Devitrification, ice formation, appears as a cloudy white color. The bottom row shows a vitrified microdroplet with laser rewarming and no
devitrification.
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The cell viability percentages are demonstrated in Figure 7B

as mean ± standard deviation from four to six experiments. The

statistical significance was analyzed by one-way analysis of

variance (ANOVA) or Kruskal-Wallis test and the difference

was considered significant if p < 0.05*. Only HDF cells treated

with TiN clusters and NPs at 400 μg/mL demonstrated a

significant difference compared to the control, untreated HDF

cells, and other treated groups. Concentrations from 12 to 80 μg/

mL for both TiN nanomaterials presented a mean cell viability

above 96%. The concentration of 400 μg/mL for TiN clusters and

NPs presented a mean cell viability above 93% and 94%,

respectively.

3.5 Laser rewarming on cryoprotective
agent-plasmonic microdroplets

The laser rewarming process of a vitrified 1 μL droplet is

shown on the image sequences of Figure 8. As expected, the

cryopreserved droplet that warms up without the assistance of

the laser goes through an ice formation stage (top image

sequence, white color), which compromises the viability of

the biomaterial. Alternatively, the droplet containing TiN

NPs at a concentration of 100 μg/mL and heated up by the

ms pulsed laser presented a successful rewarming, where no ice

formation or cracking appeared during the entire process

(bottom image sequence). Future work entails measuring the

post warming viability of TiN NPs and clusters in actual

cryopreserved biomaterials, such as HDF cells and aquatic

embryos.

4 Conclusion and outlook

Cryopreserved biomaterials at different scales require a

precise cooling and warming rate. These rates increase as the

scale of the biomaterial decreases and warming at the microliter

scale requires assistance from photothermal nanomaterials.

TiN nanomaterials are proposed as an alternative to the

commonly used GNRs to assist with laser rewarming at this

scale. Our study demonstrated the advantages of TiN NPs and

TiN clusters, over commercial GNRs. TiN NPs and clusters

showed higher temperatures and heating rates compared to

GNRs, a promising result for future applications. Uniformity

plays another key factor in rewarming to avoid thermal

gradients that lead to damage in biomaterials. The scattering

of TiN NPs improved by the creation of clusters, which

presented a much higher scattering cross-section than both

TiN NPs and GNRs, observed by the heating rate change along

the volume of the solutions. The uniformity of the thermal

profile in the laser spot volume of TiN clusters solutions

compared to that of GNRs. In addition, a multiple beam

system (4LB) was developed to improve the energy

distribution into the sample and therefore improved heating

uniformity. The results concluded to an increment of the

temperature over time and a heating rate above 50%, in

comparison with using only 1LB.

These TiN nanomaterials stand as an alternative to GNRs

for warming cryopreserved biomaterials. The colloidal stability

of all nanomaterials in CPA solutions was examined via

extinction coefficient at λ = 800 nm. GNRs and TiN

nanomaterials demonstrated a stability of 90% over the first

7 days, but TiN nanomaterials dropped to a value of 60% over a

period of 30 days. Also, TiN NPs and clusters demonstrated a

stability of 95% after a repetition of sonication of 6 times. These

results propose that the optical properties of the CPA plasmonic

solution will remain stable during a nanowarming time scale

with a possible re-sonication process without damaging the

nanomaterials. Additionally, both TiN NPs and clusters, in

concentrations ranging from 12 to 80 μg/mL, presented a cell

viability over 96% on HDF cells when exposed for 24 h.

Furthermore, successful rewarming of a vitrified 1 μL

microdroplet consisting of 100 μg/mL TiN NPs in CPA

solution was performed using a ms 1,064 nm pulsed laser,

without visible cracking or ice formation.

In conclusion, TiN NPs and clusters demonstrate higher

heating rates and improved heating uniformity over GNRs which

makes them suited candidates to use on uniform laser rewarming

of cryopreserved biomaterials. Future work entails scaling down

our thermometry setup to study and measure the heating rates at

μL droplet volumes with pulsed laser radiation and TiN

nanomaterials in cryopreserved cells, fish embryos, etc. In

addition, further toxicity experiments of TiN nanomaterials in

biological samples needs addressing. Moreover, future studies

need to address the cryopreservation efficiency and biometrical

analysis of specimens with TiN nanomaterials. An in-depth study

to address any biological, morphological, or genetic

modifications caused by TiN requires further investigation, as

well as membrane stability index and genetic analysis to

understand the cooling and heating effects in the biomaterials.

However, these studies are out of the scope for this work.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding authors.

Author contributions

CA wrote the draft paper and performed and analyzed most

of the experiments presented in this paper: heating rate

measurements, scattering measurements, and toxicity studies.

CA and CB-R developed the laser setups to measure heating

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Alvarez et al. 10.3389/fbioe.2022.957481

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.957481


rates and scattering and performed the droplet experiments.

CB-R characterized the materials, developed the scattering

experiment, and measured the stability of the nanomaterials.

CW synthesized and provided TiN clusters for this study. JP-A

helped design and perform HDF cell toxicity experiments. KK

helped design and perform laser droplet warming experiments.

JB supervised the work of JP-A and KK. LM and GA provided

guidance on the study design and data interpretation. All

authors discussed and revised the manuscript and approved

the submitted version.

Funding

This material is based upon work supported by the National

Science Foundation (NSF) under Grant No. EEC 1941543 and

NSF Graduate Research Fellowship Program (GRFP) under

Grant Nos. DGE 1840991 and DGE 1746932.

Acknowledgments

The authors acknowledge the NSF Engineering Research

Center (ERC) for Advanced Technologies for the Preservation

of Biological systems (ATP-Bio). CA acknowledges the

support from the NSF GRFP. The authors also acknowledge

Yadong Yin from the University of California, Riverside for

providing the TiN clusters used in this study. Additionally, the

authors acknowledge Qi Shao from the University of

Minnesota (UMN) for the preparation of the HDF cells and

guidance on the toxicity study of the nanomaterials. Lastly, the

authors acknowledge Joseph Kangas from the UMN for

guidance on the laser nanowarming of the CPA-plasmonic

microdroplets.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.

957481/full#supplementary-material

References

Alvarez Barragan, A., Sergei, H., Bozhilov, K. N., Yamijala, S. S. R. K. C., et al.
(2019). Photochemistry of plasmonic titanium nitride nanocrystals. J. Phys. Chem.
C 123, ACS Publications. doi:10.1021/acs.jpcc.9b06257

Alvarez Barragan, A., Ilawe, N. V., Zhong, L., Wong, B. M., and Mangolini, L.
(2017). A non-thermal plasma route to plasmonic TiN nanoparticles, ” Journal of
physical chemistry C. J. Phys. Chem. C 121 (4), 2316–2322. doi:10.1021/acs.jpcc.
6b08910

Avalos, A., Haza, A. I., Mateo, D., and Morales, P. (2016). Interactions of
manufactured silver nanoparticles of different sizes with normal human dermal
fibroblasts. Int. Wound J. 13 (1), 101–109. doi:10.1111/iwj.12244

Balasubramanian, S. K., Bischof, J. C., and Hubel, A. (2006). Water transport and
IIF parameters for a connective tissue equivalent. Cryobiology 52 (1), 62–73. doi:10.
1016/j.cryobiol.2005.09.009

Balasubramanian, S. K., Wolkers, W. F., and Bischof, J. C. (2009). Membrane
hydration correlates to cellular biophysics during freezing in mammalian cells.
Biochimica Biophysica Acta - Biomembr. 1788 (5), 945–953. doi:10.1016/j.bbamem.
2009.02.009

Benson, E. E. (1999). “Cryopreservation,” in Plant conservation biotechnology
(London, UK: CRC Press), 109–122.

Berrospe Rodriguez, C., Alvarez Barragan, A., Nava, G., Exarhos, S., and
Mangolini, L. (2020). Stabilizing the plasmonic response of titanium nitride
nanocrystals with a silicon oxynitride shell: Implications for refractory optical
materials. ACS Appl. Nano Mat. 3 (5), 4504–4511. doi:10.1021/acsanm.0c00585

Cavigli, L., Khlebtsov, B. N., Centi, S., Khlebtsov, N. G., Pini, R., and Ratto,
F. (2021). Photostability of contrast agents for photoacoustics: The case of
gold nanorods. Nanomater. (Basel, Switz. 11 (1), 116. doi:10.3390/
nano11010116

Chandrasekaran, A. R., Venugopal, J., Sundarrajan, S., and Ramakrishna, S.
(2011). Fabrication of a nanofibrous scaffold with improved bioactivity for culture
of human dermal fibroblasts for skin regeneration. Biomed. Mat. 6 (1), 015001.
doi:10.1088/1748-6041/6/1/015001

Chang, T., and Zhao, G. (2021). Ice inhibition for cryopreservation: Materials, strategies,
and challenges. Adv. Sci. (Weinh). 8 (6), 2002425. doi:10.1002/advs.202002425

Choi, J., and Bischof, J. C. (2013). “Attachment state shifts viability versus cooling
rate (inverted U curve) during freezing for human dermal fibroblasts,” in ASME
2011 summer bioengineering conference (American Society of Mechanical Engineers
Digital Collection), 39–40.

Choi, J., and Bischof, J. C. (2011). Cooling rate dependent biophysical and
viability response shift with attachment state in human dermal fibroblast cells.
Cryobiology 63 (3), 285–291. doi:10.1016/j.cryobiol.2011.09.142

Ciancio, G., Pollack, A., Taupier, M. A., Block, N. L., and Irvin, G. L. (1988).
Measurement of cell-cycle phase-specific cell death using Hoechst 33342 and
propidium iodide: Preservation by ethanol fixation. J. Histochem. Cytochem. 36
(9), 1147–1152. doi:10.1177/36.9.2457047

Clark, P., Fahy, G. M., and Karow, A. M., Jr (1984). Factors influencing renal
cryopreservation. II. Toxic effects of three cryoprotectants in combination with
three vehicle solutions in nonfrozen rabbit cortical slices. Cryobiology 21 (3),
274–284. doi:10.1016/0011-2240(84)90323-7

Cox, A. J., DeWeerd, A. J., and Linden, J. (2002). An experiment to measure Mie
and Rayleigh total scattering cross sections, ” American journal of physics. Am.
J. Phys. 70 (6), 620–625. doi:10.1119/1.1466815

Daly, J., Zuchowicz, N., Nunez Lendo, C. I., Khosla, K., Lager, C., Henley, E. M.,
et al. (2018). Successful cryopreservation of coral larvae using vitrification and laser
warming. Sci. Rep. 8 (1), 15714. doi:10.1038/s41598-018-34035-0

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Alvarez et al. 10.3389/fbioe.2022.957481

https://www.frontiersin.org/articles/10.3389/fbioe.2022.957481/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.957481/full#supplementary-material
https://doi.org/10.1021/acs.jpcc.9b06257
https://doi.org/10.1021/acs.jpcc.6b08910
https://doi.org/10.1021/acs.jpcc.6b08910
https://doi.org/10.1111/iwj.12244
https://doi.org/10.1016/j.cryobiol.2005.09.009
https://doi.org/10.1016/j.cryobiol.2005.09.009
https://doi.org/10.1016/j.bbamem.2009.02.009
https://doi.org/10.1016/j.bbamem.2009.02.009
https://doi.org/10.1021/acsanm.0c00585
https://doi.org/10.3390/nano11010116
https://doi.org/10.3390/nano11010116
https://doi.org/10.1088/1748-6041/6/1/015001
https://doi.org/10.1002/advs.202002425
https://doi.org/10.1016/j.cryobiol.2011.09.142
https://doi.org/10.1177/36.9.2457047
https://doi.org/10.1016/0011-2240(84)90323-7
https://doi.org/10.1119/1.1466815
https://doi.org/10.1038/s41598-018-34035-0
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.957481


de Vries, R. J., Banik, P. D., Nagpal, S., Weng, L., Ozer, S., van Gulik, T. M., et al.
(2019). Bulk droplet vitrification: An approach to improve large-scale hepatocyte
cryopreservation outcome. Langmuir 35 (23), 7354–7363. doi:10.1021/acs.
langmuir.8b02831

Deng, D., Liu, W., Xu, F., Yang, Y., Zhou, G., Zhang, W. J., et al. (2009).
Engineering human neo-tendon tissue in vitro with human dermal fibroblasts
under static mechanical strain. Biomaterials 30 (35), 6724–6730. doi:10.1016/j.
biomaterials.2009.08.054

Fahy, G. M., MacFarlane, D., Angell, C., and Meryman, H. (1984). Vitrification as
an approach to cryopreservation. Cryobiology 21 (4), 407–426. doi:10.1016/0011-
2240(84)90079-8

Finger, E. B., and Bischof, J. C. (2018). Cryopreservation by vitrification: A
promising approach for transplant organ banking. Curr. Opin. organ Transplant. 23
(3), 353–360. doi:10.1097/mot.0000000000000534

Fowler, A., and Toner, M. (2005). Cryo-injury and biopreservation. Ann. N. Y.
Acad. Sci. 1066, 119–135. doi:10.1196/annals.1363.010

Galandáková, A., Frankova, J., Ambrozova, N., Habartova, K., Pivodova, V.,
Zalesak, B., et al. (2016). Effects of silver nanoparticles on human dermal fibroblasts
and epidermal keratinocytes. Hum. Exp. Toxicol. 35 (9), 946–957. doi:10.1177/
0960327115611969

Hagedorn, M., Kleinhans, F., Artemov, D., and Pilatus, U. (1998).
Characterization of a major permeability barrier in the zebrafish embryo, ”
Biology of reproduction. Biol. Reprod. 59 (5), 1240–1250. doi:10.1095/
biolreprod59.5.1240

Han, Z., and Bischof, J. C. (2020). Perspective: Critical cooling and warming rates
as a function of CPA concentration. Cryo Lett. 41 (4), 185–193.

He, G. S., Zhu, J., Yong, K. T., Baev, A., Cai, H. X., Hu, R., et al. (2010). Scattering
and absorption cross-section spectral measurements of gold nanorods in water, ”
Journal of physical chemistry C. J. Phys. Chem. C 114 (7), 2853–2860. doi:10.1021/
jp907811g

He, W., Ai, K., Jiang, C., Li, Y., Song, X., and Lu, L. (2017). Plasmonic titanium
nitride nanoparticles for in vivo photoacoustic tomography imaging and
photothermal cancer therapy. Biomaterials 132, 37–47. doi:10.1016/j.
biomaterials.2017.04.007

Hulst, H. C., and van de Hulst, H. C. (1981). Light scattering by small particles.
North Chelmsford, MA: Courier Corporation.

Jain, P. K., Lee, K. S., El-Sayed, I. H., and El-Sayed, M. A. (2006). Calculated
absorption and scattering properties of gold nanoparticles of different size, shape,
and composition: Applications in biological imaging and biomedicine. J. Phys.
Chem. B 110 (14), 7238–7248. doi:10.1021/jp057170o

Jang, T. H., Park, S. C., Yang, J. H., Kim, J. Y., Seok, J. H., Park, U. S., et al. (2017).
Cryopreservation and its clinical applications. Integr. Med. Res. 6 (1), 12–18. doi:10.
1016/j.imr.2016.12.001

Jiang, Q., Zhang, S., and Zhao, M. (2003). Size-dependent melting point of
noble metals. Mater. Chem. Phys. 82 (1), 225–227. doi:10.1016/s0254-0584(03)
00201-3

Jin, B., and Mazur, P. (2015). High survival of mouse oocytes/embryos after
vitrification without permeating cryoprotectants followed by ultra-rapid
warming with an IR laser pulse, ” Scientific reports. Sci. Rep. 5, 9271. doi:10.
1038/srep09271

Kangas, J., Zhan, L., Liu, Y., Natesan, H., Khosla, K., and Bischof, J. (2022). Ultra-
rapid laser calorimetry for the assessment of crystallization in low-concentration
cryoprotectants, ” journal of heat transfer. J. Heat. Transf. 144 (3), 031207. doi:10.
1115/1.4052568

Khosla, K., Kangas, J., Liu, Y., Zhan, L., Daly, J., Hagedorn, M., et al. (2020).
Cryopreservation and laser nanowarming of zebrafish embryos followed by
hatching and spawning. Adv. Biosyst. 4 (11), e2000138. doi:10.1002/adbi.
202000138

Khosla, K., Wang, Y., Hagedorn, M., Qin, Z., and Bischof, J. (2017). Gold nanorod
induced warming of embryos from the cryogenic state enhances viability.ACS Nano
11 (8), 7869–7878. doi:10.1021/acsnano.7b02216

Khosla, K., Zhan, L., Bhati, A., Carley-Clopton, A., Hagedorn, M., and Bischof, J.
(2018). Characterization of laser gold nanowarming: A platform for millimeter-
scale cryopreservation. Langmuir 35 (23), 7364–7375. doi:10.1021/acs.langmuir.
8b03011

Kim, K. T., Eo, M. Y., Nguyen, T. T. H., and Kim, S. M. (2019). General review of
titanium toxicity. Int. J. Implant Dent. 5 (1), 10. doi:10.1186/s40729-019-0162-x

Kreibig, U., and Vollmer, M. (2013). Optical properties of metal clusters. Springer
Science & Business Media.

Li, W., Guler, U., Kinsey, N., Naik, G. V., Boltasseva, A., Guan, J., et al. (2014).
Refractory plasmonics with titanium nitride: Broadband metamaterial absorber.
Adv. Mat. 26, 7959–7965. doi:10.1002/adma.201401874

Liu, D., Aleisa, R., Cai, Z., Li, Y., and Yin, Y. (2021). Self-assembly of
superstructures at all scales, ” Matter. Matter 4 (3), 927–941. doi:10.1016/j.matt.
2020.12.020

Liu, D., Fei, Z., Li, C., Tao, Z., Zhang, H., Cai, W., et al. (2015). Black Gold:
Plasmonic colloidosomes with broadband absorption self-assembled from
monodispersed gold nanospheres by using a reverse emulsion system. Angew.
Chem. 54(33). 9596–9600. doi:10.1002/anie.201503384

Liu, Y., (2020). Photothermal conversion of gold nanoparticles for fast and
uniform laser warming of vitrified biomaterials, Cryobiology: Elsevier BV, 97. 266.

Liu, Y., Kangas, J., Wang, Y., Khosla, K., Pasek-Allen, J., Saunders, A., et al.
(2020). Photothermal conversion of gold nanoparticles for uniform pulsed
laser warming of vitrified biomaterials. Nanoscale 12, 12346–12356. doi:10.
1039/d0nr01614d

Martino, A., Songsasen, N., and Leibo, S. P. (1996). Development into blastocysts
of bovine oocytes cryopreserved by ultra-rapid cooling, ” Biology of reproduction.
Biol. Reprod. 54 (5), 1059–1069. doi:10.1095/biolreprod54.5.1059

Mateo, D., Paloma, M., and Alicia, A. (2015)., Comparative cytotoxicity
evaluation of different size gold nanoparticles in human dermal fibroblasts.
J. Exp. Nanosci. 10(18). 1401–1417. doi:10.1080/17458080.2015.1014934

Mazur, P., Leibo, S. P., and Seidel, G. E., Jr (2008). Cryopreservation of the
germplasm of animals used in biological and medical research: Importance, impact,
status, and future directions. Biol. reproduction 78 (1), 2–12. doi:10.1095/
biolreprod.107.064113

Mazur, P., and Seki, S. (2011). Survival of mouse oocytes after being cooled in a
vitrification solution to -196°C at 95° to 70, 000°C/min and warmed at 610° to 118,
000°C/min: A new paradigm for cryopreservation by vitrification. Cryobiology 62
(1), 1–7. doi:10.1016/j.cryobiol.2010.10.159

Meryman, H. T. (2007). Cryopreservation of living cells: Principles and practice.
Transfusion 47 (5), 935–945. doi:10.1111/j.1537-2995.2007.01212.x

Naik, G. V., Jeremy, L. S., Xingjie, N., Alexander, V. K., Timothy, D. S., et al.
(2012). Titanium nitride as a plasmonic material for visible and near-infrared
wavelengths [erratum], ” Optical materials express. Opt. Soc. 3 (10), 1658.

Naik, G. V., Shalaev, V. M., and Boltasseva, A. (2013). Alternative plasmonic
materials: Beyond gold and silver. Adv. Mat. 25 (24), 3264–3294. doi:10.1002/adma.
201205076

Ni, W., Kou, X., Yang, Z., and Wang, J. (2008). Tailoring longitudinal surface
plasmon wavelengths, scattering and absorption cross sections of gold nanorods.
ACS Nano 2 (4), 677–686. doi:10.1021/nn7003603

Nirwan, V. P., Filova, E., Al-Kattan, A., Kabashin, A., and Fahmi, A. (2021). Smart
electrospun hybrid nanofibers functionalized with ligand-free titanium nitride
(TiN) nanoparticles for tissue engineering. Nanomater. (Basel, Switz. 11 (2),
519. doi:10.3390/nano11020519

Ogendal, L. (2016). Light Scattering a brief introduction. Copenhagen, Denmark:
University of Copenhagen, 3–4.

Oldenburg, S. J., Jackson, J. B., Westcott, S. L., and Halas, N. J. (1999). Infrared
extinction properties of gold nanoshells, ” Applied physics letters. Appl. Phys. Lett.
75 (19), 2897–2899. doi:10.1063/1.125183

Pernodet, N., Fang, X., Sun, Y., Bakhtina, A., Ramakrishnan, A., Sokolov, J., et al.
(2006). Adverse effects of citrate/gold nanoparticles on human dermal fibroblasts.
Small 2 (6), 766–773. doi:10.1002/smll.200500492

Popov, A. A., Tselikov, G., Dumas, N., Berard, C., Metwally, K., Jones, N., et al.
(2019). Laser- synthesized TiN nanoparticles as promising plasmonic alternative
for biomedical applications. Sci. Rep. 9 (1), 1194. doi:10.1038/s41598-018-
37519-1

Puértolas, B., Mayoral, A., Arenal, R., Solsona, B., Moragues, A., Murcia-
Mascaros, S., et al. (2015). High-temperature stable gold nanoparticle catalysts
for application under severe conditions: The role of TiO2 nanodomains in
structure and activity, ” ACS catalysis. ACS Catal. 5 (2), 1078–1086. doi:10.
1021/cs501741u

Qin, Z., and Bischof, J. C. (2012). Thermophysical and biological responses of
gold nanoparticle laser heating. Chem. Soc. Rev. 41 (3), 1191–1217. doi:10.1039/
c1cs15184c

Qin, Z., Wang, Y., Randrianalisoa, J., Raeesi, V., Chan, W. C. W., Lipinski,
W., et al. (2016). Quantitative comparison of photothermal heat generation
between gold nanospheres and nanorods. Sci. Rep. 6, 29836. doi:10.1038/
srep29836

Rajan, R., and Matsumura, K. (2018). “Development and application of
cryoprotectants,” in Survival strategies in extreme cold and desiccation:
Adaptation mechanisms and their applications. Editors M. Iwaya-Inoue,
M. Sakurai, and M. Uemura (Singapore: Springer Singapore), 339–354.

Rall, W. F., and Fahy, G. M. (1985). Ice-free cryopreservation of mouse embryos
at −196 °C by vitrification. Nature , 313. 573–575. doi:10.1038/313573a0

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Alvarez et al. 10.3389/fbioe.2022.957481

https://doi.org/10.1021/acs.langmuir.8b02831
https://doi.org/10.1021/acs.langmuir.8b02831
https://doi.org/10.1016/j.biomaterials.2009.08.054
https://doi.org/10.1016/j.biomaterials.2009.08.054
https://doi.org/10.1016/0011-2240(84)90079-8
https://doi.org/10.1016/0011-2240(84)90079-8
https://doi.org/10.1097/mot.0000000000000534
https://doi.org/10.1196/annals.1363.010
https://doi.org/10.1177/0960327115611969
https://doi.org/10.1177/0960327115611969
https://doi.org/10.1095/biolreprod59.5.1240
https://doi.org/10.1095/biolreprod59.5.1240
https://doi.org/10.1021/jp907811g
https://doi.org/10.1021/jp907811g
https://doi.org/10.1016/j.biomaterials.2017.04.007
https://doi.org/10.1016/j.biomaterials.2017.04.007
https://doi.org/10.1021/jp057170o
https://doi.org/10.1016/j.imr.2016.12.001
https://doi.org/10.1016/j.imr.2016.12.001
https://doi.org/10.1016/s0254-0584(03)00201-3
https://doi.org/10.1016/s0254-0584(03)00201-3
https://doi.org/10.1038/srep09271
https://doi.org/10.1038/srep09271
https://doi.org/10.1115/1.4052568
https://doi.org/10.1115/1.4052568
https://doi.org/10.1002/adbi.202000138
https://doi.org/10.1002/adbi.202000138
https://doi.org/10.1021/acsnano.7b02216
https://doi.org/10.1021/acs.langmuir.8b03011
https://doi.org/10.1021/acs.langmuir.8b03011
https://doi.org/10.1186/s40729-019-0162-x
https://doi.org/10.1002/adma.201401874
https://doi.org/10.1016/j.matt.2020.12.020
https://doi.org/10.1016/j.matt.2020.12.020
https://doi.org/10.1002/anie.201503384
https://doi.org/10.1039/d0nr01614d
https://doi.org/10.1039/d0nr01614d
https://doi.org/10.1095/biolreprod54.5.1059
https://doi.org/10.1080/17458080.2015.1014934
https://doi.org/10.1095/biolreprod.107.064113
https://doi.org/10.1095/biolreprod.107.064113
https://doi.org/10.1016/j.cryobiol.2010.10.159
https://doi.org/10.1111/j.1537-2995.2007.01212.x
https://doi.org/10.1002/adma.201205076
https://doi.org/10.1002/adma.201205076
https://doi.org/10.1021/nn7003603
https://doi.org/10.3390/nano11020519
https://doi.org/10.1063/1.125183
https://doi.org/10.1002/smll.200500492
https://doi.org/10.1038/s41598-018-37519-1
https://doi.org/10.1038/s41598-018-37519-1
https://doi.org/10.1021/cs501741u
https://doi.org/10.1021/cs501741u
https://doi.org/10.1039/c1cs15184c
https://doi.org/10.1039/c1cs15184c
https://doi.org/10.1038/srep29836
https://doi.org/10.1038/srep29836
https://doi.org/10.1038/313573a0
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.957481


Richardson, H. H., Carlson, M. T., Tandler, P. J., Hernandez, P., and Govorov, A.
O. (2009). Experimental and theoretical studies of light-to-heat conversion and
collective heating effects in metal nanoparticle solutions. Nano Lett. 9 (3),
1139–1146. doi:10.1021/nl8036905

Roper, D. K., Ahn, W., and Hoepfner, M. (2007). Microscale heat transfer
transduced by surface plasmon resonant gold nanoparticles. J. Phys. Chem. C
111 (9), 3636–3641. doi:10.1021/jp064341w

Sabzeghabae, A. N., Berrospe-Rodriguez, C., Mangolini, L., and Aguilar, G.
(2021). Laser-induced cavitation in plasmonic nanoparticle solutions: A
comparative study between gold and titanium nitride. J. Biomed. Mat. Res. A
109, 2483–2492. doi:10.1002/jbm.a.37242

Sivapalan, S. T., Vella, J. H., Yang, T. K., Dalton, M. J., Haley, J. E., Cooper, T. M., et al.
(2013). Off-resonant two-photon absorption cross-section enhancement of an organic
chromophore on gold nanorods. J. Phys. Chem. Lett. 4 (5), 749–752. doi:10.1021/jz4000774

Sivapalan, S. T., Vella, J. H., Yang, T. K., Dalton, M. J., Swiger, R. N., Haley, J. E.,
et al. (2012). Plasmonic enhancement of the two photon absorption cross section of
an organic chromophore using polyelectrolyte-coated gold nanorods. Langmuir 28
(24), 9147–9154. doi:10.1021/la300762k

Smith, K., Kanav, K., Han, G., and Michael, M (2020). High throughput
cryopreservation of aquaculture seed, Cryobiology 97. 280–281. doi:10.1016/j.
cryobiol.2020.10.121

Sommar, P., Pettersson, S., Ness, C., Johnson, H., Kratz, G., and Junker,
J. P. (2010). Engineering three-dimensional cartilage- and bone-like tissues
using human dermal fibroblasts and macroporous gelatine microcarriers.
J. Plast. Reconstr. Aesthet. Surg. 63 (6), 1036–1046. doi:10.1016/j.bjps.2009.
02.072

Syedain, Z. H., Weinberg, J. S., and Tranquillo, R. T. (2008). Cyclic distension of
fibrin-based tissue constructs: Evidence of adaptation during growth of engineered
connective tissue. Proc. Natl. Acad. Sci. U. S. A. 105 (18), 6537–6542. doi:10.1073/
pnas.0711217105

Tsai, M.-F., Chang, S. H. G., Cheng, F. Y., Shanmugam, V., Cheng, Y. S., Su, C. H.,
et al. (2013). Au nanorod design as light-absorber in the first and second biological
near-infrared windows for in vivo photothermal therapy. ACS Nano 7 (6),
5330–5342. doi:10.1021/nn401187c

Wei, Q., Ni, H., Jin, X., and Jing, Y. (2015). Graphene oxide wrapped gold
nanorods for enhanced photo-thermal stability. RSC Adv. 5(68).
54971–54977.

Yang, Y., and Dogan, N. (2014)., TU-A-9A-11: Gold nanoparticles enhanced
diffuse optical tomography: A proof of concept study. Med. Phys. 41, 449.

Yokoyama, W. M., Thompson, M. L., and Ehrhardt, R. O. (2012).
Cryopreservation and thawing of cells,” in Current protocols in immunology.
John E. Coligan. Appendix 3, 3G.

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Alvarez et al. 10.3389/fbioe.2022.957481

https://doi.org/10.1021/nl8036905
https://doi.org/10.1021/jp064341w
https://doi.org/10.1002/jbm.a.37242
https://doi.org/10.1021/jz4000774
https://doi.org/10.1021/la300762k
https://doi.org/10.1016/j.cryobiol.2020.10.121
https://doi.org/10.1016/j.cryobiol.2020.10.121
https://doi.org/10.1016/j.bjps.2009.02.072
https://doi.org/10.1016/j.bjps.2009.02.072
https://doi.org/10.1073/pnas.0711217105
https://doi.org/10.1073/pnas.0711217105
https://doi.org/10.1021/nn401187c
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.957481

	Photothermal heating of titanium nitride nanomaterials for fast and uniform laser warming of cryopreserved biomaterials
	1 Introduction
	2 Experimental Details
	2.1 Synthesis and characterization of nanomaterials
	2.2 Photothermal thermometry setup
	2.3 Stability
	2.4 Cell studies
	2.5 Microdroplet laser nanowarming

	3 Results and Discussion
	3.1 Heating rate characterization
	3.2 Scattering and uniformity
	3.3 Stability
	3.4 TiN toxicity
	3.5 Laser rewarming on cryoprotective agent-plasmonic microdroplets

	4 Conclusion and outlook
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


